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ARTICLE INFO ABSTRACT

Tumor-associated fibroblasts (TAFs) contribute to transdifferentiation of stromal cells in tumor microenviron-
ment. Epithelial-mesenchymal transition (EMT) is a procedure of phenotypic remodeling of epithelial cells and
extensively exists in local tumoral stroma. Histone deacetylase (HDAC) inhibitor Tricostatin A (TSA) and sodium
butyrate (SB) are reported to play important roles in the regulation of biological behaviour of cancer cells.
However, whether TSA or SB is involved in control of EMT in colon epithelial cells induced by TAFs remains
unidentified. In present study, we used conditioned medium (CM) form TAF-like CCD-18Co cells to stimulate 2D-
and 3D-cultured colon epithelial HCoEpiC cells for 24 h and 4 d. We found that the CCD-18Co CM triggered
multiple morphological changes in HCoEpiCs including prolonged cell diameters, down-regulation of E-cadherin
and up-regulation of vimentin and a-SMA. Besides, ZEB1 and Snail expression and migration were also promoted
by the CM. These phenomena were abolised by 5 pg/ml LY364947, a TGF-f3 receptor inhibitor. CCD-18Co in-
duced up-regulation of HDAC1 and HDAC2 in the 2D and 3D models, while no change of HDAC4 exprerssion was
found. Treatment of 2 ug/ml TSA reversed the CCD-18Co-induced morphological changes and migration of the
HCoEpiCs, and suppressed the downregulation of E-cadherin and upregulation of vimentin, a-SMA, ZEB1 and
Snail. However, the suppressive effect of 4 mg/ml SB on the EMT was not observed. TSA down-regulated the
expressions of Smad2/3, p-Smad2/3 amd HDAC4. Besides, TSA promoted the apoptosis rate (36.84 = 6.52%)
comparing with the CCD-18Co-treated HCoEpiCs (3.52 + 0.85%, P < 0.05), with promotion of Bax
(0.5893 + 0.0498 in 2D and 0.8867 = 0.0916 in 3D) and reduction of Bcl-2 (0.0476 + 0.0053 in 2D and
0.0294 =+ 0.0075 in 3D). TSA stimulated expression of phosphorylated-p38 MAPK in 2D (0.3472 *+ 0.0249) and
3D (0.3188 = 0.0248). After pre-treatment with p38 MAPK inhibitor VX-702 (0.5 mg/ml), the apoptosis rate of
TSA was decreased in 2D (10.32%) and 3D (5.26%). Our observations demonstrate that epigenetic treatment
with HDAC inhibitor TSA may be a useful therapeutic tool for the reversion of TAF-induced EMT in colon
epithelium through mediating canonical Smads pathway and non-canonical p38 MAPK signalling.
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1. Introduction

There are abundant proofs about the processes of transdifferentia-
tion that might happen between sromal cells, remolding the tumor
microenvironment and changing the phenotypes of various cell types.
The stromal niches of the tumor involve cells with multiple potential,
which are part of a phenotypic continuum between the endothelial or
epithelial and mesenchymal lineages (Rusu et al., 2018). In adition to
the stromal cells, a great many cytokines and chemokines secreted by
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these cells and malignant cells are also contributed to the modifications
of niche (Servais and Erez, 2013; Glentis et al., 2017), resulting in de-
velopment and progress of cancer. As dominant members in stroma,
cancer-associated fibroblasts (CAFs) or tumor-associated fibroblasts
(TAFs) or myofibroblasts have a striking influence on the several bio-
logical behaviour of malignant cells through production of trans-
forming growth factor-p (TGF-f) (Wang et al., 2019), a key inducer of
differentiation.

On the other hand, communication with other stromal components
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including epithelial cells is another characteristic of TAFs or CAFs
(Mukaida and Sasaki, 2016). Increasing results have indicated that
CAFs or TAFs can induce the occurrence of epithelial-mesenchymal
transition (EMT) (Goulet et al., 2019; Zhu et al., 2019). In the process of
CAF-induced EMT, TGF-f signalling plays crucial functions in media-
tion of EMT-associated transcription factors including twistl, snail and
ZEB1 (Wang et al., 2018a; Lamouille et al., 2014). In this context,
mediating TGF-p pathway triggered by TAFs/CAFs maybe an feasible
strategy to prevent the transdifferentiation of epithelial cells into me-
senchymal counterparts.

Post-translational modifications of histones play an important role
in transcriptional regulation (Nakamura et al., 2018; Hatakeyama et al.,
2018). Acetylation and deacetylation of histone tails, respectively
mediated by histone acetyltransferase (HAT) and histone deacetylase
(HDAC), regulate gene activation and repression (Kelly et al., 2018;
Rodriguez-Blanco et al., 2019). Cumulative evidence suggests aberrant
HAT and HDAC activities in several cancer cells (Yu et al., 2018;
Shanmugam et al., 2017). Interestingly, several HDAC inhibitors, in-
cluding tricostatin A (TSA), sodium butyrate (SB), and polyoxometalate
(POM), now are promising anticancer and anti-fibrosis agents in colon
cancer owing to their involvement in transcriptional regulation of
specific cancer-related genes(Sanaei et al., 2018; Al Emam et al., 2018;
Lee et al., 2018; Bijelic et al., 2019) or signalling pathways involving in
cell growth and differentiation, apoptosis, anti-inflammation, cell cycle
(Fig. 1) (Li et al., 1996; Hassig et al., 1997; Bordonaro et al., 1999; Yin
et al., 2001; Bordonaro et al., 2002; Klampfer et al., 2004; Ulrich et al.,
2005; Archer et al., 2005; Calonghi et al., 2006; Stempelj et al., 2007;
Kim et al., 2007; Nawrocki et al., 2007; Lecona et al., 2008; Backlund
et al.,, 2008; Chowdhury et al., 2009; Lobjois et al., 2009; Sikandar
et al., 2010; Serpa et al., 2010; Hsu et al., 2012a; Tang et al., 2012;
Barrasa et al., 2012; Li and Chen, 2012; Zhan et al., 2012; Rajendran
et al., 2013; Shin et al., 2014; Ji et al., 2015; Bordonaro and Lazarova,
2015; Raynal et al., 2016; Lazarova and Bordonaro, 2016; Bordonaro
and Lazarova, 2016; Dasgupta et al., 2017; Schifer et al., 2017). These
mediated signalling pathways are presented in Fig. 1. In 2009, TSA or
sodium butyrate (SB) was found to regulate the EMT and induce
apoptosis of colon cancer cells, and these effects were associated with
TGF-f and p38 MAPK signalling regulation (Stempelj et al., 2007; Kim
et al., 2007; Nawrocki et al., 2007; Lecona et al., 2008; Backlund et al.,
2008; Chowdhury et al., 2009; Lobjois et al., 2009; Sikandar et al.,
2010; Serpa et al., 2010; Hsu et al., 2012a; Tang et al., 2012; Barrasa
et al., 2012; Li and Chen, 2012; Zhan et al., 2012; Rajendran et al.,
2013; Shin et al., 2014; Ji et al., 2015; Bordonaro and Lazarova, 2015;
Raynal et al., 2016; Lazarova and Bordonaro, 2016; Bordonaro and
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Sundararajan et al., 2019). POM, an emerging class of inorganic metal
oxides, demonstrates promising antiproliferative activity against
human colon adenocarcinoma cells. Inhibition of HDACs by POMs re-
sults in the accumulation of acetylated histones, leading to fatal
changes in the expression of genes. POM can induce apoptosis through
enhancement of the expression of pro-apoptotic components (Bax and
Bim) and the reduction of the expression of anti-apoptotic components
(bcl-2 and NF-KB) (Bijelic et al., 2019). However, the targets of the
above studies are colon cancer cell, whether similar mechanisms exist
in the TAF-induced EMT of colon epithelial cells is still unknown. In this
study, we observe that HDAC1/2 was over-expressed in the TAF-in-
duced EMT, while HDAC4 expression was not changed, TSA but not SB
treatment significantly inhibited the EMT through regulation of TGF-3/
Smads signalling and induced apoptosis through stimulation of p38
MAPK. These are reported below.

2. Materials and methods
2.1. Cell line origin and culture

The HCoEpiC, a human normal colon epithelial cell line from
American Type Culture Collection (ATCC), was purchased GuangZhou
Jennio Biotech Co., Ltd (China). CCD-18Co cells, a human colon myo-
fibroblast line, were obtained from ATCC. Culture and maintenance of
the two lines were performed as previous described (Yang et al., 2018).

2.2. Establishment of CCD-18Co cell-derived conditioned media (CM) and
induction of HCoEpiCs

Procedure of preparation of CCD-18Co-derived CM cells was per-
formed according to the literature (Wang et al., 2018b). In brief, The
CCD-18Co cells were cultured with serum-free medium for 48 h, and
collected the cell supernatants (conditioned medium, CM). Then cen-
trifugation by 1650 g for 3 min was made. The HCoEpiCs cultured with
free-serum media were further treated by 25% CM or the CM containing
LY364947 or TSA or SB for 24 h, respectively. In 3D-cultured HCoEpiC
cells, after multicellular spheroids were formed, the medium was re-
placed by CM (serum-free), continuing culture for 4 d. Phase contrast
microscope was used to observe the morphological changes of HCoE-
piCs (the same below).

2.3. Establishment of 3D culture model

The 3D culture of HCoEpiC cells was performed by relative litera-
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Fig. 1. The chronology of the major events in the field of HDAC inhibitor tricostatin A (TSA) or sodium butyrate (SB) and colon cancer.
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Extract (BME) (overnight at 4 °C) was mixed by slowly pipetting solu-
tion up and down. Pipetting 200-300 pl per cm? BME onto each well of
a twelve-well culture plate at 37 °C for 30 min. After a solidification was
formed., the BME was overlaid with 400 ul of complete medium con-
taining 1 x 10 trypsinized cells and 3% Cultrex® BME. The medium
was updated every 2-3 days. Imaging of 3D morphology was collected.

3. Immunofluorescence (IF) staining for E-cadherin

Normal HCoEpiC cells (1 X 10%/well) in 2D and HCoEpiC cells
treated by CM or LY364947 or TSA/SB for 4 d in 3D were performed by
trypsinization and plated on 15-mm coverslips pre-placed into 6-well
plates, and incubated for 24 h. The normal HCoEpiC cells were treated
with CM or LY364947 or TSA/SB for 24 h. All the coverslips were
washed three times with PBS (pH 7.4), fixed with 4% paraformalde-
hyde, and incubated for 30min in blocking solution (10% sheep
serum). The coverslips were incubated with anti-E-cadherin (1:200)
primary antibodies at 4°C overnight, followed by incubation of goat
anti-mouse AlexaFluor-488 antibodies (E-cadherin) for 2 h at 37°C. The
cell nuclei was counterstained with 4’,6-diamidino-2-phenylindole
(DAPI) (C1005, Beyotime, China) for 3min at room temperature.
Morphology of the cells was observed using a fluorescence microscope
(Olympus) equipped with a 960S-Fluor oil immersion lens. Mean
fluorescence intensity of each picture was calculated by Image-
Pro®Plusv6.0 (Media cybernetics, America).

3.1. Wound healing assay

An in vitro wound healing assay was used to observe the migration.
A dish which coated with 90% confluenced HCoEpiC cells was wounded
using a sterile 200-ul pipette tip in a " + " shape. Then the cells were
treated by different conditions as mentioned above. Healing of wound
was observed using the phase contrast microscope at Oh, 6h, 12h,
18 h, and 24 h, respectively, and the degree of healing was quantified
by an image analysis software Image J (National Institutes of Health,
America).

3.2. Apoptosis of detection by flow cytometry

All detection procedure was performed by specification of Annexin
V/Propidium Iodide (PI) kit. In brief, suspension cells (5 x 10°) were
collected and centrifuged (447.2 g for 5 min), followed by PBS washing
for twice. Then, 500 uL binding buffer was added into the suspension,
followed by 5 uL Annexin V, with 5uL PI. Reaction was performed at
room temperature for 10 min. The apoptosis rates were observed by
flow cytometry (BD Biosciences AccuriC6, America).

3.3. Total RNA extraction and quantitative real-time polymerase chain
reaction (qQRT-PCR)

The cells treated by CM were washed and re-suspended in ice-cold
TriZol solution (Invitrogen, USA), and then total mRNA was extracted
by an RNA Easy Kit (Invitrogen), according to the manufacturer’s in-
structions. The concentration of mRNA was measured by a micro-
spectrophotometer K2800 (Kai’ao, Beijing, China), with the ratio of
0D260/0D280 > 1.8. All reverse-transcription of total RNA into
c¢DNA was performed using SYBR® Premix Ex Taq™ (Tli RNaseH Plus)
and reverse Transcriptase M-MLV (RNase H-) (TAKARA, Japan).
Performance of real-time PCR was realized by a CFX96 PCR system
(Bio-Rad, USA), using the ViiA7 software (Thermo Fisher, USA), and
the reaction system recommended by the manufacturer was used.
Specific forward and reverse PCR primers were designed using a
PRIMER5/NCBI system: E-cadherin: F: GTACTTGTAATGACACATCTC,
R: TGCCAGTTTCTGCATCTTGC, 252 bp; Vimentin: F: TCAGACAGGAT
GTTGACAAT, R: GACATGCTGTTCCTGAATCT, 404 bp; a-SMA: F:
GAAGCACAGAGCAAAAGAGG, R: CAGCAGTAGTAACGAAGGAATAG,
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445 bp; ZEB1: F: GATGCGAAACGCGAGGTTTT, R: GCTTCTAGACAGG
AAATCCCACA, 72 bp; Snail: F: CCAGTGCCTCGACCACTATG, R: GGG
CTGCTGGAAGGTAAACT, 119 bp. B-actin was served as an internal
control in all reactions. The comparative cycle threshold (ACt) method
was used to quantify normalized target gene expression relative to the
internal B-actin. Data are shown as the relative gene
expression = 2 AACt,

3.4. Western blotting analysis

For performance of a western blotting, 10 ug of each protein sample
was separated, electrotransferred, blocked in sequence. Then, the
membranes coated with target proteins were incubated with the spe-
cific primary antibodies at 4 °C overnight, including E-cadherin, vi-
mentin, a-SMA, ZEB1, Snail, Smad2, Smad3, p-Smad2, p-Smad3,
Smad4, as well as HDAC1, HDAC2, HDAC4, p38 MAPK, Bcl-2, Bax, -
actin. Then incubation of horseradish peroxidase (HRP)-conjugated
secondary antibodies was performed for 2 h at 37 °C. All acquirement of
protein bands and intensities was completed as previous shown (Yang
et al., 2018).

3.5. Statistical analysis

All analysis of data were completed by a statistical software SPSS
20.0. The mean between multi-groups was compared using one-way
ANOVA, and the LSD-t was used to perform post hoc multiple com-
parisons. Differences in statistics were significant (P < 0.05).

4. Results

4.1. TSA but not SB inhibits the CCD-18Co-induced EMT-like transition in
2D- and 2D-cultured colon HCoEpiCs

As the main cellular components, TAFs can secrete many stromal
cytokines to trigger transdifferentiation of tumor cells or other stromal
cells (Wawro et al., 2018). Among these cytokines, transforming growth
factor-f3 (TGF-3) is one of the predominant members. Dedifferentiation
of epithelial cells into TAFs/CAFs-like mesenchymal cells is likely a key
origination of TAFs pool in tumor microenvironment (Aoto et al., 2018;
Lakins et al., 2018). In such context, a positive feedback response may
be existed between TAF/CAFs and epithelial cells. In present study, we
firstly established preparation of CCD18-Co-derived conditioned
medium (CM) to induce the colon epithelial cell HCoEpiCs, mimicking
the crosstalk between TAFs and epithelial cells. As demonstrated in our
previous study (Hassig et al., 1997), 25% CM triggered an in vitro EMT-
like morphological transformation in 2D-cultured HCoEpiCs (Fig. 2A).
Consistently, after 4 days of CM treatment, we seemingly observed
some dispersive cells in the periphery of HCoEpiC organoids (Fig. 2B),
comparing with the control. We speculate whether cell migration was
occurred. To our knowledge, the cells undergoing EMT will reveal re-
inforced cell motility to promote migration (Papageorgis, 2015). E-
cadhein is a biomaker of epithelial cells and its loss is the most sig-
nificant characteristic of EMT. We performed a fluorescence detection
for the marker. As shown in Fig. 2C-E, fluorescence and intensity of E-
cadehrin expression of the CM-treated cells in 2D and 3D model were
significantly lower that of the control (0.11845 + 0.0158 vs
0.3584 =+ 0.0189in 2D; 0.1358 = 0.0462 vs 0.4231 = 0.0381 in 3D,
P < 0.05). To verify these observations, we further performed a de-
tection for the expression of epithelial and mesenchymal markers and
EMT-associated transcription factors. Our detections found that CCD-
18Co CM not only decreased the expression of E-cadherin, but also up-
regulated the expressions of vimentin and a-SMA in these models. In
addition, CM stimulated the expressions of ZEB1 and Snail (Figs. 3 and
9.

Considering the participation of TGF-( signalling in the EMT, a TGF-
B receptor kinase I inhibitor LY364947 was added into the medium of
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Fig. 2. Morphological observation of HCoEpiC
cells in 2D and 3D culture by a phase contrast
microscope (10 x 20) and cell immuno-
fluorescence for E-cadherin (10 x 100). A
HCoEpiCs in 2D culture are treated by 25% CCD-
18Co-derived CM for 24h, The cells in
CM + LY364947 group and CM + DMSO group
are treated by 5 pg/ml LY364947 or DMSO with
25% CM for 24 h. The CM + TSA or SB group is
2pg/ml TSA and 4 mg/ml SB with 25% CM for
24h. B In the 3D-cultured model, when the
multicellular spheroids is formed, the 3D-cul-
tured cells are treated by 25% CCD-18Co CM or
LY364947, TSA and SB for 4 days. C
Immunofluorescence of E-cadherin in 2D model.
D Immunofluorescence of E-cadherin in 3D
model. E Histogram of fluorescence intensity of
E-cadherin. *P < 0.05 versus control.
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HCOoEpiCs. As previous described, 5 ug/ml LY364947 repressed the CM-
triggered EMT-like changes in HCoEpiCs (Fig. 2A-B), with E-cadherin
up-regulation, and a-SMA and vimentin down-regulation (Fig. 2C-E
and Fig. 3). These phenomena of LY364947 are similar to those of TSA
but not SB. After treatment of CCD-18Co CM with 2 ug/ml TSA or 4 mg/
ml SB for 24 h. We found that TSA but not SB also inhibited the EMT-
like changes in 2D- and 3D-cultured HCoEpiCs (Fig. 2A-B). TSA ob-
viously increased the fluorescence of E-cadherin comparing with the
CM group (0.3489 = 0.0865 vs 0.11845 + 0.0158 in 2D;
0.4325 * 0.0695 vs 0.1358 = 0.0462 in 3D, P < 0.05), but this ef-
fect was not found in the SB-treated cells (Fig. 2C-E). These observa-
tions suggest that TSA but not SB takes part in the intervention of CCD-
18Co-induced EMT in colon epithelial HCoEpiCs. With the help of
western blotting, TSA increased the expression of E-cadherin and de-
creased the expression of a-SMA, vimentin, ZEB1 and Snail (Fig. 4A-B).

4.2. TSA suppresses the CCD-18Co-induced migration in HCoEpiC cells

Cell migration, a highly regulated biological process, are con-
tributed to both physiological and pathological dysfunctions through
promoting the cell mobility (Catalano et al., 2015). However, inhibition
of EMT can prevent the occurrence and reinforcement of migration. It
suggests that appearance of EMT is a crucial contributor and a potent
prerequisite of cell migration. In present study, compared with the
control, CCD-18Co CM significantly promoted the migration of HCoE-
piCs at 6h (1454 = 126 x 10®> vs 1074 + 58 x 10° PPI), 12h
(1449 + 73 x 10° vs 568 + 26 x 10° PPI), 18 h (1446 * 45 x 10°
vs 550 + 44 x10° PP) and 24h (1417 = 92x 10 s
346 + 38 x 10° PPI) (Fig. 5A-B). Combining with the above results,
our observations suggest that CCD-18Co CM-promoted migration may
be in relation to the induction of EMT. Therefore, we hypothesized that
inhibiting the EMT could abolish the CM-induced migration. The pre-
vious results revealed the suppression of TSA in the EMT. Consistently,
2 pg/ml TSA also repressed the CM-triggered migration in HCoEpiCs at
6h, 12h, 18h, 24h (Fig. 5A-B), comparing with the CM group
(1415 * 236 x 10 vs 1074 + 58 x 10° PPL, 1421 + 245 x 10° vs
568 = 26 x 10° PPI, 1415 * 106 x 10®> vs 550 = 44 x 10° PPI,
1242 + 97 x 10° vs 346 * 38 x 10° PPI, P < 0.05). These results
indicate that the CCD-18Co cells induce the in vitro EMT-like changes in
HCoEpiCs and TSA inhibits the migration. These phenomena may be
associated with the suppression of mesenchymal genes and promotion
of epithelial genes.

4.3. HDAC1 and HDAC?2 involve the process of CCD-18Co-induced EMT in
HCoEpiC cells and TSA regultes the components of TGF-3/Smad pathway

TGF-f signalling plays key functions during the EMT induction. As
an activator of this signalling, TGF-B binds its receptors (TPRI and
TBRII) to form a Smad2/3/4 complex. This complex is translocated into
nucleus to mediate gene transcription associated with EMT (Wei et al.,
2014; Lyu et al., 2018). In this scenario, regulation of Smads may be
involved in the process of EMT induction. We found the increased ex-
pression of classical Smads including Smad2/p-Smad2 and Smad3/p-
Smad3 in the 2D (0.5464 = 0.0203/0.5383 = 0.0614 and
0.6598 + 0.1261/0.4275 = 0.0325) and 3D (0.6564 *+ 0.1124/
0.3741 = 0.0952 and 0.5328 = 0.1132/0.5175 * 0.1216) models
(Fig. 6A-B). As common molecular partner of receptor-regulated Smads
(RSmads), Smad4 in the nucleus and the RSmads (Smad2 and Smad3)
can form a complex associated with additional DNA-binding cofactors.
The complex promotes the high affinity and selectivity to specific target
genes. As shown in our research, CCD-18Co CM induced the high ex-
pression of Smad4 in the 2D (0.4743 = 0.0895 vs control
0.2544 + 0.0926, P < 0.05) and 3D (0.4843 + 0.1240 vs control
0.2744 + 0.0897, P < 0.05) models (Fig. 6A-B). However, with the
addition of LY364947, the above phenomena were inverted (Fig. 6).
TSA decreased the expression of Smad2/p-Smad2 and Smad3/p-Smad3
in 2D (0.2674 * 0.0546/0.4738 + 0.1321 and 0.4316 *= 0.1021
/0.2743 = 0.0548) and 3D (0.4426 + 0.1031/0.2689 = 0.0503 and
0.2354 = 0.0589/0.1982 = 0.0298) models, comparing with the CM
groups in 2D (0.2132 * 0.0652/0.2002 *+ 0.0135 and
0.1687 = 0.0264/0.1954 = 0.0342) and 3D (0.2368 =+ 0.0548/
0.2186 = 0.0754 and 0.2485 =+ 0.0845/0.3286 *+ 0.0812)
(P < 0.05).

Gene transcription is profoundly affected by the manner in which
DNA is packaged (Wade, 2001). Histone deacetylase (HDAC) regulates
the acetylation status of histones and thereby orchestrates the regula-
tion of gene expression. In our study, HDAC1 and HDAC2 expressions
were significantly up-regulated in the CCD-18Co CM-induced EMT-like
changes of 2D- and 3D-cultured HCoEpiC cells (Fig. 6A-B). The ex-
pression level of HDAC1 and HDAC2 in 2D (0.8457 + 0.0542 and
0.8757 =+ 0.0749) and 3D (0.7657 = 0.0462 and 0.6652 + 0.0942)
culture was respectively higher than that of control (0.1258 + 0.0389
and 0.1588 = 0.0843, 0.1058 = 0.0563 and 0.1356 * 0.0492)
(P < 0.05). However, HDAC4 expression (0.2154 = 0.0785 in 2D and
0.1457 + 0.0465 in 3D) was not changed in the CM-treated cells,



C. Huang, et al.

A 2D 3D
Control

CM CM+TSAControl CM CM-+TSA

International Journal of Biochemistry and Cell Biology 114 (2019) 105565

E-cadherin Vimentin
0.6 0.8 % ok
0.5} 07
0.4} :
03 02
0.2 03
il L1 ] B ]
Sl Sprays. T
FOFLFTF FOLLTE
@ S ¢ o @ S ¢S
2D 3D 2D 3D
%) o-SMA
R= 0.8r1 * o
2 07t
: o
E 83‘3‘1H
5 02t H H
2 0.1}
: e TS
g FOLEL
g &9 &
2D 3D
: ” ZEBI 0.5 Snail
s T 0.4
A 0.3
AL o R
0. 0.1 ﬂ
" = = s rlvm\ —
NS N X
SOLFLOF FOLLOE
g &9 & g &9 &
2D 3D 2D 3D
Groups

Fig. 4. Effect of TSA on EMT biomarkers and transcription factors in 2D- and 3D-cultured HCoEpiC cells. Control is the normal HCoEpiC cells without CM. A The
effect of 2 ug/ml TSA on expressions of E-cadherin, vimentin, a-SMA, Snail and ZEB1 in the CM-treated HCoEpiCs, and these expressions was assessed by western
blotting. B Histograms of expressions of E-cadherin, vimentin, a-SMA, Snail and ZEB1. The error bar represents the SD (n = 3). *P < 0.05 versus control in 2D model,

and **P < 0.05 versus control in 3D model (ANOVA).
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Fig. 5. Analysis of effect of 2 ug/ml TSA on HCoEpiC cells motility by wound-healing assay. A Area of wound in the HCoEpiC cells are observed by phase contrast
microscopy (10 x 10). B Analysis of wound area by Image J, and the area of wound is presented by pixels per inch (PPI). The error bar represents the SD (n = 3).

*P < 0.05 versus control (ANOVA).

comparing with the control in 2D (0.2288 = 0.0286) and 3D
(0.1257 + 0.0746) (P > 0.05) (Fig. 6A-B). This suggests that inhibi-
tion of HDAC1/2 is likely to abolish the EMT process. A recent report
has suggested that global suppression of HDAC activities by inhibitors
inhibited TGF-f1-induced EMT in human renal proximal tubular epi-
thelial cells (Yoshikawa et al., 2007a). TSA, a nonselective HDAC in-
hibitor, targets both class I including HDAC1/2 and class II HDACs
including HDAC4. Several studies have shown that TSA suppressed
proliferation and EMT of cancer cells and epithelial cells (Chen et al.,
2013; Yoshikawa et al., 2007b). Unfortunately, it was not understood
whether TSA can suppress the process of EMT induced by CCD-18Co in
HCOoEpiC cells. We observed that decreased expressions of HDACI,
HDAC2 and HDAC4 appeared in these cells treated with TSA in 2D
(0.1633 + 0.0478, 0.2945 = 0.0758, 0.1345 * 0.0654, respec-
tively) and 3D (0.1145 = 0.0412, 0.1497 = 0.0798,
0.0644 * 0.0326, respectively) models (Fig. 6A-B). Besides, TSA
down-regulated the expressions of Smad2/p-Smad2 and Smad3/p-

Smad3 in the 2D and 3D models, comparing to that of the cells treated
with CM. However, we also observed that TSA increased the expression
of Smad4 in the 2D and 3D models.

4.4. TSA induces apoptosis of HCoEpiC cells undergoing EMT triggered by
CCD-18Co through up-regulation of phosphorylated-p38 MAPK

In addition to EMT suppression, TSA can also induce apoptosis in
these EMT-like cells. Our observations revealed that 2 pg/ml TSA pro-
moted the apoptosis rate in these 2D and 3D cells undergoing EMT,
which was significantly higher than that in the cells with CM and DMSO
(36.84 = 6.52% vs 3.52 * 0.85% and 3.68 = 0.74%, P < 0.05,
Fig. 7A). TSA also stimulated the expressions of pro-apoptotic Bax
(0.5893 + 0.0498 in 2D and 0.8867 + 0.0916 in 3D) and suppressed
the anti-apoptotic Bcl-2  (0.0476 * 0.0053 in 2D and
0.0294 = 0.0075 in 3D), comparing to the CM-treated cells in 2D
(0.0546 + 0.0128 of Bax and 0.2741 + 0.0287 of Bcl-2) and 3D
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Fig. 6. Detection of HDAC1, HDAC2, HDAC4 and Smads by western blotting in 2D and 3D models. A Protein bands of western blot analysis in the cells treated by
different conditions. B Analysis of expression for the protein bands. a: control, b: CCD-18Co CM, c¢: CCD-18Co CM + LY364947, d: CCD-18Co CM + 2 ug/ml TSA. The

error bar represents the SD (n = 3). *P < 0.05 versus control, **P < 0.05 versus

(0.0551 + 0.0107 of Bax and 0.3246 + 0.0495 of Bcl-2) (Fig. 7B-C).
Besides, TSA also promoted phosphorylated-p38 MAPK (p-p38 MAPK)
expression in 2D (0.3472 + 0.0249) and 3D (0.3188 = 0.0248),
which were higher than that of CM group in 2D (0.1257 * 0.0463) and
3D (0.1842 + 0.0625) (P < 0.05). However, pre-treatment of 0.5 mg/
ml VX-702 (SD5960, Beyotime, China), an inhibitor of p38 MAPK,
significantly decreased the TSA-induced apoptosis in 2D (10.32%) and
3D (5.26%) (Fig. 7A) and Bax expression in 2D (0.1356 + 0.0842) and
3D (0.3864 = 0.0285) comparing with the TSA group (P < 0.05)
(Fig. 7B-C). These results suggest that p38 MAPK may be involved in
the process of TSA-induced apoptosis.

CM group (ANOVA).

5. Discussion

5.1. TAF-like CCD-18Co cells induce the EMT transformation of colon
epithelial HCoEpiC cells through TGF- signalling

Tumor-associated fibroblasts (TAFs), also named as myofibroblasts,
play an important role during the remodeling of the surrounding matrix
(Chen et al., 2018). TAFs can express several markers including vi-
mentin, a-SMA, fibroblast activation protein (FAP) and platelet-derived
growth factor receptors- (PDGFR-P). Similar to the functions of TAFs,
human colon CCD-18Co myofibroblasts (Giménez-Bastida et al., 2015,
2018) can also remodel the ECM (Pereira et al., 2015). In our study, we
firstly demonstrated that CCD-18Co revealed significant fluorescence of
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Fig. 7. Detection of cell apoptosis by flow cytometry and apoptotosis-assciated proteins and p38 MAPK in 2D and 3D models. A Percentage of cell apoptosis are
acquired by Annexin V/Propidium Iodide (PI) kit through using flow cytometry and compared with CM group. The HCoEpiCs are treated with CM, CM + 2 ug/ml
TSA and CM + 2 ug/ml TSA + 0.5 mg/ml p38 MAPK inhibitor VX-702 or without CM. B Bands of Bax, Bcl-2 and p38 MAPK in the TSA- or VX-702-treated cells are
tested by western blotting. C Expression levels of the Bax, Bcl-2 and p38 MAPK. *P < 0.05 versus CM group, and ** P < 0.05 versus VX-702 (+) group (ANOVA).

vimentin, a-SMA, FAP and PDGFR-}, comparing with fluorescence
expression of E-cadherin (view supplementary materials). Therefore,
we selected the CCD-18Co as our TAF model. Loss of E-cadherin has
been shown to be crucial in cancer development and EMT. Our results
have shown that the CCD-18Co-derived conditioned medium (CM) in-
duced the EMT-like changes in the 2D- or 3D-cultured colon epithelial
cells HCoEpiCs, including spindle-like morphological changes, reduc-
tion of E-cadherin fluorescence and its protein expression, and

enhancement of mesenchymal marker vimentin and a-SMA expression,
with high expressions of Snail and ZEB1, as well as promotion of mi-
gration. In addition, these phenomena were abolished by a TGF-p re-
ceptor kinase I inhibitor LY364947, indicating that TGF-f signalling
may be involved in the process of the CCD-18Co-induced EMT-like
transition in HCoEpiCs.
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5.2. HDACI1 and 2 involve in the process of the CCD-18Co-induced EMT of
HCoEpiC cells

As a matter of fact, EMT is a reversible biological process, and
epigenetic mechanisms extensively participate in this process (Sun and
Fang, 2016; Musavi Shenas et al., 2018). Several studies have shown
that large-scale epigenetic changes existed in EMT, and histone mod-
ification, one of the epigenetic modifiations, is crucial in the orches-
tration of EMT (Mobley and Abell, 2017).

Histone deacetylases (HDACs)-orchestrated epigenetic mechanisms
play crucial functions in regulation of various physiological and pa-
thological events (Tang et al., 2013). For example, up-regulation of
class I and II HDACs was observed in TGF-B2 /TGF-31-stimulated ret-
inal pigment epithelium cells (Xiao et al., 2014), and cancer cells
(Zhang et al., 2018; Orenay-Boyacioglu et al., 2018). Evidence from an
in vivo study demonstrated that HDACs and Snail were essential for
silencing E-cadherin in the metastatic process of pancreatic cancer cells
(von Burstin et al., 2009). Inactivation or silence of E-cadherin in
pancreatic cells can induce EMT, which is regulated by a transcriptional
repressor complex containing Snail and HDAC1 and HDAC2. Our results
revealed that the CCD-18Co CM increased the expressions of HDAC1
and HDAC2 but not HDAC4 in the 2D and 3D models, with up-reg-
ulation of Smad2/3, p-Smad2/3 and Smad4. These findings suggest that
the expression of HDAC1 and HDAC2 may be associated with the TGF-
/Smads pathway. HDAC inhibitors are promising anticancer agents
whose effects are correlated with the transcriptional regulation of
specific cancer-related genes.

Recent evidence has shown that HDAC1, HDAC2 and HDAC6 are
required for TGF-B1-induced EMT (Choi et al., 2016; Xu et al., 2017),
which is consistent with our observations that no change of HDAC4
expression is found in the CM-treated cells. It suggests that HDAC4 may
be not affected by the CM. HDAC1 is requisite for TGF-B1-induced EMT
and cell migration in hepatocytes. It represses transcription of ZO-1 and
E-cadherin involving in TGF-fl-induced EMT (Lei et al., 2010). In-
hibition or silencing of HDAC2 can enhance the TGF-B1-induced EMT
in A549 cells (Liu et al., 2018; Park et al., 2016a). Besides, global re-
pression of HDAC activities by inhibitors, which are targets of both class
I and class I HDACs, can inhibit TGF-B1-induced EMT in human renal
proximal tubular epithelial cells (Yoshikawa et al., 2007c).

5.3. TSA but not SB inhibits the CCD-18Co-induced EMT and migration by
suppression of HDAC1/2/4

TSA, a class I and II HDAC inhibitor, is demonstrated to modulate
cell proliferation, differentiation, survival, apoptosis, cell migration and
EMT (Adcock, 2007; Nagarajan et al., 2017). For example, TSA sup-
pressed proliferation by G1 phase cell cycle arrest through inhibition of
cyclin/CDK/p-Rb and induction of p21 and p27, and also prevented
TGF-f2/TGF-p1-triggered EMT in retinal pigment epithelium cells
through down-regulation of a-SMA, collagen type I, collagen type IV,
fibronectin, Snail and Slug (Xiao et al., 2014). TSA inhibited TGF-p2-
induced lens EMT (Xie et al., 2014), and decreased mRNAs and protein
expressions of ECM components and prevented TGF-f1-induced EMT in
normal rat kidney tubular epithelial cells (Noh et al., 2009). Thus, TSA
suppressed EMT induced by TGF-B1 in human renal epithelial cells
(Yoshikawa et al., 2007b).

HDACI and 2, class I HDACs, and HDAC4, class II HDAC, can be
suppressed by TSA. Consistent with the previous results, our observa-
tions revealed that 2 pg/ml TSA inhibited HDAC1, HDAC2 and HDAC4
expression, and suppressed the CCD-18Co-induced EMT-like changes
and migration in the HCoEpiCs, as well as up-regulated the expression
of E-cadherin and down-regulated the expressions of vimentin, a-SMA,
ZEB1 and Snail in the 2D and 3D models. Consistent with the results of
previous study by Park (Park et al., 2016b), inhibition and silencing of
HDAC2 and HDAC4 by TSA and siRNA enhanced TGF-p1-induced EMT
in primary nasal epithelial cells A549, and TSA abolished the effect of
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TGF-f1 on the migratory ability of A549 cells. These data reveal that
TGF-B1-induced EMT in airway epithelial cells via activation of HDAC2
and HDAC4, and that inhibition of HDAC2 and HDAC4 by TSA reduces
TGF-B1-induced EMT. In our study, no influence of CM on HDAC4
expression is found, considering that HDAC4 expression is cell type
dependent.

Sodium butyrate (SB), a histone deacetylase inhibitor for HDAC1, 2
and 7, respectively, can induce apoptosis, differentiation and promote
the maturation of a variety of malignant cells, but SB shows no in-
hibition of HDAC6 and 10. Although SB is reported that it can induce
changes in expression of EMT-related genes and proteins in cancer cells
(Wang et al., 2013a; Mrkvicova et al., 2019), no effect of SB on the
morphology of the CCD-18Co-stimulated HCoEpiCs is observed in our
study. We think that the anti-EMT effect of SB may be cellular types
dependent.

5.4. Smad2 and Smad3 but not Smad4 may be targets of TSA

Existing substantial evidence has demonstrated that classical TGF-
[/Smad signalling pathway is associated closely with the proliferation,
differentiation and migration (Siemens et al., 2011). Recent researches
have validated that high activities of TGF-3-Smad2 signalling was
participated in the establishment maintenance of EMT through epige-
netic silencing of epithelial marker genes including E-cadherin (Dong
et al., 2018). In our study, TSA down-regulated the expressions of
Smad2/p-Smad2 and Smad3/p-Smad3 in the 2D and 3D models, com-
paring with the CM group. It reveals that Smads may be the targets for
TSA against TAF-induced EMT. Although the function of Smad4 in
colorectal cancer is not entirely clear so far, positive correlation of
Smad4 with EMT transcription factors Snail-1, Slug and Twist-1 ex-
pression was found in colon tumor specimens (loannou et al., 2018).
Our observation found that the expression of Smad4 was not be in-
hibited by TSA, demonstrating that Smad4 may be not affected by TSA.
These data suggest that TSA inhibits CCD-18Co-triggered EMT in the
HCoEpiCs through regulating TGF-/Smad2/3 pathway.

5.5. TSA induces apoptosis of CCD-18Co-treated HCoEpiCs by mediating
apoptotic protein Bax and Bcl-2 through activation of p38 MAPK pathway

TSA influence not only the canonical TGF-3/Smad pathway but also
the non-canonical pathways including TGF-B/Akt, MAPK and ERK1/2
(Xiao et al., 2014). Thus, HDAC inhibitors can significantly suppress the
growth of hepatocellular carcinoma cells, induce cell cycle arrest and
apoptosis (Wang et al., 2013b). Substantial evidence has shown that
non-Smad signallings are also participated in TGF-f-induced EMT in
different types of cells, including PI3 K/Akt, p38 mitogen-activated
protein kinase (p38 MAPK) and ERK1/2 pathways (Yao et al., 2008;
Chen et al., 2012). Previous study has revealed that increased p38
MAPK expression existed during the TGF-B-induced EMT in vitro, which
could be inhibited by enterolactone, leading to reversion of EMT (Mali
et al., 2018). Consistent with the previous results, our study reveals that
CM up-regulated the expression of p-p38 MAPK comparing with the
control (0.0148 = 0.0075, P < 0.05, data not shown in figures),
suggesting that mediation of the p38 MAPK signalling plays an im-
portant role in inhibition of EMT (Chen et al., 2019).

However, p38 MAPK can also positively regulate occurence of cell
death events including apoptosis. TSA can enhance the expression of
histone H3 acetylation and MAPK phosphatase-1 (MKP-1) expression in
IR lung tissue (Hsu et al., 2015). TSA also activates the phosphorylation
of p38 MAPK, and inhibition of p38 MAPK signalling can in turn ab-
rogate its effects of decreasing cell viability (Hsu et al., 2012b). In CCD-
18Co-induced HCoEpiC cells, TSA dramatically promoted apoptosis of
these cells, and increased pro-apoptotic protein Bax expression and
suppressed anti-apoptotic protein Bcl-2 expression. Our results shown
that TSA also induced the over-expression of phosphorylated-p38
MAPK (p-p38 MAPK). Therefore, we hypothesized that p38 MAPK was
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involved in the TSA-induced apoptosis. To verify this hypothesis, VX-
702, an inhibitor of p38 MAPK, was used. We found that the pre-
treatment of VX-702 significantly reduced the TSA-induced apoptosis
rates, with down-regulation of Bax and up-regulation of Bcl-2. These
results suggest that regulation of p38 MAPK might play an important
role in TAS-induced apoptosis.

5.6. Summary and prospect

Consistent with the chronology of the major events in the field of
TSA/SB and colon cancer, our study for the first time suggest that TSA
robustly inhibits the CCD-18Co-induced EMT and migration, and pro-
motes the apoptosis in colon epithelial HCoEpiC cells, which are asso-
ciated with its suppression of HDAC1/2. Although TSA inhibits the
expression of HDAC4, its level dose not involve in the process of CCD-
18Co-induced EMT. However, no effect of SB on the CCD-18Co-induced
EMT is observed, which is inconsistent with that of previous studies. It
shows that some difference exists between the effect of SB on cancer
cells and TAF-induced epithelial cells, which may be in relation to cell
type. The mechanisms underlying EMT inhibition by TSA include the
suppression of TGF-B/Smad pathway and the activation of phos-
phorylated-p38 MAPK (Fig. 8). Our original study offers a new insight
into the TAF-induced EMT in colon epithelum at an epigenetic level. As
an epigenetic regulators, TSA can inhibit TAF-induced EMT and pro-
mote apoptosis, which may exert therapeutic affect in the prevention
and treatment of carcinogenesis through targeting epithelial cells but
not cancer cells. However, more in vitro and in vivo researches are
needed to confirm the anti-cancer effect of TSA and the role of HDAC1/
2 in carcinogenesis.

Funding

This work was supported by Natural Science Foundation of
Guangdong Province (2018A030310060), China Postdoctoral Science
Foundation (2018M643353).

Ethical approval

This article does not contain any studies with human participants or
animals performed by any of the authors.

E-cadherin

Vimentin

11

International Journal of Biochemistry and Cell Biology 114 (2019) 105565

Fig. 8. The graphical abstract and highlights in present study.
CCD-18Co cells promote the expression of Snail and ZEB1 of colon
epithelial HCoEpiC cells through activation of TGF-B/Smad and
HDAC1/2 up-regulation, resulting in EMT. TSA inhibits the EMT
through repression of HDAC1/2/4 and TGF-3/Smads signalling
and promotes apoptosis through activation of p38 MAPK (Green
arrows represent promotion or activation of functions of CCD-
18Co, blue arrows represent down-regulation of E-cadherin or up-
regulation of vimentin and a-SMA, red lines represent inhibition of
functions of TSA, and yellow arrows represent promotion or acti-
vation of TSA). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this
article).
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