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A B S T R A C T

The epithelial mesenchymal transition (EMT) has roles in metastasis and invasion during fibrotic diseases and
cancer progression. Some Traditional Chinese Medicines (TCMs) have shown inhibitory effects with respect to the
EMT. The current study attempted to establish a multiparametric high-content method to screen for active
monomeric compounds in TCM with the ability to target cellular EMT by assessing phenotypic changes. A total of
306 monomeric compounds from the MedChemExpress (MCE) compound library were screened by the high-
content screening (HCS) system and 5 compounds with anti-EMT activity, including camptothecin (CPT),
dimethyl curcumin (DMC), artesunate (ART), sinapine (SNP) and berberine (BER) were identified. To confirm
anti-EMT activity, expression of EMT markers was assessed by qRT-PCR and Western blotting, and cell adhesion
and migration measured by cell function assays. The results revealed that CPT, DMC, ART, SNP and BER inhibited
transforming growth factor-β1 (TGF-β1)-induced expression of vimentin and α-SMA, upregulated expression of E-
cadherin, increased cell adhesion and reduced cell migration. In summary, by quantifying the cell morphological
changes during TGF-β1-induced EMT through multi-parametric analysis, TCM compounds with anti-EMT activity
were successfully screened using the HCS system, a faster and more economical approach than conventional
methods.
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1. Introduction

The epithelial mesenchymal transition (EMT) is a biological process
that allows epithelial cells to acquire mesenchymal cell phenotypes and
has roles in embryonic development, cancer metastasis and fibrotic dis-
eases [1, 2, 3, 4]. During the EMT, tight junctions between epithelial cells
are lost and the cells lose apical-basal polarity and acquire a highly
migratory and invasive mesenchymal cell phenotype [5, 6, 7]. In addi-
tion, cells undergo cytoskeletal reorganization and the morphology
changes from pebble-like to spindle-like [8, 9]. The EMT process can be
triggered by a variety of growth factors, including transforming growth
factor-β (TGF-β) [10].

Traditional Chinese Medicine (TCM) has been used to suppress the
EMT and has few side effects and high efficacy. For instance, baicalin
from Scutellaria baicalensis has been used to impede the EMT via in-
hibition of the PDK1/AKT pathway in human non-small-cell lung
cancer (NSCLC) [11]. Gallic acid, which is present in a number of
fruits, exerts an anti-EMT effect by regulation of the TGF-β1/Smad
pathway [12]. Andrographolide, one of the active ingredients of
Andrographis paniculata, also regulates the TGF-β1/Smad pathway
[13]. Astragalus polysaccharide from Astragalus species increases
E-cadherin expression and suppresses expression of Vimentin and
α-SMA, leading to inhibition of the EMT and improved collagen
deposition [14]. However, TCM is composed of complex ingredients
with multiple targets so that systematic screening for compounds with
anti-EMT activity requires time-consuming and costly pharmacological
assays which are unsuitable for large-scale operation. Therefore, there
is an urgent need to establish a rapid and reliable high-throughput
screening method to identify monomeric components of TCM with
anti-EMT activity.

High-content screening (HCS) detects fluorescently labeled cell
markers by microscopic imaging, analysis of which reveals molecular
activity inside the cells [15]. The result is high-quality information on
cell morphology and structure harvested from qualitative and quantita-
tive evaluation of microscopic images. In addition, the HCS software can
automatically perform qualitative and quantitative analysis of different
cellular features. This powerful imaging and analysis system makes the
HCS suitable for cell research [16, 17, 18].

The current study evaluated cellular phenotypic changes via a
multiparametric, high-throughput method in order to screen mono-
meric components of TCM for anti-EMT activity. The A549 cell-line,
from type II alveolar epithelial cells, is commonly used for studying
the TGF-β1-induced EMT in vitro [19, 20, 21]. Following the multi-
parametric analysis of morphological changes during the TGF-β1-in-
duced EMT via the HCS system, principal component analysis (PCA)
was used to reduce the number of parameters and establish an evalu-
ation system based on cell morphological changes. The anti-EMT ac-
tivity of a specific monomer may be evaluated from the distribution
area on a PCA score plot. A total of 306 monomeric compounds were
screened for anti-EMT activity by this method and camptothecin (CPT),
dimethyl curcumin (DMC), artemisinin (ART), sinapine (SNP) and
berberine (BER) were identified as having activity. Expression of EMT
markers in A549 cells was assessed by qRT-PCR and Western blotting
and cell adhesion and migratory ability were measured. CPT, DMC,
ART, SNP and BER all increased E-cadherin (epithelial cell marker)
expression while the expression of Vimentin (mesenchymal cell
marker) and α-SMA (fibroblast marker) was decreased. All compounds
were also found to enhance cell adhesion and decrease cell migration.
DMC and SNP are identified as novel inhibitors of the TGF-β1-induced
EMT in A549 cells. In summary, a screening method based on the HCS
system was established to screen compounds with anti-EMT activity by
analyzing cellular morphology changes. The current report is of a novel
approach for the screening of active components of TCM with
EMT-inhibitory activity.
2

2. Materials and methods

2.1. Cell culture

A549 cells (Procell, Wuhan, China) were cultured in RPMI-1640
(Gibco, Sigma Aldrich, Denmark) containing 10% fetal bovine serum
(FBS, Gibco, Sigma Aldrich, Denmark), 100 U/ml penicillin and 100 μg/
ml streptomycin (Gibco, Sigma Aldrich, Denmark) at 37 �C. Cells were
digested with 0.25% trypsin (Gibco, Sigma Aldrich, Denmark) and
passaged at 80% confluence.
2.2. Cell staining

A549 cells were seeded into a black 96-well plate (PerkinElmer,
Waltham, MA, USA) at a density of 3000 cells/well and cultured at 37 �C
with 5% CO2. After 24 h, cells were divided into 4 groups: Control (cell
culture medium with 1% FBS and without TGF-β1); TGF-β1-treated (cell
culture medium with 1% FBS and containing 5 ng/ml TGF-β1); SB-
431542-treated (cell culture medium with 1% FBS and containing 5
ng/ml TGF-β1 and 10 μM SB-431542); Compound-treated (cell culture
medium with 1% FBS and containing 5 ng/ml TGF-β1 and 10 μM
monomeric compounds). Plates were incubated at 37 �C with 5% CO2 for
72 h. After incubation, 100 μl of pre-warmed 4% paraformaldehyde
(Solarbio, Beijing, China) was added to each well and fixed at 37 �C for
15 min. Cells were permeabilized with 0.1% Triton X-100 (Solarbio,
Beijing, China) for 5 min and incubated with tetramethyl rhodamine
isothiocyanate (TRITC)-phalloidin cytoskeletal staining solution (100
nM, Solarbio, Beijing, China) for 30 min. Nuclei were stained with
Hoechst 33342 (100 nM, Solarbio, Beijing, China) for 30 s. Image
acquisition was performed using Opera Phoenix HCS system (Perki-
nElmer, Waltham, MA, USA).
2.3. Image acquisition and processing

TRITC Phalloidin allows staining of the cytoskeleton and Hoechst
33342 stains nuclei. Images (200 elds per well) were acquired using the
Opera Phoenix HCS system with a 40 � objective with excitation of
channel 1 at 540 nm to detect the cytoskeleton stained yellow by TRITC
Phalloidin. The excitation of channel 2 was set at 346 nm to detect the
nuclei stained blue by Hoechst 33342. Images were analyzed using
Harmony software (PerkinElmer, Waltham, MA, USA), which quantifies
morphological parameters such as cell area, cell roundness, cell length
and cell number and automatically records mean values for each well.
2.4. Primary screening

A total of 306 compounds from the MedChemExpress (MCE) com-
pound library were tested. An equal volume of medium was added to the
outermost wells to avoid edge effects in the 96-well plate. Compounds
were initially screened at a concentration of 10 μM and cells counted to
assess cytotoxicity. Compounds were considered cytotoxic to A549 cells
if cell numbers were reduced by 50% compared with controls. Parame-
ters of cell area, cell roundness and cell length were selected to assess
cytoskeletal remodeling during the EMT. PCA is applied to reduce the
dimensionality of multiple variable parameters, such as cell area, cell
roundness and cell length. The PCA score plot converts the cell
morphology parameters into points for visual observation. Distances
between points reflect degrees of similarity between compounds: the
shorter the distance, the greater the similarity. If the distribution regions
of a compound are close to the control, the compound may have anti-
EMT activity. Accuracy and reproducibility of results are crucial to
high-throughput screening experiments. The Z0 factor reflects both the
assay signal dynamic range and data variation associated with signal



Table 1. Primer sequences for use in qRT-PCR.

Target Sequence

β-actin Forward 50-CATCCGTAAAGACCTCTATGCCAAC-30

Reverse 50-ATGGAGCCACCGATCCACA-30

Vimentin Forward 50-AAAGCGTGGCTGCCAAGAA-30

Reverse 50-ACCTGTCTCCGGTACTCGTTTGA-30

E-cadherin Forward 50-CAGATGATGATACCCGGGACAA-30

Reverse 50-TGCAGCTGGCTCAAATCAAAG-30

α-SMA Forward 50-GACAATGGCTCTGGGCTCTGTA-30

Reverse 50-TTTGGCCCATTCCAACCATTA-30
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measurements for assay quality assessment. The Z0 factor was calculated
using Eq. (1) [22].

Z
0
factor¼ 1� 3ðσp þ σnÞ

jμp � μnj (1)

where σ is the sample variance, μ is the average value, p is the positive
control and n is the negative control. The current study adopted SB-
431542 as the positive drug and the untreated sample as negative con-
3

trol. If the Z0 factor is between 0.5 and 1, it may be concluded that the
HCS screening results are reliable and reproducible.
2.5. qRT-PCR assay

Total RNA was extracted from A549 cells using Trizol reagent
(Takara, Beijing, China) and RNA was reverse-transcribed into cDNA
using Prime Script® RT reagent kit with gDNA Eraser (Takara, Beijing,
China), according to the manufacturer’s instructions. mRNA expression
levels were determined by qRT-PCR using a QuantStudio™ 5 qRT-PCR
system (Thermo Fisher, Waltham, MA, USA). Expression levels of E-
cadherin, Vimentin and α-SMA were normalized to β-actin. Primer se-
quences are listed in Table 1.
2.6. Western blotting

For protein extraction and quantification, cells were washed with PBS
(Solarbio, Beijing, China) and lysed in RIPA buffer containing 1% phe-
nylmethylsulfonyl fluoride (PMSF) and 1% phosphatase inhibitor
(Beyotime, Beijing, China). Samples were centrifuged at 13,000 � g for
15 min at 4 �C and supernatants collected for Western blot analysis.
Figure 1. Optimal EMT stimulation condi-
tions for TGF-β1. A549 cells were stimulated
with 2.5, 5 or 10 ng/ml TGF-β1or left un-
treated (control group) for 48 or 72 h. The
cytoskeleton and nuclei were stained with
TRITC Phalloidin and Hoechst 33342,
respectively. Images (200 fields per well)
were acquired using the Opera Phoenix HCS
system with a 40 � objective. Images were
identified and segmented using Harmony
software to quantify morphological parame-
ters, such as cell area, cell roundness, cell
length and cell numbers. (A–D) The changes
in cell area (A), cell roundness (B), cell
length (C) and cell numbers (D) of A549 cells
stimulated with 2.5, 5 or 10 ng/ml TGF-β1
after 48 h (means � SEM; n ¼ 6; *p < 0.05;
**p < 0.01; ***p < 0.001). (E–H) Changes in
cell area (E), cell roundness (F), cell length
(G) and cell number (H) of A549 cells stim-
ulated with 2.5, 5 or 10 ng/ml TGF-β1 after
72 h (means � SEM; n ¼ 6; *p < 0.05; **p <

0.01; ***p < 0.001; ****p < 0.0001). (I)
Representative stained images of A549 cells
after stimulation with 2.5, 5 or 10 ng/ml
TGF-β1 for 48 h and 72 h (n ¼ 6). Cyto-
skeleton stained with Phalloidin (yellow)
and nuclei stained with Hoechst 33342
(blue). Scale bar ¼ 50 μm.



Figure 2. Establishing a screening method based on
the HCS system. A549 cells were seeded into 96-well
plates at a density of 3000 cells/well. After 24 h,
cells were divided into 3 groups: Control (cell culture
medium with 1% FBS and without TGF-β1), TGF-β1-
treated (cell culture medium with 1% FBS and con-
taining 5 ng/ml TGF-β1), SB-431542-treated group
(cell culture medium with 1% FBS and containing 5
ng/ml TGF-β1 and 10 μM SB-431542). After 72 h, the
cytoskeleton was stained with TRITC Phalloidin and
nuclei with Hoechst 33342. Images (200 fields per
well) were acquired using the Opera Phoenix HCS
system (Perkin Elmer) with a 40 � objective. Images
were identified and segmented using Harmony soft-
ware to quantify morphological parameters, such as
cell area, cell roundness and cell length. (A) Repre-
sentative stained images of A549 cells after 72 h of
different treatments. Cytoskeleton stained with Phal-
loidin (yellow) and nuclei stained with Hoechst 33342
(blue). Scale bar ¼ 50 μm. (B-D) Changes in cell area
(B), cell roundness (C) and cell length (D) of A549
cells after stimulation with different solutions for 72 h
(means � SEM; n ¼ 6; *p < 0.05; **p < 0.01; ***p <

0.001; ****p < 0.0001). (E) PCA loading plot of cell
area, cell roundness and cell length. (F) PCA score plot
of A549 cells after 72 h of stimulation with different
treatments: Control: green; TGF-β1: black; SB-431542:
orange.
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Protein concentration was measured by BCA protein assay (Beyotime,
Beijing, China) and 30 μg proteins separated by SDS-PAGE and trans-
ferred to a 0.45 μm PVDF membrane (Millipore, MA, USA). After
blocking with 5% bovine serum albumin (BSA), the membrane was
incubated with the primary antibody at 4 �C overnight. The membrane
was washed and incubated with horseradish peroxidase (HRP)-labeled
goat anti-rabbit IgG (H þ L) or HRP-labeled goat anti-mouse IgG (H þ L)
(1:2000; Beyotime, Beijing, China) for 1 h at room temperature. Immu-
noblots were analyzed by enhanced ECL and images acquired with an
Amersham Imager (General Electric, Boston, MA, USA) and quantified by
densitometry (Image J 1.8.0 software). Bands were normalized to the
loading control, β-actin.

2.7. Migration assay

A549 cells (2.5 � 105 cells/ml) were seeded into 6-well plates
(Corning, NY, USA) and incubated for 24 h. Cells were scratched with a
sterile pipette tip and washed three times with PBS. The corresponding
serum-free cell culture medium was added to the cells of different groups
followed by incubation for 72 h, as described in section 2.3. Between 0 to
72 h, changes to the scratched area were recorded with Digital Phase
Contrast (DPC) mode under a 10 � objective by the real-time dynamic
detection function of Opera Phoenix HCS system. DPC mode allows cells
to be digitally processed and clear images obtained with bright and dark
contrast. The scratched area was quantified at different time points using
Harmony software. Cell migration was calculated using Eq. (2) [23].

M ¼ðSa� SeÞ=Sa (2)

in which M ¼ migration, Sa ¼ Cell scratch area at 0 h, Se ¼ Cell scratch
area at 72 h.
4

2.8. Adhesion assay

A549 cells (1.5 � 105 cells/ml) were seeded into 6-well plates and
incubated for 24 h before appropriate medium containing 1% FBS was
added for the respective groups (see section 2.3) and cells were further
incubated for 72 h. Fibronectin (FN; 0.2 mg/ml, Solarbio, Beijing, China)
was diluted with PBS and added to 96-well plates to give a final con-
centration of 2 μg/cm2, dried at room temperature for 45 min and aspi-
rated at 4 �C overnight. Cells were harvested from the 6-well plates and
inoculated into the pretreated 96-well plates and incubated for 30 min at
37 �C for staining. Cells were fixed with 4% formaldehyde solution for 10
min at room temperature and permeabilized with 0.5% Triton X-100 so-
lution for 5 min. Nuclei were stained for 30 s with 50 μl Hoechst 33342, to
give a final concentration of 100 nM. Images (50 fields per well) were
acquired using the Opera Phoenix HCS system with a 20 � objective. The
number of adherent cells was recorded using Harmony software.

2.9. Statistical analysis

All statistical analysis was performed with GraphPad Prism software
version 9.0. Data are expressed as mean � standard error of the mean
(SEM). Comparison between groups was analyzed by one-way analysis of
variance (ANOVA) or Student’s t-test. A value of p< 0.05 was considered
to indicate statistical significance.

3. Results

3.1. Determination of TGF-β1 stimulation conditions

During the stimulation of the EMT by TGF-β1, lung epithelial cells
gradually change into mesenchymal cells, resulting in increased cell area,



Table 2. Z0 factor for different morphological parameters.

Cell Area Cell roundness Cell length

Z0 Factor 0.53 0.57 0.55
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elongated cytoskeleton and a morphological shift from pebble-like to
spindle-like. The HCS system was used to evaluate morphological
changes in order to determine the optimal TGF-β1 concentration to
stimulate the EMT in A549 cells. No significant differences in cell area,
roundness and length were observed at 2.5 ng/ml TGF-β1 compared with
controls at 48 h or 72 h but significant changes were seen with 5 ng/ml
TGF-β1. Cell morphology became more spindle-like, showing character-
istics of mesenchymal cells. Changes in cell area, roundness and length
were observed with 10 ng/ml TGF-β1 at 72 h compared with controls but
cell numbers were also significantly reduced, indicating cytotoxicity at
this concentration (Figure 1). Based on the above results, the optimal
stimulatory TGF-β1 concentration was determined to be 5 ng/ml and the
optimal stimulation time 72 h.
3.2. Establishment of a screening method based on the HCS system

A method to quantify cell morphological changes during the EMT
based on the HCS system was established and cell morphology evaluated
by PCA. SB-431542 selectively inhibits the activin receptor-like kinase
(ALK) receptor and blocks the TGF-β1-induced EMT. The inhibitor was
used as a reference compound to verify the accuracy and reliability of the
Figure 3. Results of primary screening of monomeric TCM compounds. A549 cells we
were divided into 4 groups: Control (cell culture medium with 1% FBS and without TG
ng/ml TGF-β1), SB-431542-treated group (cell culture medium with 1% FBS and con
culture medium with 1% FBS and containing 5 ng/ml TGF-β1 and 10 μM monomeric
nuclei with Hoechst 33342. Images (200 fields per well) were acquired using the O
segmented using Harmony software to quantify morphological parameters, such as c
images of A549 cells after treatment with different compounds. Cytoskeleton stained
¼ 50μm. (B) Distribution of TCM monomeric compounds in 96-well plates. (C) A549
Cytotoxic compounds: red; Non-cytotoxic compounds: green. (D) PCA score plot dem
stimulated A549 cells: Control: green; TGF-β1: black; SB-431542: orange; Active com
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PCA morphology scoring system [24]. Combining cell staining images
and quantitative morphological analysis showed that cells in the
SB-431542-treated group were mostly pebble-like with a typical
epithelial cell phenotype. By contrast, cells in the TGF-β1-treated group
had increased area, decreased roundness and elongated cytoskeleton
compared with the control group and evinced a morphology that was
mostly spindle-like. Cells in the SB-431542-treated group had smaller
area, increased roundness and a cytoskeleton and morphology that were
similar to those of controls. The PCA score plot separated cells in the
control and TGF-β1-treated groups in the PC1 directionwithout crossover
or overlap. The separation of cells in the SB-431542-treated and control
groups was small. This finding was consistent with results of quantitative
analysis of cell morphology, suggesting that the established PCA
morphology scoring system is accurate and reliable (Figure 2). Further-
more, Z0 factors for different morphological parameters indicate that our
method is reproducible and suitable for high-throughput detection
(Table 2).

3.3. Primary screening of monomeric compounds with anti-EMT activity

A total of 306 compounds from the MCE compound library were
screened by a method based on the HCS system and a layout of the
distribution of the different compounds in the 96-well plates drawn
(Figure 3B). Thirty-seven compounds exhibited cytotoxicity to A549
cells (Figure 3C). The remaining compounds were plotted on a PCA
score plot which converts cell morphology data into visually observable
points with the distance between points reflecting the degree of
re seeded into 96-well plates at a density of 2000 cells/well. After 24 h, the cells
F-β1), TGF-β1-treated group (cell culture medium with 1% FBS and containing 5
taining 5 ng/ml TGF-β1 and 10 μM SB-431542), Compound-treated group (cell
compounds). After 72 h, the cytoskeleton was stained with TRITC Phalloidin and
pera Phoenix HCS system with a 40 � objective. Images were identified and
ell area, cell roundness, cell length and cell number. (A) Representative stained
with Phalloidin (yellow) and nuclei stained with Hoechst 33342 (blue). Scale bar
cell viability after treatment with 306 monomeric compounds at 10 μM for 72 h.
onstrating the effect of different compounds on morphological scores of TGF-β1-
pounds: pink; Inactive compounds: purple.



Figure 4. Expression of EMT-related markers after treatment with monomeric compounds. A549 cells were treated with different monomeric compounds for 72 h.
(A–C) Expression of E-cadherin (A), Vimentin (B) and α-SMA; (C) mRNA after 72 h incubation of A549 cells with different monomeric compounds (means � SEM; n ¼
6; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). (D) Representative Western blot images: β-actin was used as a loading control and the blots are the result of
three separate experiments. For the original blots of E-cadherin, Vimentin, α-SMA and β-actin, refer to supplementary figure S2. (E-G) The expression of E-cadherin (E),
Vimentin (F) and α-SMA (G) proteins after 72 h incubation of A549 cells with different monomeric compounds (means � SEM; n ¼ 3; *p < 0.05; **p < 0.01; ***p <

0.001; ****p < 0.0001).
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similarity between the compounds (the closer the distance, the greater
the similarity). The control and the TGF-β1-treated groups were found to
have clean separation in the PC1 direction. Interestingly, 5 monomeric
TCM components, CPT, DMC, ART, SNP and BER, added to cells that had
not been treated with SB-431542, showed separation from the TGF-β1-
treated group in the PC1 direction (Figure 3D), suggesting that these
compounds may counteract TGF-β1 effects. Stained images showed that
cells treated with CPT, DMC, ART, SNP and BER exhibited epithelial cell
morphology, similar to that of the control group (Figure 3A). Repre-
sentative staining images of the negative compounds are presented in
Figure S1. The 5 compounds identified above thus altered the
morphology of TGF-β1-induced A549 cells and may have acted to inhibit
or reverse the EMT.
6

3.4. Validation of anti-EMT activity of monomeric compounds

The TGF-β1-induced EMT not only causes changes in morphology of
lung epithelial cells but also in EMT-related markers and cell function.
qRT-PCR and Western blotting analysis showed that the expression of E-
cadherin was decreased whereas the expression of Vimentin and α-SMA
was increased in the TGF-β1-treated group compared with controls.
Treatment with CPT, DMC, ART, SNP or BER decreased expression of
Vimentin and α-SMA and increased that of E-cadherin relative to the
TGF-β1-treated group (Figure 4). Cell adhesion assays showed that the
number of adherent cells was reduced by TGF-β1-tretament compared
with controls, a change that was partially reversed by treatment with
CPT, DMC, ART, SNP or BER (Figure 5). Reduced scratch areas consistent



Figure 5. Adhesion of A549 cells following treatment
with monomeric compounds. A549 cells were seeded
into 6-well plates at a density of 3 � 105 cells/well.
After 72 h, nuclei were stained with Hoechst 33342.
Digital Phase Contrast (DPC) images were acquired
using a 20 � objective of the Opera Phoenix HCS
system (Perkin Elmer). Images were identified and
segmented using Harmony software to calculate
numbers of adherent cells. (A) Representative stained
cell adhesion images after incubation with different
compounds. Scale bar ¼ 100 μm. (B) Adhesion of
A549 cells after 72 h (means � SEM; n ¼ 6; ***p <

0.001; ****p < 0.0001).

Figure 6. Migration of A549 cells following treat-
ment with monomeric compounds. A549 cells were
seeded into 6-well plates at a density of 5 � 105 cells/
well. DPC images were acquired using a 10 � objec-
tive of the Opera Phoenix HCS system (Perkin Elmer).
Images were identified and segmented using Harmony
software to calculate the area of cell migration. (A)
Representative images of different experimental con-
ditions at 0 h and 72 h. Scale bar ¼ 1 mm (B) Changes
in cell migration after 72 h (means � SEM; n ¼ 6; ***p
< 0.001; ****p < 0.0001).
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with enhanced cell migration were seen for the TGF-β1-treated group
compared with controls, a change that was also partially reversed by
treatment with CPT, DMC, ART, SNP or BER (Figure 6). In summary,
7

these results indicate inhibition of the EMT, enhanced cell adhesion
and reduced cell migration after treatment with CPT, DMC, ART, SNP or
BER.
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4. Discussion

TGF-β1 induces epithelial cells to undergo morphological and func-
tional alterations characteristic of the EMT. The cell cytoskeleton is
reorganized and morphology changes from pebble-like to spindle-like [8,
9]. Subsequently, cells lose intercellular contacts and apical-basal po-
larity, gradually transforming into mesenchymal cells [5, 6, 7]. The loss
of E-cadherin, accompanied by increased expression of Vimentin and
α-SMA, makes the EMT a key driver of cancer cell spread and the invasive
migration of fibrotic lesions [25, 26, 27]. Thus, the EMT is a key factor
contributing to idiopathic pulmonary fibrosis (IPF) and to lung cancer
(LC). The HCS system is a fast and highly selective tool capable of high
throughput analysis. It allows comprehensive recording of phenotypic
changes and quantifies different morphological parameters by segment-
ing cell images using intelligent algorithms. In recent years, HCS has been
used for drug screening, virus infection, toxicology and tumor migration
studies [28, 29, 30, 31, 32]. Therefore, HCS is an appropriate system for
the quantification of cell morphological changes during the EMT allow-
ing distinction of the inhibitory effects of different compounds on this
process. TCM is ideal for targeting the EMT because of its low rates of
adverse effects and low generation of drug dependence. However, TCM
represents a complex mixture of components, making it difficult to
identify active ingredients. Therefore, there has been a pressing need to
screen TCM monomers and identify components with anti-EMT
activities.

The current study applied the HCS system to quantify phenotypic
changes in A549 cells using multiple parameters during the TGF-β1-
induced EMT. First, the optimal conditions for TGF-β1-induced EMT in
A549 cells were determined and the screening method validated using
the TGF-β1 receptor blocker, SB-431542. A total of 306 monomeric
compounds from the MCE compound library were screened. Primary
screening indicated 5 monomeric TCM compounds, CPT, DMC, ART, SNP
and BER, which inhibited the TGF-β1-induced EMT in A549 cells. Further
experiments showed that CPT, DMC, ART, SNP and BER increased E-
cadherin expression, decreased expression of Vimentin and α-SMA,
enhanced cell adhesion and weakened cell migration. CPT, ART and BER
have been previously reported to inhibit the EMT [33, 34, 35]. Identifi-
cation of the inhibitory actions of DMC and SNP on the TGF-β1-induced
EMT in A549 cells is a novel finding. Looking for literature, we did not
found the inhibitory effects of the other 301 monomers on EMT. Overall,
the above compounds of TCM were screened by using the HCS system,
which indicates that the screening method we established is reliable
without false negative results.

In conclusion, we report the establishment of a rapid, reliable and
high-throughput screening method based on the HCS system to assess
cell morphology changes during the EMT. Five monomeric components
of TCM were screened from 306 candidate compounds and shown to
have anti-EMT activity. The application of these compounds to the
treatment of EMT-related diseases should be evaluated in future
studies.
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