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Abstract

Objective

To investigate the mechanism of endothelial cell specific molecule 1 (ESM1) promoting cer-
vical cancer cell proliferation and EMT characteristics through zinc finger E-box binding
homeobox 1 (ZEB1)/EMT pathway.

Methods

The correlation between ESM1 expression and prognosis of cervical cancer patients was
analyzed by bioinformatics. SiHa, HeLa cell lines and corresponding control cell lines with
stable ESM1 expression were obtained. Cell proliferation ability was detected by CCK-8
assay. The invasion and migration ability of Hela and SiHa cells were detected by Transwell
assay and scratch closure assay. Expressions of EMT-related markers E-cadherin and
Vimentin were detected by real-time PCR. The ability of silenced ESM1 to tumor formation
in vivo was detected by tumor formation in nude mice. The effects of aloe-emodin on inhibit
ESM1 expression and its inhibitory effect on cervical cancer cells in vitro and in vivo were
analyzed by the same method.

Results

ESM1 was highly expressed in cervical cancer, and the high expression of ESM1 was asso-
ciated with poor prognosis of cervical cancer patients. CCK-8 results showed that the prolif-
eration, invasion and migration of Hela and SiHa cells were significantly reduced after
siRNA interfered with ESM1 expression. Overexpression of ESM1 promoted the prolifera-
tion and migration of cervical cancer cells. Mechanism studies have shown that the onco-
genic effect of ESM1 is realized through the ZEB1/PI3K/AKT pathway. High throughput
drug screening found that aloe-emodin can target ESM1. Inhibitory effect of aloe emodin on
ESM1/ZEB1/EMT signaling pathway and cervical cancer cells.
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Conclusion

The silencing of ESM1 expression may inhibit the proliferation, invasion, metastasis and epi-
thelial-mesenchymal transformation of cervical cancer cells by inhibiting ZEB1/PI3K/AKT.
Aloe-emodin is a potential treatment for cervical cancer, which can play an anti-tumor role
by inhibiting ESM1/ZEB1.

Introduction

Cervical cancer ranks as the fourth most commonly diagnosed cancer and one of the fre-
quently leading causes of cancer-related death in women worldwide [1]. Although the early
detected cervical cancer could be treated with a curable disease for surgical resection and con-
current chemoradiation, cervical cancer remains a major public problem even in developed
countries for limited treatment with advanced cervical cancer [2, 3]. Distant metastasis is a key
property of the advanced cervical cancer, the malignant progression mechanism of cervical
cancer needs further explanation to provide improved therapeutic options.

Growing evidence demonstrated that epithelial-mesenchymal transition (EMT) played a
key role in tumor malignant progression. EMT is a process in which the epithelial tumor cells
lose polarity and cell-cell adhesion characters and gain metastasis and invasive properties
[4, 5]. During the EMT process, the EMT-activator ZEB1, a member of the zinc finger tran-
scription factor family, transcriptionally regulates the expression of epithelial/mesenchymal
markers (such as E-cadherin and Vimentin) to promote the EMT progression [6, 7]. Upregula-
tion of ZEB1 had been found in various tumors and a positively correlation between ZEB1
expression and tumor malignant progression was verified [8, 9]. Thus, a protein co-expressed
with ZEBI is likely to regulate the tumor cells through EMT process.

Endothelium-specific molecule 1 (ESM-1) was originally a 2kb cDNA sequence accidentally
discovered during cloning of human umbilical vein endothelial cell cDNA library. This
sequence can encode a soluble proteoglycan, also known as Endocan. The biological function
of ESM-1 is still under investigation. Preliminary research results show that it has an important
relationship with arteriosclerosis, inflammation, tumor development, the formation of blood
vessels and lymphatic vessels, as well as a variety of biomolecular regulation mechanisms. Stud-
ies have found that ESM-1 is highly expressed in many human solid tumors such as lung can-
cer, breast cancer, uterine cancer and kidney cancer. At the same time, it was also found that
the high expression of this factor is related to the prognosis of the tumor, metastasis, vascular
hyperplasia and other factors [10, 11].

At present, although a lot of anti-tumor drugs have been appearing, the efficacy and price
of these drugs are still not satisfactory. ESM-1 is significantly associated with important factors
of tumor occurrence and development, such as chronic inflammation, tumor cells themselves,
angiogenesis, lymphangiogenesis, etc. Inhibition of ESM-1 expression can inhibit the occur-
rence and development of tumors from multiple aspects. Therefore, the development of ESM-
1 targeting drugs may open up a new chapter in cancer therapy. Aloe emodin (AE), a bioactive
anthraquinone compound extracted from aloe and rhubarb, has a variety of pharmacological
activities [12]. Aloe emodin has significant anti-tumor effects on various tumor cells, and its
mechanism involves many ways, including cell cycle arrest, cell apoptosis induction and anti-
tumor effects as an adjuvant [13-15]. However, whether AE can inhibit ESM1 expression has
not been reported in the literature.
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In this study, we found that ESM1 was significantly upregulated in cervical cancer, ESM1
was reported to regulate tumor progression in many cancer types including non-small-cell
lung cancer, ovarian cancer, gastric cancer, and hepatocellular carcinoma [16-19]. However,
whether ESMI is related to the malignant progression and could mediate the EMT process in
cervical cancer remain elusive, which needs for a comprehensive investigation. Meanwhile, we
will discover potential target drugs based on the clarified mechanism, which will provide
potential therapeutic strategy for clinical treatment of cervical cancer.

Methods

Bioinformatics analysis

The human protein atlas platform, LinkedOmics database, GEPIA database, and the GEO
database were used to analyze the relationship between ESM1 gene and cervical cancer. TCGA
(the cancer genome atlas home page) is a public database contains a variety of human tumor
cancer genome change (http://cancergenome.nih.gov/abouttcga). To determine the expression
level of ESM1 in cervical cancer, the TCGA database was used to analyze the expression level
of ESM1 in cervical cancer and normal tissues. The GEPIA database (http://gepia.cancer-pku.
cn/in-dex.html) is a gene expression analysis database of 9736 tumor and 8587 normal samples
from the TCGA and GTEx databases developed by the team of Peking University. In this
paper, GEPIA database and a GEO data of GSE527 downloaded from the GEO database were
used to analyze the relationship between ESM1 gene and prognosis of cervical cancer patients.
Single cell sequencing data was downloaded from The Human Protein Atlas (http://www.
proteinatlas.org/).

Protein interaction network analysis

The STRING (https://string-db.org/) database is an online analysis site for predicting protein
interactions by calculating their latent functions [20]. The STRING database was used to ana-
lyze the interaction between ESM1 and co-expressed positive correlated proteins, so as to pre-
dict its role in cervical cancer EMT.

Functional enrichment analysis

The ESM1 co-expression related genes were input into the STRING platform, and the GO
functional enrichment analysis and KEGG pathway enrichment analysis of related genes were
performed respectively. Enrichment biological functions and signaling pathways were
screened according to P-value < 0.05.

Cell culture and transfection

Cervical cancer cell lines SiHa and HeLa were purchased from the American Type Culture
Collection (ATCC). Hela and SiHa cells were cultured in DMEM medium containing 10%
fetal bovine serum in a 5% CO, incubator at 37°C. ESM1 overexpression and GFP control
plasmids were transfected into SiHa cells by lipid method. The operation steps were carried
out in strict accordance with the instructions of Lipofectamine 2000. Cells were seeded in
6-well plates at 50% density for overnight cultures. ESM1 plasmid transfection group: add

4.0 pg negative control plasmid and 10 pL transfection reagent to each well of the negative con-
trol group (sh-NC). In the ESM1 group (sh-ESM1), 4.0 pg of ESM1 shRNA plasmid and 10 pL
of transfection reagent were added to each well. Adjust the final volume to 2 mL/well with
serum-free DMEM medium. The next experiment was carried out 48 h after transfection.
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CCK-8 experiment

Cells grown in logarithmic phase were seeded in three 96-well plates at 2x10° cells per well.
After culturing for 24 hours, transfect according to the concentration of siRNA according to
the instructions of the transfection reagent. Three replicate holes were set up for each group.
After culturing for 72 h, 10 uL of CCK-8 reagent was added to each well. Incubate in an incu-
bator for 4 h and measure the absorbance at 450 nm with a microplate reader. Cell viability
(%) = (siRNA group-blank group)/(control group-blank group).

Scratch test

Culture Hela cells in six-well plates. 3x10° cells were planted in each well, and the group with-
out any treatment was used as the control group. The group that was transfected according to
the instructions of the transfection reagent was the experimental group. After each group of
cells adhered to the wall, use a 10 pL pipette tip to draw 3 straight lines in each well. Aspirate
the culture medium and rinse gently with PBS twice. Take pictures with an inverted micro-
scope, add siRNA for transfection, and continue culturing. Photographs were taken with an
inverted microscope at 24 hours.

Transwell experiment

Culture Hela cells in a 24-well plate with 2x10” cells per well. Take no treatment group as the
control group. The cells treated according to the instructions of the transfection reagent were
the experimental group. Trypsin was routinely digested, and the cells were resuspended in
serum-free medium at a concentration of 1x10°/mL. Place the Matrigel glue in the Transwell
chamber for 1 hour in the incubator. Add 200 uL of cell suspension to the upper chamber, and
600 pL of 10% FBS to the lower chamber. Cultured for 24h, washed with PBS the next day. Fix
with methanol and rinse. After washing with crystal violet staining, photographs were taken
under a microscope.

qRT-PCR experiment

By this method, the RNA expression levels of cell-related genes were detected to evaluate the
effect of ESM1 on cell-related factors. Cells were collected and total RNA was extracted using
Trizol reagent following the instructions. RNA was reverse transcribed into cDNA using a
reverse transcription kit. Design specific real-time PCR primers based on the human gene
sequence of NCBI Genebank. The whole real-time PCR process was operated according to the
instructions of SYBRR Premix Ex Taq TM II. After adding the sample, the tubes were mixed
and centrifuged. Amplification was accomplished using Fast Start Universal SYBR Green Mas-
ter (ROX). The reaction conditions were as follows: pre-denaturation at 95°C for 5 min; dena-
turation at 95°C for 30 s; annealing at 60°C for 30 s; extension at 72°C for 50 s; 40 cycles;
extension at 72°C for 5 min, and data collection. Three replicate tubes were set up for each
sample, and the experiment was repeated 3 times. The relative expression of mRNA in each
sample was calculated by 2"**“" method.

Western blotting

The total proteins in the cultured cells were isolated using the RIPA lysate buffer (KeyGen,
China). Western blot analysis was performed using the primary antibodies ESM1, ZEB1, E-
cadherin, Vimentin, and GAPDH (CST signaling, USA), followed by secondary antibody
(CST signaling, USA). Blots were detected using the enhanced chemiluminescence detection
kit (Millipore, USA).
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Subcutaneous xenograft tumor model

Twenty-four SPF-grade BALB/c (nu/nu) female nude mice, 5-6 weeks old, weighing 20-22g,
were provided by the Charles River Experimental Animal Center (animal certificate number:
SCXK (Beijing) 2012-0001). The size and quality of tumors formed by different groups of cer-
vical cancer cells in nude mice were detected by this method. Evaluation of the effect of ESM1
on the tumorigenic ability of cervical cancer cells in vivo. Cells in logarithmic growth phase
were injected into the axilla of mice. Prepare about 100uL medium containing 1x10° cells and
mix well for inoculation. They were raised in SPF environment, and the growth status and
tumor growth of nude mice were observed. The tumor size was measured with a caliper every
2 days after inoculation. The volume (mm?) was calculated according to the standard formula:
length x width?/2. At the end of the experiment, the tumors were dissected, and the net tumor
weight of each mouse was measured. This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals. The experimental
protocol was approved by the Research Ethics Committee of the second hospital of Hebei
Medical University with the approval number of 2023-AE001. When a near-death happens or
the width reaches to 15 mm, it will be the humane endpoint, carbon dioxide was used for
euthanasia.

Immunohistochemistry

Formalin-fixed-paraffin-embedded tissue sections were routinely dewaxed, hydrated, and
microwaved for antigen retrieval. The sections were blocked with 3% hydrogen peroxide and
10% goat serum, respectively. Prepare Ki67 primary antibody working solution with PBS solu-
tion at a ratio of 1:100. Cover tissue sections, shake and incubate overnight at 4°C. After the
unbound primary antibody was washed with PBS solution, horseradish peroxidase-labeled
goat anti-rabbit secondary antibody was used to bind the corresponding primary antibody.
DAB method showed positive protein. Compute section staining scores. The staining intensity
of histochemical sections was evaluated using Image] software. The average gray value (stain-
ing intensity) and positive area percentage (staining area) of positive cells were used as IHC
measurement indicators. No positively stained cells is 0 point, <25% is 1 point, 25-50% is 2
points, >50%-75% is 3 points, >75% is 4 points.

Immunofluorescence

The slipper was placed on a 24-well plate and cells were inoculated on the slipper at a rate of
1x104 cells per well. After transfection, cells were fixed with 4% paraformaldehyde solution at
room temperature for 30min. The cells were rinsed 3 times with PBS for 5min each time. After
rinsing, cells were permeated on ice for 10min with cell permeation solution (PBS solution of
0.5%Triton-100+1%NGS). The cells were closed at room temperature for 30min with 1%NGS
PBS solution. After closure, the antibody was diluted at a ratio of 1: 100. The cells were incu-
bated overnight at 4°C with the diluted antibody solution. Finally, fluorescent secondary anti-
body and DAPI were used to stain the cells in turn under the condition of avoiding light. After
staining, the cells were observed under a fluorescence microscope and photographed.

Molecular docking

Search the protein crystal complex of ESM1 in the PDB database, process the target protein
with the help of Schrodinger software, and remove water molecules, phosphate radicals and
redundant inactive ligands in the target protein at the same time. In the Schrodinger software,
hydrogenation, charge and other operations were performed on the target protein after
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treatment. Import the 2D structure of aloe-emodin into Schrodinger software, and save its 3D
structure in SDF format. The 3D structures of the target protein and aloe-emodin were uni-
formly set into a format recognizable by Schrodinger software. Identification of active pockets
of ESM1 target proteins. Molecular docking of the target protein and aloe-emodin was carried
out, and the affinity between aloe-emodin and ESM1 was compared and analyzed.

Statistical analysis

Statistical analysis of data was performed using SPSS 17.0, and the results were expressed as
mean * standard deviation. The mean comparison between two groups of samples was used
by t test. One-way analysis of variance was used to compare the means among multiple groups
of samples. P<0.05 means the difference is statistically significant.

Results

1. The expression and clinical significance of ESM1 in cervical cancer
tissues

As shown in Fig 1A, the subcellular expression of ESM1 is mainly located in the cytoplasm.
Immunohistochemical results showed that ESM1 staining intensity was higher in cervical can-
cer than in healthy tissue. The analysis of ESM1 expression in cervical cancer and paracancer
tissues showed that the average expression level of ESM1 in cervical cancer tissues was higher
than that in corresponding paracancer tissues (Fig 1B and 1C). Using the median expression
value of ESM1 in cervical cancer tissue as cut-off point, 292 patients with cervical cancer were
divided into ESM1 high expression group (n = 146) and ESM1 low expression group

(n = 146). Kaplan-Meier analysis showed that cervical cancer patients with high ESM1 expres-
sion had shorter overall survival (Fig 1D). We further analyzed the expression of ESM1 by sin-
gle cell sequencing. Fig 1E shows the expression clustering and correlation results of ESM1.
The results showed that ESM1, a part of the 14 endothelial cell cluster, is mainly expressed in
endothelial cells and is associated with angiogenesis. Fig 1F shows the expression of ESM1 cell
line. The results showed that ESM1 affected endothelial cells and fibroblasts, we hypothesized
that its function might be related to cervical cancer migration and EMT [21].

2. Functional enrichment analysis of ESM1 and its co-expressed genes in
cervical cancer

To investigate the role of ESM1, we first analyzed the genes positively correlated with the
expression of ESM1. Fig 2A shows the cluster analysis results of ESM1 co-expressed genes.
ESM1 and its interacting proteins were further analyzed. As shown in Fig 2B, each target par-
ticipating in the interaction is represented by a circle, and the larger the area of the circle, the
greater its Degree. The thicker the circumference of the circle, the greater its Betweenness. The
protein-protein interaction network results showed that ESM1 has a wide range of protein
interaction networks. Subsequently, the GO functional enrichment of ESM1 and its co-
expressed genes in the occurrence and development of cervical cancer was analyzed. GO items
were screened out based on P-value<0.01, including Biology Process, Molecular Function,
and Cellular Component. The results of functional enrichment analysis showed that biological
processes mainly involved: Extracellular matrix organization, Angiogenesis, Cell adhesion,
Regulation of epithelial cell migration, etc. (Fig 2C). The molecular functions mainly involve:
Extracellular matrix structural constituent, Extracellular matrix binding, Extracellular matrix
structural constituent conferring tensile strength, etc. (Fig 2D). Cell composition mainly
involves: Basement membrane, Cell junction, Focal adhesion, etc. (Fig 2E). It shows that ESM1
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may play a role in promoting cervical cancer by regulating extracellular matrix remodeling,
migration and metastasis.

3. ESM1 promotes the proliferation, migration, invasion and EMT of
cervical cancer cells in vitro

Based on the results of bioinformatics analysis, we further confirmed the role of ESM1 and its
effect on EMT of tumor cells through in vitro experiments. In order to explore the specific
effects of ESM1 on cervical cancer cells, we first detected the expression level of ESM1 in differ-
ent human cervical cancer cell lines. Results showed that ESM1 was highly expressed in cervi-
cal cancer cell lines (Fig 3A). RT-qPCR results showed that the mRNA expression of ESM1 in
Hela cells was reduced after siRNA treatment, indicating that siRNA successfully interfered
with the expression of ESM1. After transfection of SiHa cells with the overexpressed plasmid,
the level expression of ESM1 mRNA in SiHa cells in the vector-ESM1 group was up-regulated
compared with the control group, and the difference was statistically significant (Fig 3B). Cell
count results showed that after 72h of cell inoculation, the number of cells in the si-ESM1
group was significantly lower than that in the corresponding control group. In SiHa cells, the
number of cells in the vector-ESM1 group was significantly higher than that in the vector-NC
group (Fig 3C). The cell scratch test results showed that, compared with the control group, the
migration ability of Hela cells was significantly inhibited after 24h siRNA treatment, and the
difference was statistically significant (P < 0.01). After overexpression of ESM1, the migration
ability of SiHa cells was enhanced (Fig 3D). Transwell test confirmed that after 24h of siRNA
treatment, Hela cell invasion ability of si-ESM1 group was reduced compared with si-NC
group, with statistical significance (Fig 3E). By interfering the expression of ESM1 with siRNA,
we found that ESM1 acts as an oncogene in cervical cancer, promoting the proliferation, inva-
sion and migration of cervical cancer cells. Further, we detected the expression of EMT-related
markers E-cadherin and Vimentin. The results showed that overexpression of ESM1 could
inhibit the expression of E-cadherin and promote the expression of Vimentin. However,
silencing ESM1 can inhibit EMT (Fig 3F and 3G). The western blot results showed that when
ESM1 was knocked down, ZEB1 and Vimentin were also down regulated, while E-cadherin
was upregulated; when ESM1 was overexpressed in SiHa cells, the protein expressions of ZEB1
and Vimentin were increased, while the E-cadherin’s expression was decreased (Fig 3H). The
results of immunofluorescence were consistent with those of QqRT-PCR and western blotting.
Overexpression of ESM1 promotes EMT in SiHa cells (Fig 3I). Exogenous overexpression of
ESM1 significantly enhanced the proliferation, invasion and migration of cervical cancer cells.

4. ZEB1 is the downstream target of ESM1

In order to further explore the molecular mechanism of ESM1, we analyzed the downstream
regulation mechanism of ESM1. Through experiments, we found that ESM1 can affect the
expression of ZEB1, and thus affect the changes of EMT-related indicators. SiHa cells con-
firmed that overexpression of ESM1 promoted the expression of ZEB1. Hela cell results
showed that silencing ESM1 decreased ZEB1 expression (Fig 4A). In addition, ESM1 overex-
pression promoted MMP-2 and MMP-9 expression. Hela cell results showed that silencing
ESM1 decreased the expression of MMP-2 and MMP-9 (Fig 4B and 4C). Co-expression corre-
lation analysis results showed that ESM1 and ZEB1 had positive co-expression correlation in
cervical cancer tumor tissues (Fig 4D). These results suggest that ESM1 can promote EMT pro-
cess of cervical cancer cells through ZEBI.
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Fig 3. ESM1 promotes the proliferation, migration and invasion of cervical cancer cells in vitro. A. qRT-PCR analysis
of the expression of ESM1 in human normal cervical epithelial cells (HUCEC cell line) and cervical cancer cells (Hela,
SiHa, C-33A and CsSki). B. Detection of Hela cells transfected with siRNA ESM1 by qRT-PCR. qRT-PCR was used to
detect the expression of ESM1 in SiHa cells transfected with ESM1 plasmid and control cells. C. CCK-8 analysis shows that
downregulation of ESM1 inhibits DNA synthesis in Hela cells. Overexpression of ESM1 promotes DNA synthesis in SiHa
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5. Effect of silencing ESM1 on tumor formation of cervical cancer cells in
vivo

Tumor formation experiment results in nude mice showed that the tumor formed in the Hela-
shESM1 group with 24d back implantation was significantly smaller than that in the Hela-
shNC group (Fig 5A), and the tumor volume and tumor weight were also significantly smaller
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expression of ESM1 and ZEB1. *P < 0.05, **P < 0.01 by two-tailed Student’s t-test.

https://doi.org/10.1371/journal.pone.0304597.9004
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Fig 5. ESM1 promotes the growth and metastasis of cervical cancer cells in vivo. A. Experimental picture of subcutaneous xenograft tumor. B. Tumor
volume graph. C. Tumor weight detection. D. Immunohistochemical detection of Ki-67 expression. E. Survival analysis of mice after tail vein injection of
cervical cancer tumor cells. F-G. The expression levels of ESM1 and ZEB1 were detected in tumor tissues after different treatments. H. The expression
levels of E-cadherin and vimentin were detected in tumor tissues after different treatments. I-J. The expression levels of p-PI3K and p-AKT were detected
in tumor tissues after different treatments. *P < 0.05, **P < 0.01 by two-tailed Student’s t-test.

https://doi.org/10.1371/journal.pone.0304597.9g005
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than that in the Hela-shNC group (P<0.01, Fig 5B and 5C). The maximum diameter of the
tumor size in this study was about 14 mm. Immunohistochemical test results showed that Ki-
67 protein staining was strong in the tumor tissue of blank control group, while Ki-67 protein
staining intensity was significantly decreased in ESM1 interference group (Fig 5D). Tumor
cells were injected into the tail vein to construct the metastasis model. The results showed that
compared with the Hela-shNC group, the survival of nude mice in the Hela-shESM1 treatment
group was prolonged (Fig 5E). QRT-PCR confirmed that silencing of ESM1 decreased the
expression of ESM1 and ZEB1 in tumor tissues (Fig 5F and 5G). Subsequently, we detected
EMT-related indicators, including the expression changes of E-cadherin and Vimentin.
Results showed that silencing of ESM1 up-regulated the expression of E-cadherin. Contrary to
the E-cadherin results, overexpression of ESM1 promoted the expression of Vimentin, while
silencing of ESM1 decreased the expression of Vimentin (Fig 5H). In addition, tumor results
confirmed that ESM1 silencing reduced the p-PI3K/p-AKT expression (Fig 5I and 5]). These
results suggest that silencing ESM1 expression can inhibit tumor formation of cervical cancer
cells in vivo.

6. High-throughput drug screening showed that AE could bind to ESM1

Based on the discovered ESM1 function, we hypothesized that drug molecules capable of
inhibiting ESM1 should have anticancer activity. Therefore, we screened active molecules
from the traditional Chinese medicine monomer library through high-throughput drug
screening. Fig 6A shows the process of high-throughput drug screening. Through Basic Filter
1 (Lipinski’s "Rule of Five"), Glide docking (standard precision) and Glide docking (extra pre-
cision) are used for screening. The results showed that AE had the best binding activity with
ESM1. The amino acid residues of AE interacting with ESM1 are shown in Fig 6B. Fig 6C
shows the result of three-dimensional interaction between AE and ESM1.

7. Inhibitory effect of AE on ESM1/ZEB1/EMT signaling pathway and
cervical cancer cells

Cell proliferation experiment results showed that the proliferation activity of Hela and SiHa
cells decreased after AE treatment (Fig 7A). In order to observe the effect of AE on the invasion
ability of different cervical cancer cell lines, we conducted Transwell invasion assay. Transwell
test confirmed that after 24h treatment with AE, cell invasion ability of the AE treatment
group was reduced compared with Hela and SiHa control groups, with statistical significance
(Fig 7B). In order to explore the specific effects of AE on cervical cancer cells, human cervical
cancer cell lines (Hela cells and SiHa cells) were administered. qRT-PCR detection showed
that the expressions of ESM1 and ZEB1 in the cells treated with AE were significantly lower
than those in the control group (Fig 7C and 7D). Subsequently, we detected EMT-related indi-
cators, including the expression changes of E-cadherin and Vimentin. Results confirmed that
AE treated can decrease the expression of Vimentin, while up-regulated the expression of E-cad-
herin (Fig 7E). The results of tumor formation experiment in nude mice showed that the tumor
volume formed by AE treated group was significantly smaller than that in control group
(P<0.01, Fig 7F and 7G). Similarly, the tumor mass formed in the AE treated group was signifi-
cantly lower than that in the control group (P<0.01, Fig 7H). The expression levels of ESM1 and
ZEB1 in tumor tissues of AE treated group were decreased by qRT-PCR (Fig 7I and 7]). EMT
marker detection results showed that the expression of E-cadherin was up-regulated in the AE
treatment group, while the expression of Vimentin was down-regulated (Fig 7K and 7L). These
results suggest that AE can inhibit the malignant evolution of cervical cancer by inhibiting
ESM1/ZEB1/EMT mechanism.
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Fig 7. Research on the effect of aloe-emodin on targeting and inhibiting ESM1/ZEB1/EMT signaling pathway to inhibit cervical cancer cells. A.
Study on the ability of aloe-emodin to inhibit the proliferation of cervical cancer Hela and SiHa cell lines. B. Study on the ability of aloe-emodin to
inhibit the invasion of cervical cancer Hela and SiHa cell lines. C. qRT-PCR detection of aloe-emodin inhibiting the expression of ESM1 in cervical
cancer Hela and SiHa cells. D. qRT-PCR detection of aloe-emodin inhibiting the expression of ZEB1 in cervical cancer Hela and SiHa cells. E. The
expression levels of EMT related markers E-cadherin and Vimentin were detected by immunofluorescence. F-G. Detection of tumor volume of SiHa
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cells after aloe-emodin administration. H. Detecting the tumor weight of SiHa cells after aloe-emodin administration. I. Detecting the expression of
ESMI1 in the tumor tissue after the SiHa cells were tumor-bearing and the aloe-emodin was administered. J. Detecting the expression of ZEB1 in the
tumor tissue after SiHa cells were tumor-bearing and aloe-emodin administered. K. Detect the expression level of E-cadherin in the tumor tissue after
the SiHa cell tumor-bearing and the administration of aloe-emodin. L. Detecting the expression of Vimentin in the tumor tissue after the SiHa cells
were tumor-bearing and administered with aloe-emodin. *P < 0.05, **P < 0.01 by two-tailed Student’s t-test.

https://doi.org/10.1371/journal.pone.0304597.9007

Discussion

Cervical cancer is a serious threat among female tumor patients, human papillomavirus
(HPV), some sexually transmittable infections, and smoking are main causes of cervical can-
cer, although the cervical cancer could be partially prevented for highly effective primary
(HPV vaccine) and secondary (screening) prevention measures, it still be a serious public
problem among women [1, 3]. Advanced cervical cancer with tumor metastasis is the main
reason for poor clinical prognosis of cervical cancer [22]. Thus, a comprehensive understand-
ing of the mechanism underlying the process of metastasis is necessary to optimize the clinical
treatment strategies for cervical cancer. A series of studies had demonstrated that EMT could
mediate the metastasis and malignant progression of cervical cancer [23], during the EMT
process, the downregulation of epithelial marker E-cadherin and upregulation of mesenchy-
mal marker vimentin are key characteristics, which provides the tumor cells potential of
metastasis [24]. As the expressions of E-cadherin and vimentin could be transcriptionally reg-
ulated by the EMT-activator ZEB1 [25], we could clarify the mechanism related to EMT
through analyzing correlations with ZEB1/EMT axis.

In this study, the bioinformatics analyses showed that the ESM1 protein/gene were signifi-
cantly upregulated in cervical cancer compared to the adjacent tissues, high ESM1 contents
were significantly correlated with a poor clinical prognosis of cervical cancer patients; further
experiment results demonstrated that ESM1 could promote the cervical cancer cell prolifera-
tion, metastasis, and invasion. To further clarify the mechanism of ESM1 in cervical cancer,
omics analysis was conducted. The results showed that the co-expressed proteins with ESM1
could widely affect the cell adhesion, extracellular matrix organization, and mesenchymal cell
differentiation, which indicated that ESM1 was likely to regulate the malignant progression of
cervical cancer through EMT process. To verify the hypothesis, we further elucidated the stim-
ulations of ESM1 to EMT in cervical cancer. Studies showed that upregulation of ESM1 could
significantly promote the expression of EMT-activator ZEB1, the PI3K/AKT signaling path-
way downstream of ZEB1 [26] was significantly activated, the transcriptionally regulated pro-
teins of E-cadherin and vimentin were also significantly affected; when ESM1 was knocked
down, the ZEB1 expression was significantly decreased, and the EMT related genes were corre-
spondingly reversely regulated. These results verified that ESM1 could promote metastasis and
malignant progression of cervical cancer through ZEB1/EMT axis, ESM1 was an important
regulatory gene in cervical cancer, thus, ESM1 could be a potential target for further drug
screening.

Grigoriu et al. [27] found that serum ESM-1 concentration in lung cancer patients was cor-
related with tumor type and stage, patient prognosis and tumor progression. ESM1 can guide
the treatment of lung cancer to a certain extent. Similarly, Leroy et al. [28] found that serum
ESM-1 concentration in patients with renal clear cell carcinoma can be used as an effective
monitoring indicator for postoperative treatment and anti-angiogenic therapy in patients with
renal clear cell carcinoma. Some scholars have found that the expression of ESM-1 in rectal
cancer specimens is lower than that in normal rectal mucosa 5. It is currently believed that
ESM-1 can regulate tumors through tumor-related inflammation, angiogenesis, lymphangio-
genesis, and tumor cells themselves. It is also believed that compared with other normal tissues
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Aloe-emodin —— ESM1—— ZEB1/EMT ——

with obvious hyperplasia, the high expression of ESM-1 in tumors has a strong specificity [10,
29, 30]. Malignancy is often accompanied by invasion and metastasis, which is also the reason
why it is difficult to cure [31]. The occurrence of invasion and metastasis is related to a variety
of complex mechanisms and processes [32]. Effectively inhibiting the invasion and metastasis of
tumor cells is the starting point of many clinical and scientific treatments for cancer. It has been
found that the matrix metalloproteinase family (MMPs) [33, 34], especially matrix metallopro-
teinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9), as common factors promoting
invasion and metastasis, play a regulatory role in the development of many tumors. This study
also found that silencing ESM1 could reduce the expression of MMP-2 and MMP-9.

Studies have found that aloe emodin can inhibit the proliferation and metastasis of tumor
cells by affecting a variety of signaling pathways. In breast cancer cells, aloe emodin down-reg-
ulates ERa-associated protein levels by inhibiting estrogen receptor alpha (ERa) transcription.
In addition, it can inhibit the binding of ERc and heat shock protein 90 (HSP90) in cytoplasm,
thus achieving the effect of inhibiting the proliferation of cancer cells [35]. Abnormal activa-
tion of the protein kinase (Akt)/Extracellular regulatory protein kinase (ERK) signaling path-
way is common in various cancers and is closely related to the differentiation and proliferation
of cancer cells. Aloe emodin has been shown to act on esophageal cancer cells activated by the
Akt/ERK pathway in a dose-dependent manner, inhibiting Akt and ERK phosphorylation and
significantly reducing the number of S-phase cells [36]. In this study, high-throughput drug
screening was conducted to screen the potential anti-cervical cancer drug based on ESM1,
finally, aloe-emodin was identified to be a potential targeted drug of ESM1. Aloe-emodin is an
anthraquinone found in rhubarb, aloe, and other Chinese herbs [37], it was proved to have
effects on anti-inflammatory, antiviral activity, and anti-cancer [38-40]. In this study, we
found that aloe-emodin could effectively target the active pocket of ESM1, which meant that
aloe-emodin might have potential treatment value in cervical cancer. Then, the in vitro and in
vivo experiments were conducted to verify this hypothesis. The results showed that aloe-emo-
din could effectively inhibit the proliferation, invasion of cervical cancer, further results dem-
onstrated that aloe-emodin inhibited the ESM1/ZEB1/EMT axis.

Conclusion

In summary, we demonstrated that ESM1 was correlated with the malignant progression of
cervical cancer through ZEB1/EMT axis, and ESM1 was a key regulatory protein during the
cervical cancer progression. As ZEB1 was a transcription factor, we think this pathway should
play a key role, and it will be a strong complement to the knowledge of ESM1 in regulating cer-
vical cancer except angiogenesis pathway and PI3K-Akt/EMT pathway [41, 42]. Meanwhile,
we further verified that the Aloe-emodin could directly target ESM1 to inhibit malignant pro-
gression of cervical cancer, which illustrated that aloe-emodin might be a potential drug and
provided potential therapeutic strategy for clinical treatment of cervical cancer (Fig 8). How-
ever, we do think some limitations exist in this research, further studies are needed to provide
a more comprehensive understanding of the therapeutic potential of AE and firmly establish
the validity of these conclusions, which including: collaborating with clinical partners to access
a larger cohort of patient samples to reinforce our findings; conducting long-term treatment
studies to observe the prolonged effects and potential resistance mechanisms of cervical

Malignant progression
of cervical cancer

Fig 8. Proposed regulatory mechanism of ESM1 in regulating cervical cancer malignant progression.

https://doi.org/10.1371/journal.pone.0304597.g008
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cancer; further investigations into the molecular mechanisms by which AE modulates ESM1
and its downstream signaling pathways.

Author Contributions

Conceptualization: Sufen Zhao.

Data curation: Xiaoyan Zhu.

Formal analysis: Xiaoyan Zhu.

Project administration: Jie Qi, Jie Li.

Writing - original draft: Sufen Zhao.

Writing - review & editing: Sufen Zhao.

References

1.

10.

11.

12

13.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al. Global Cancer Statistics
2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries.
CA: a cancer journal for clinicians. 2021; 71(3):209—49. Epub 2021/02/05. https://doi.org/10.3322/caac.
21660 PMID: 33538338.

Liontos M, Kyriazoglou A, Dimitriadis |, Dimopoulos MA, Bamias A. Systemic therapy in cervical cancer:
30 years in review. Critical reviews in oncology/hematology. 2019; 137:9-17. Epub 2019/04/25. https://
doi.org/10.1016/j.critrevonc.2019.02.009 PMID: 31014518.

Koh WJ, Abu-Rustum NR, Bean S, Bradley K, Campos SM, Cho KR, et al. Cervical Cancer, Version
3.2019, NCCN Clinical Practice Guidelines in Oncology. Journal of the National Comprehensive Cancer
Network: JNCCN. 2019; 17(1):64—84. Epub 2019/01/20. https://doi.org/10.6004/jnccn.2019.0001
PMID: 30659131.

Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-mesenchymal transition. Nature
reviews Molecular cell biology. 2014; 15(3):178-96. Epub 2014/02/22. https://doi.org/10.1038/nrm3758
PMID: 24556840; PubMed Central PMCID: PMC4240281.

Ye X, Brabletz T, Kang Y, Longmore GD, Nieto MA, Stanger BZ, et al. Upholding a role for EMT in
breast cancer metastasis. Nature. 2017; 547(7661):E1-E3. https://doi.org/10.1038/nature22816 PMID:
28682326.

Krebs AM, Mitschke J, Lasierra Losada M, Schmalhofer O, Boerries M, Busch H, et al. The EMT-activa-
tor Zeb1 is a key factor for cell plasticity and promotes metastasis in pancreatic cancer. Nature cell biol-
ogy. 2017; 19(5):518-29. Epub 2017/04/18. https://doi.org/10.1038/ncb3513 PMID: 28414315.

Wellner U, Schubert J, Burk UC, Schmalhofer O, Zhu F, Sonntag A, et al. The EMT-activator ZEB1 pro-
motes tumorigenicity by repressing stemness-inhibiting microRNAs. Nature cell biology. 2009; 11
(12):1487-95. Epub 2009/11/26. https://doi.org/10.1038/ncb 1998 PMID: 19935649.

Wu'Y, Yang X, Chen Z, Tian L, Jiang G, Chen F, et al. m(6)A-induced IncRNA RP11 triggers the dis-
semination of colorectal cancer cells via upregulation of Zeb1. Molecular cancer. 2019; 18(1):87. Epub
2019/04/14. https://doi.org/10.1186/s12943-019-1014-2 PMID: 30979372; PubMed Central PMCID:
PMC6461827.

Caramel J, Ligier M, Puisieux A. Pleiotropic Roles for ZEB1 in Cancer. Cancer research. 2018; 78
(1):30-5. Epub 2017/12/20. https://doi.org/10.1158/0008-5472.CAN-17-2476 PMID: 29254997.

Abid MR, Yi X, Yano K, Shih S-C, Aird WC. Vascular endocan is preferentially expressed in tumor endo-
thelium. Microvascular research. 2006; 72(3):136—45. https://doi.org/10.1016/j.mvr.2006.05.010 PMID:
16956626

Maurage C-A, Adam E, Minéo J-F, Sarrazin S, Debunne M, Siminski R-M, et al. Endocan expression
and localization in human glioblastomas. Journal of Neuropathology & Experimental Neurology. 2009;
68(6):633—41. https://doi.org/10.1097/NEN.0Ob013e3181a52a7f PMID: 19458546

Seker Karatoprak G, Kupeli Akkol E, Yucel C, Bahadir Acikara O, Sobarzo-Sanchez E. Advances in
Understanding the Role of Aloe Emodin and Targeted Drug Delivery Systems in Cancer. Oxidative
medicine and cellular longevity. 2022; 2022:7928200. https://doi.org/10.1155/2022/7928200 PMID:
35087619; PubMed Central PMCID: PMC8789423 personal relationships that could have appeared to
influence the work reported in this paper.

Chen HC, Hsieh WT, Chang WC, Chung JG. Aloe-emodin induced in vitro G2/M arrest of cell cycle in
human promyelocytic leukemia HL-60 cells. Food and chemical toxicology: an international journal

PLOS ONE | https://doi.org/10.1371/journal.pone.0304597  July 2, 2024 18/20


https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1016/j.critrevonc.2019.02.009
https://doi.org/10.1016/j.critrevonc.2019.02.009
http://www.ncbi.nlm.nih.gov/pubmed/31014518
https://doi.org/10.6004/jnccn.2019.0001
http://www.ncbi.nlm.nih.gov/pubmed/30659131
https://doi.org/10.1038/nrm3758
http://www.ncbi.nlm.nih.gov/pubmed/24556840
https://doi.org/10.1038/nature22816
http://www.ncbi.nlm.nih.gov/pubmed/28682326
https://doi.org/10.1038/ncb3513
http://www.ncbi.nlm.nih.gov/pubmed/28414315
https://doi.org/10.1038/ncb1998
http://www.ncbi.nlm.nih.gov/pubmed/19935649
https://doi.org/10.1186/s12943-019-1014-2
http://www.ncbi.nlm.nih.gov/pubmed/30979372
https://doi.org/10.1158/0008-5472.CAN-17-2476
http://www.ncbi.nlm.nih.gov/pubmed/29254997
https://doi.org/10.1016/j.mvr.2006.05.010
http://www.ncbi.nlm.nih.gov/pubmed/16956626
https://doi.org/10.1097/NEN.0b013e3181a52a7f
http://www.ncbi.nlm.nih.gov/pubmed/19458546
https://doi.org/10.1155/2022/7928200
http://www.ncbi.nlm.nih.gov/pubmed/35087619
https://doi.org/10.1371/journal.pone.0304597

PLOS ONE

Endothelial cell specific molecule 1 promotes epithelial-mesenchymal transition of cervical cancer

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

published for the British Industrial Biological Research Association. 2004; 42(8):1251-7. https://doi.org/
10.1016/j.fct.2004.03.002 PMID: 15207375.

Chen SH, Lin KY, Chang CC, Fang CL, Lin CP. Aloe-emodin-induced apoptosis in human gastric carci-
noma cells. Food and chemical toxicology: an international journal published for the British Industrial
Biological Research Association. 2007; 45(11):2296—-303. https://doi.org/10.1016/j.fct.2007.06.005
PMID: 17637488.

Xu Z, Huang M, Xia Y, Peng P, Zhang Y, Zheng S, et al. Emodin from Aloe Inhibits Porcine Reproduc-
tive and Respiratory Syndrome Virus via Toll-Like Receptor 3 Activation. Viruses. 2021; 13(7). https:/
doi.org/10.3390/v13071243 PMID: 34206896; PubMed Central PMCID: PMC8310261.

Gu X, Zhang J, Shi Y, Shen H, LiY, Chen Y, et al. ESM1/HIF-1alpha pathway modulates chronic inter-
mittent hypoxia-induced non-small-cell lung cancer proliferation, stemness and epithelial-mesenchymal
transition. Oncology reports. 2021; 45(3):1226-34. Epub 2021/03/03. https://doi.org/10.3892/0r.2020.
7913 PMID: 33650648.

LiY-k, Zeng T, Guan Y, Liu J, Liao N-c, Wang M-}, et al. Validation of ESM1 Related to Ovarian Cancer
and the Biological Function and Prognostic Significance. Int J Biol Sci. 2023; 19(1):258-80. https://doi.
org/10.7150/ijbs.66839 PMID: 36594088

LiuN, Zhang LH, DuH, Hu 'Y, Zhang GG, Wang XH, et al. Overexpression of endothelial cell specific
molecule-1 (ESM-1) in gastric cancer. Annals of surgical oncology. 2010; 17(10):2628-39. Epub 2010/
04/13. https://doi.org/10.1245/s10434-010-1037-9 PMID: 20383661

Calderaro J, Meunier L, Nguyen CT, Boubaya M, Caruso S, Luciani A, et al. ESM1 as a Marker of
Macrotrabecular-Massive Hepatocellular Carcinoma. Clinical cancer research: an official journal of the
American Association for Cancer Research. 2019; 25(19):5859-65. Epub 2019/07/31. https://doi.org/
10.1158/1078-0432.CCR-19-0859 PMID: 31358545.

Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J, et al. STRING v10: pro-
tein-protein interaction networks, integrated over the tree of life. Nucleic acids research. 2015; 43(Data-
base issue):D447-52. Epub 2014/10/30. https://doi.org/10.1093/nar/gku1003 PMID: 25352553;
PubMed Central PMCID: PMC4383874.

Nieto MA, Huang RY, Jackson RA, Thiery JP. Emt: 2016. Cell. 2016; 166(1):21—-45. https://doi.org/10.
1016/j.cell.2016.06.028 PMID: 27368099.

Waggoner SE. Cervical cancer. Lancet. 2003; 361(9376):2217-25. Epub 2003/07/05. https://doi.org/
10.1016/S0140-6736(03)13778-6 PMID: 12842378.

Qureshi R, Arora H, Rizvi MA. EMT in cervical cancer: its role in tumour progression and response to
therapy. Cancer letters. 2015; 356(2 Pt B):321-31. Epub 2014/10/05. https://doi.org/10.1016/j.canlet.
2014.09.021 PMID: 25281477.

Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal transitions in development and
disease. Cell. 2009; 139(5):871-90. Epub 2009/12/01. https://doi.org/10.1016/j.cell.2009.11.007 PMID:
19945376.

Ran J, Lin DL, Wu RF, Chen QH, Huang HP, Qiu NX; et al. ZEB1 promotes epithelial-mesenchymal
transition in cervical cancer metastasis. Fertility and sterility. 2015; 103(6):1606—14 e1-2. Epub 2015/
05/13. https://doi.org/10.1016/j.fertnstert.2015.03.016 PMID: 25963537

LiL, Feng Y, Hu S, DuY, Xu X, Zhang M, et al. ZEB1 serves as an oncogene in acute myeloid leukae-
mia via regulating the PTEN/PI3K/AKT signalling pathway by combining with P53. Journal of cellular
and molecular medicine. 2021; 25(11):5295-304. Epub 2021/05/08. https://doi.org/10.1111/jcmm.
16539 PMID: 33960640; PubMed Central PMCID: PMC8178252.

Grigoriu BD, Depontieu F, Scherpereel A, Gourcerol D, Devos P, Ouatas T, et al. Endocan expression
and relationship with survival in human non-small cell lung cancer. Clinical cancer research. 2006; 12
(15):4575-82. https://doi.org/10.1158/1078-0432.CCR-06-0185 PMID: 16899604

Leroy X, Aubert S, Zini L, Franquet H, Kervoaze G, Villers A, et al. Vascular endocan (ESM-1) is
markedly overexpressed in clear cell renal cell carcinoma. Histopathology. 2010; 56(2):180—7. https:/
doi.org/10.1111/j.1365-2559.2009.03458.x PMID: 20102396

Lassalle P, Molet S, Janin A, Van der Heyden J, Tavernier J, Fiers W, et al. ESM-1 is a novel human
endothelial cell-specific molecule expressed in lung and regulated by cytokines. Journal of Biological
Chemistry. 1996; 271(34):20458-64. https://doi.org/10.1074/jbc.271.34.20458 PMID: 8702785

Béchard D, Gentina T, Delehedde M, Scherpereel A, Lyon M, Aumercier M, et al. Endocan is a novel
chondroitin sulfate/dermatan sulfate proteoglycan that promotes hepatocyte growth factor/scatter factor
mitogenic activity. Journal of Biological Chemistry. 2001; 276(51):48341-9. https://doi.org/10.1074/jbc.
M108395200 PMID: 11590178

Zhong W, YangW, Qin Y, GuW, Xue Y, Tang Y, et al. 6-Gingerol stabilized the p-VEGFR2/VE-cad-
herin/beta-catenin/actin complex promotes microvessel normalization and suppresses tumor

PLOS ONE | https://doi.org/10.1371/journal.pone.0304597  July 2, 2024 19/20


https://doi.org/10.1016/j.fct.2004.03.002
https://doi.org/10.1016/j.fct.2004.03.002
http://www.ncbi.nlm.nih.gov/pubmed/15207375
https://doi.org/10.1016/j.fct.2007.06.005
http://www.ncbi.nlm.nih.gov/pubmed/17637488
https://doi.org/10.3390/v13071243
https://doi.org/10.3390/v13071243
http://www.ncbi.nlm.nih.gov/pubmed/34206896
https://doi.org/10.3892/or.2020.7913
https://doi.org/10.3892/or.2020.7913
http://www.ncbi.nlm.nih.gov/pubmed/33650648
https://doi.org/10.7150/ijbs.66839
https://doi.org/10.7150/ijbs.66839
http://www.ncbi.nlm.nih.gov/pubmed/36594088
https://doi.org/10.1245/s10434-010-1037-9
http://www.ncbi.nlm.nih.gov/pubmed/20383661
https://doi.org/10.1158/1078-0432.CCR-19-0859
https://doi.org/10.1158/1078-0432.CCR-19-0859
http://www.ncbi.nlm.nih.gov/pubmed/31358545
https://doi.org/10.1093/nar/gku1003
http://www.ncbi.nlm.nih.gov/pubmed/25352553
https://doi.org/10.1016/j.cell.2016.06.028
https://doi.org/10.1016/j.cell.2016.06.028
http://www.ncbi.nlm.nih.gov/pubmed/27368099
https://doi.org/10.1016/S0140-6736%2803%2913778-6
https://doi.org/10.1016/S0140-6736%2803%2913778-6
http://www.ncbi.nlm.nih.gov/pubmed/12842378
https://doi.org/10.1016/j.canlet.2014.09.021
https://doi.org/10.1016/j.canlet.2014.09.021
http://www.ncbi.nlm.nih.gov/pubmed/25281477
https://doi.org/10.1016/j.cell.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/19945376
https://doi.org/10.1016/j.fertnstert.2015.03.016
http://www.ncbi.nlm.nih.gov/pubmed/25963537
https://doi.org/10.1111/jcmm.16539
https://doi.org/10.1111/jcmm.16539
http://www.ncbi.nlm.nih.gov/pubmed/33960640
https://doi.org/10.1158/1078-0432.CCR-06-0185
http://www.ncbi.nlm.nih.gov/pubmed/16899604
https://doi.org/10.1111/j.1365-2559.2009.03458.x
https://doi.org/10.1111/j.1365-2559.2009.03458.x
http://www.ncbi.nlm.nih.gov/pubmed/20102396
https://doi.org/10.1074/jbc.271.34.20458
http://www.ncbi.nlm.nih.gov/pubmed/8702785
https://doi.org/10.1074/jbc.M108395200
https://doi.org/10.1074/jbc.M108395200
http://www.ncbi.nlm.nih.gov/pubmed/11590178
https://doi.org/10.1371/journal.pone.0304597

PLOS ONE

Endothelial cell specific molecule 1 promotes epithelial-mesenchymal transition of cervical cancer

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

progression. Journal of experimental & clinical cancer research: CR. 2019; 38(1):285. Epub 2019/07/
04. https://doi.org/10.1186/s13046-019-1291-z PMID: 31266540; PubMed Central PMCID:
PMC6604152.

Zhong W, Hou H, Liu T, Su S, Xi X, Liao Y, et al. Cartilage oligomeric matrix protein promotes epithelial-
mesenchymal transition by interacting with transgelin in colorectal cancer. Theranostics. 2020; 10
(19):8790. https://doi.org/10.7150/thno.44456 PMID: 32754278

Zhou B, Zong S, Zhong W, Tian Y, Wang L, Zhang Q, et al. Interaction between laminin-5gamma2 and
integrin beta1 promotes the tumor budding of colorectal cancer via the activation of Yes-associated pro-
teins. Oncogene. 2019. Epub 2019/11/05. https://doi.org/10.1038/s41388-019-1082-1 PMID:
31676872.

Yang B, Chen Q, Wan C, Sun S, Zhu L, Zhao Z, et al. Transgelin Inhibits the Malignant Progression of
Esophageal Squamous Cell Carcinomas by Regulating Epithelial-Mesenchymal Transition. Frontiers
in Oncology. 2021: 3313. https://doi.org/10.3389/fonc.2021.709486 PMID: 34552870

Huang P-H, Huang C-Y, Chen M-C, Lee Y-T, Yue C-H, Wang H-Y, et al. Emodin and aloe-emodin sup-
press breast cancer cell proliferation through ERa inhibition. Evidence-Based Complementary and
Alternative Medicine. 2013; 2013.

Chang X, Zhao J, Tian F, Jiang Y, Lu J, Ma J, et al. Aloe-emodin suppresses esophageal cancer cell
TE1 proliferation by inhibiting AKT and ERK phosphorylation. Oncology Letters. 2016; 12(3):2232-8.
https://doi.org/10.3892/01.2016.4910 PMID: 27602169

Dalimi A, Delavari M, Ghaffarifar F, Sadraei J. In vitro and in vivo antileishmanial effects of aloe-emodin
on Leishmania major. Journal of traditional and complementary medicine. 2015; 5(2):96-9. Epub 2015/
07/08. https://doi.org/10.1016/j.jtcme.2014.11.004 PMID: 26151018; PubMed Central PMCID:
PMC4488107.

Shang H, Guo J, Wang P, Li L, Tian Y, Li X, et al. Design, synthesis and anti-inflammatory evaluation of
aloe-emodin derivatives as potential modulators of Akt, NF-kappaB and JNK signaling pathways. Euro-
pean journal of medicinal chemistry. 2022; 238:114511. Epub 2022/06/12. https://doi.org/10.1016/j.
ejmech.2022.114511 PMID: 35689856.

Li SW, Yang TC, Lai CC, Huang SH, Liao JM, Wan L, et al. Antiviral activity of aloe-emodin against influ-
enza A virus via galectin-3 up-regulation. European journal of pharmacology. 2014; 738:125-32. Epub
2014/06/01. https://doi.org/10.1016/j.ejphar.2014.05.028 PMID: 24877694.

Sanders B, Ray AM, Goldberg S, Clark T, McDaniel HR, Atlas SE, et al. Anti-cancer effects of aloe-
emodin: a systematic review. J Clin Transl Res. 2018; 3(3):283-96. Epub 2017/09/07. PMID:
30895270; PubMed Central PMCID: PMC6426255.

LiD, Su X, Xue S, Yao L, Yu D, Tang X, et al. Targeting ESM1/ VEGFalpha signaling axis: a promising
therapeutic avenue for angiogenesis in cervical squamous cell carcinoma. Journal of Cancer. 2023; 14
(10):1725-35. https://doi.org/10.7150/jca.84654 PMID: 37476182; PubMed Central PMCID:
PMC10355198.

LuJ, LiuQ, Zhu L, Liu Y, Zhu X, Peng S, et al. Endothelial cell-specific molecule 1 drives cervical cancer
progression. Cell death & disease. 2022; 13(12):1043. https://doi.org/10.1038/s41419-022-05501-5
PMID: 36522312; PubMed Central PMCID: PMC9755307.

PLOS ONE | https://doi.org/10.1371/journal.pone.0304597  July 2, 2024 20/20


https://doi.org/10.1186/s13046-019-1291-z
http://www.ncbi.nlm.nih.gov/pubmed/31266540
https://doi.org/10.7150/thno.44456
http://www.ncbi.nlm.nih.gov/pubmed/32754278
https://doi.org/10.1038/s41388-019-1082-1
http://www.ncbi.nlm.nih.gov/pubmed/31676872
https://doi.org/10.3389/fonc.2021.709486
http://www.ncbi.nlm.nih.gov/pubmed/34552870
https://doi.org/10.3892/ol.2016.4910
http://www.ncbi.nlm.nih.gov/pubmed/27602169
https://doi.org/10.1016/j.jtcme.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26151018
https://doi.org/10.1016/j.ejmech.2022.114511
https://doi.org/10.1016/j.ejmech.2022.114511
http://www.ncbi.nlm.nih.gov/pubmed/35689856
https://doi.org/10.1016/j.ejphar.2014.05.028
http://www.ncbi.nlm.nih.gov/pubmed/24877694
http://www.ncbi.nlm.nih.gov/pubmed/30895270
https://doi.org/10.7150/jca.84654
http://www.ncbi.nlm.nih.gov/pubmed/37476182
https://doi.org/10.1038/s41419-022-05501-5
http://www.ncbi.nlm.nih.gov/pubmed/36522312
https://doi.org/10.1371/journal.pone.0304597

