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Esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma (EAC) are
the twomajor types of esophageal cancer (EC). ESCC accounts for 90% of EC. Recurrence
after primary treatment is the main reason for poor survival. Therefore, recurrence
prevention is a promising strategy for extending the 5-year survival rate. Here, we found
tegaserod maleate could inhibit ESCC proliferation both in vivo and in vitro. Proteomics
analysis revealed that tegaserod maleate suppressed the peroxisome signaling pathway, in
which the key molecules peroxisome membrane protein 11B (PEX11B) and peroxisome
membrane protein 13 (PEX13) were downregulated. The immunofluorescence, catalase
activity assay, and reactive oxygen species (ROS) confirmed that downregulation of these
proteins was related to impaired peroxisome function. Furthermore, we found that PEX11B
and PEX13 were highly expressed in ESCC, and knockout of PEX11B and PEX13 further
demonstrated the antitumor effect of tegaserod maleate. Importantly, tegaserod maleate
repressed ESCC tumor growth in a patient-derived xenograft (PDX) model in vivo. Our
findings conclusively demonstrated that tegaserodmaleate inhibits the proliferation of ESCC
by suppressing the peroxisome pathway.

Keywords: esophageal squamous cell carcinoma, tegaserod maleate, proteome, peroxisome, peroxisome
membrane protein 11B, peroxisome membrane protein 13, patient-derived xenograft
INTRODUCTION

Esophageal cancer (EC) is the seventh most common cancer worldwide and the sixth most common
cause of cancer-related deaths (1). Esophageal squamous cell carcinoma (ESCC)—the main
histological subtype of EC—accounts for about 90% of all cases, especially in areas with high
incidence, such as Asia (2). At present, the therapeutic approaches including chemotherapy,
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radiotherapy, and surgical resection are the mainstream
treatments for EC patients. However, recurrence after primary
treatment is common reason leading to a poor prognosis (3).
Chemoprevention recurrence of ESCC is a promising strategy for
improving patient survival.

Repurposing of existing drugs is a time-saving means of
developing chemopreventive drugs with higher efficacy and
fewer side effects (4). Abundant evidence has shown that FDA-
approved non-antitumor drugs, such as antibiotics, anti-
inflammatory drugs, lipid-lowering drugs, and sulfonylureas,
have shown anti-tumor effects in a variety of cancers (5).

Tegaserod maleate, a 5-hydroxytryptamine 4-receptor partial
agonist, was approved for treatment of constipation-type
irritable bowel syndrome or functional constipation (6). In
recent years, tegaserod maleate has been reported to inhibit the
growth of cancer cells in cancer research, but the mechanism of
tegaserod maleate inhibition of tumor proliferation has not
been studied.

Peroxisomes are organelles involved in the immune system,
lipid metabolism, cardiovascular health, brain development, and
nerve function (7). Children born with hereditary peroxisomal
diseases, such as Zellweger syndrome, have severe developmental
and neurological defects (8). Catalase—the marker enzyme of
peroxisomes—accounts for about 40% of the total enzyme
content of peroxisomes (9). Peroxisomes are important for
maintaining cell homeostasis by regulating reactive oxygen
species (ROS) mainly through scavenging system (10).
Peroxisome membrane protein 11B (PEX11B) and peroxisome
membrane protein 13 (PEX13) are proteins necessary for
peroxisome biogenesis (11).

In the present study, through drug screening, we found that
tegaserod maleate effectively inhibits ESCC proliferation. We
demonstrated tegaserod maleate could inhibit ESCC
proliferation both in vivo and in vitro. Molecular study
indicated peroxisome signaling pathway was suppressed by
tegaserod maleate. This study aimed to highlight the potential
clinical use of tegaserod maleate in ESCC chemoprevention.
MATERIALS AND METHODS

Reagents and Antibodies
Tegaserod maleate was purchased from Selleck Chemicals LLC
(Houston, TX, USA). After dissolving in dimethyl sulfoxide to a
final concentration of 50 mM, tegaserod maleate was aliquoted
and stored at −80°C. Antibodies to detect PEX11B and Ki67 were
purchased from Abcam (Cambridge, UK). PEX6 for western
blotting was from Signalway Antibody (Pearland, TX, USA).
Antibodies to detect PEX13 and PMP70 were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). GAPDH was from
Goodhere Biological Technology Co. Ltd. (Hangzhou,
Zhejiang, China).

Cell Culture
Human ESCC cell lines KYSE150 and KYSE450 were obtained
from the Chinese Academy of Sciences (Beijing, China). The
Frontiers in Oncology | www.frontiersin.org 2
Shantou human esophageal epithelium (SHEE) cell line was
gifted by Shantou University (Guangdong, China). All cell lines
were maintained in RPMI-1640 medium or Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine serum, and
cultured at 37°C in a humidified incubator with 5% CO2.

Cytotoxicity Assay
ESCC cells (KYSE150 cells: 8×103 cells/well; KYSE450 cells:
1.2×103 cells/well) were seeded in 96-well plates and cultured
with corresponding medium overnight. After incubation for
16 h, cells were treated with tegaserod maleate (0, 3.125, 6.25,
12.5, 25, and 50 mM) for 24 and 48 h. Cells were fixed for 30 min
with 4% paraformaldehyde in phosphate buffered saline (PBS)
and then stained with 4′,6-diamidino-2-phenylindole (DAPI) at
37°C for 20 min. Cells were counted by using IN Cell Analyzer
6000 software (General Electric Company, GE, USA). The half-
maximal (median) inhibitory concentration (IC50) was evaluated
by SPSS statistical software, version 21 (IBM Corp., Armonk,
NY, USA). Experiments were performed independently
three times.

Cell Proliferation Assay
To estimate viability, KYSE150 (2×103 cells/per well) and
KYSE450 (4×103 cells/per well) cells were seeded into 96-well
plates and incubated for 16 h. Cells were exposed to different
concentrations of tegaserod maleate (0, 0.25, 0.5, 1, and 2.5 mM)
for 24, 48, 72, and 96 h. Cells were fixed by 4% paraformaldehyde
for 30 min at 25°C. Then, DAPI was used to stain cells at 37°C for
20 min, and cells were counted using IN Cell Analyzer 6000
software. Experiments were performed independently three
times in triplicate.

Soft Agar Assay
To assess anchorage-independent cell growth, cells (8×103 cells/
well) suspended in medium were added to 1.25% agar with
different concentrations of tegaserod maleate (0, 0.25, 0.5, 1, and
2.5 mM). The cultures were maintained at 37°C in a 5%
CO2 incubator for 2 weeks and then colonies were counted
using the IN Cell Analyzer 6000 software. Experiments were
performed independently three times.

Colony Formation Assay
KYSE150 (200 cells/well) and KYSE450 (500 cells/well) cells
were seeded in 6-well plates. Cells were treated with tegaserod
maleate (0, 0.25, 0.5, 1, and 2.5 mM) for a designated time and
fixed 14 days later with 4% paraformaldehyde for 30 min, and
stained with 0.1% crystal violet for 3 min. Colonies containing
more than 50 cells were photographed by phone camera, then the
number of colonies was measured.

Western Blotting
After cells were treated with different concentrations of tegaserod
maleate (0, 0.25, 0.5, 1, and 2.5mM) for 24 h, theywere harvested and
lysed by radioimmunoprecipitation assay buffer to obtain protein
samples. Protein concentration was determined using a
bicinchoninic acid protein assay kit (BCA Protein Assay Kit,
Beyotime Biotechnology, Shanghai, China). The protein samples
August 2021 | Volume 11 | Article 683241
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were resolved by sodiumdodecyl sulfate-PAGE and then transferred
onto polyvinylidene fluoride membranes. The membranes were
blocked with 5% bovine serum albumin (BSA) or 5% skim milk.
Next, the membranes were incubated with primary antibodies
overnight at 4°C, followed by incubation with specific secondary
antibodies for 2hat roomtemperature. Proteinbandswerevisualized
using the enhanced chemiluminescence (ECL) detection reagent
(Dalian Meilun Biotechnology Co., Ltd, Dalian, China).

Immunofluorescence
KYSE150 and KYSE450 cells were added to 12-well plates at
1.5×105 cells/well and incubated overnight. Cells were treated
with tegaserod maleate (0, 0.25, 0.5, 1, and 2.5 mM) for 24 h,
fixed with 4% paraformaldehyde, and placed at −20°C overnight.
The next day, the cells were permeabilized in 0.5% Triton X‐100/
PBS and blocked with blocking buffer (1% BSA-PBS-Tween) for
1.5 h at room temperature. The coverslips or slides were incubated
with primary antibodies at 4°C overnight and then with fluorescent
secondary antibody for 1.5 h at room temperature. Nuclei were
stained using DAPI. Cells or slides were mounted with
antifluorescence quencher. Fluorescence images were obtained
with IN Cell Analyzer 6000 software and analyzed quantitatively.

Catalase Activity Assay
The CAT activity in the peroxisomes was detected using a
catalase assay kit (Beyotime Biotechnology) according to
manufacturer’s instructions. Briefly, under catalysis of
peroxidase, residual hydrogen peroxide produces a red
p r o du c t , N - 4 - a n t i p y r y l - 3 - c h l o r o - 5 - s u l f o n a t e - p -
benzoquinonemonoimine, that has an absorption maximum at
520 nm. CAT activity was calculated from the assay results.

Reactive Oxygen Species Assay
Production of ROS was monitored by using a Reactive Oxygen
Species Assay Kit (Beyotime Biotechnology) according to the
manufacturer’s protocol. KYSE150 and KYSE450 cells treated
with tegaserod maleate (0, 0.25, 0.5, 1, and 2.5 mM) were
incubated with 10 mM 2,7-dichlorofluorescein diacetate
(DCFH-DA) at 37°C in a humidified incubator with 5% CO2

for 20 min. Fluorescence images and DCF fluorescence
intensities were analyzed using the IN Cell Analyzer 6000.

Tissue Microarray
The tissue microarray included tumors and adjacent normal
tissues from 114 cases of ESCC (Shanghai Xinchao
Biotechnology Co. Ltd., Shanghai, China). PEX13 and PEX11B
were detected according to standard immunohistochemical
methods, and their expression was evaluated and scored on the
basis of staining intensity and area. The intensity was scored as
follows: 0, negative; 1, weak; 2, moderate; 3, strong. All tissues
were photographed using a microscope camera and analyzed by
TissueFAXS Viewer software program (TissueGnostics, Austria).

CRISPR/Cas9 Knockout Cell Lines
PEX11B and PEX13 were deleted in ESCC cells by using the
CRISPR/Cas9 system. Following the manufacturer’s suggested
protocols, viral vectors and packaging vectors were transfected
into 293T cells by using Jet Primer (ThermoFisher Scientific,
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Waltham, MA, USA). After transfection, the medium was
changed at 4 h, and cells were cultured for 24 and 48 h. Viral
particles were harvested by filtration using a 0.22-mm syringe
filter, and then combined with 8 mg/mL polybrene and used to
infect KYSE150 cells. KYSE150 cells were selected with 2 mg/mL
puromycin for 72 h. Knockout efficacy was determined by
western blotting. The oligonucleotide sequences of PEX11B
and PEX13 single guide (sg) RNA were designed from an
online CRISPR/Cas9 tool (CHOPCHOP: https://chopchop.cbu.
uib.no/) (12) and were listed as Table 1.

PDX Esophageal Cancer Mouse Model
To examine the effect of tegaserod maleate on ESCC PDX tumor
growth, severe combined immunodeficiency (SCID) mice (6 to 8
weeks old; Vital River Labs, Beijing, China) were used. ESCC tissues
(named LEG34) were cut into pieces and planted into the back of
the neck of the mice. Mice were randomly divided into three groups
(7 animals each) as follows: the vehicle group (normal saline group),
2 mg/kg tegaserod maleate group, and 10 mg/kg tegaserod maleate
group. The tegaserod maleate or vehicle was orally administered
once every day. Mice were monitored until the average tumor
volume in the vehicle group reached a volume of 1000 mm3, at
which time treatment was stopped and the tumor tissue was
harvested. The tumor growth inhibition (TGI) rate was
determined according to the calculation formula, as follows:
TGI=100[1-(Treatment final volume-Treatment initial volume)/
(Control final volume-Control initial volume). All animal assays
were performed under the supervision of the Zhengzhou University
Institutional Animal Care and Use Committee (Zhengzhou, Henan,
China). All protocols were approved by the Research Ethics
Committee of Zhengzhou University.
Immunohistochemical Staining
Tumor tissues from mice were embedded in paraffin blocks for
immunohistochemical staining and analysis. Tissues sections
were deparaffinized and hydrated. Sections were incubated
with 3% H2O2 for 10 min and then incubated at 4°C with
primary antibodies overnight. Secondary antibody was added
and incubated at 37°C for 15 min. Tissue sections were stained
using diaminobenzidine and hematoxylin. Finally, sections were
dehydrated and covered with glass slides. All tissue sections were
photographed using a microscope camera and analyzed using
TissueFAXS Viewer software program.
TABLE 1 | The oligonucleotide sequences of PEX11B and PEX13 single guide
(sg) RNA.

Gene Name Primer sequences 5′‐3′

PEX11B#3 F: CACCGCTTTCTTCCAAGGCTCAGG
R: AAACCCTGAGCCTTGGAAGAAAGC

PEX11B#4 F: CACCGGGCATCTGCTGAGTTACCC
R: AAACGGGTAACTCAGCAGATGCCC

PEX13#3 F: CACCGATCTTTACAGACGGCTACAG
R: AAACCTGTAGCCGTCTGTAAAGATC

PEX13#4 F: CACCGAAATGAGGTAAGGACCACCA
R: AAACTGGTGGTCCTTACCTCATTTC
Au
F = Forward, R = Reverse.
gust 2021 | Volume 11 | Article 683241
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Statistical Analyses
SPSS statistical software, version 21 (IBM Corp.) was used for all
statistical analyses. The results were analyzed via Student’s t-test
or one-way analysis of variance. Quantitative data were
expressed as mean values ± standard deviations. Statistical
significance was defined by a p-value < 0.05.
RESULTS

Tegaserod Maleate Inhibited ESCC Cells
Proliferation In Vitro
To identify drugs with anti-esophageal cancer activity, we
screened FDA-approved drugs and found tegaserod maleate
had an inhibitory effect and resulted in a cell viability rate of
only 0.29% in KYSE450 cells at 50 mM (Figure 1A). The
chemical structure of tegaserod maleate is shown in Figure 1B.
Through a cytotoxicity assay (Figure S1), we found that the half-
maximal inhibitory concentration (IC50) value in KYSE150 cells
was 6.867 mM at 48 h and that in KYSE450 cells was 4.476 mM
(Figure 1C). The IC50 in the immortalized human esophageal
epithelial cell line SHEE was 9.688 mM (Figure S2). These results
indicated that tegaserod maleate had a significant inhibitory
effect on KYSE150 and KYSE450 cells (p < 0.05) but a less
effect on SHEE cells (Figure 1D). We then performed a
proliferation assay (Figure 1E), an anchor-independent cell
growth assay (Figure 1F), and a colony formation assay
(Figure 1G). We found that tegaserod maleate significantly
inhibited anchorage-dependent growth and anchorage-
independent growth of ESCC cells in a dose-dependent
manner. Together, these results confirmed that tegaserod
maleate could inhibit the proliferation of ESCC cells in vitro.

Tegaserod Maleate Treatment Changed
Protein Constituents of KYSE150 Cells
To explore the mechanism by which tegaserod maleate inhibits
ESCC proliferation in vitro, we performed a proteomics analysis.
Cells were harvested for mass spectrometry analysis after a 24-h
treatment with tegaserod maleate. The process is illustrated in
Figure 2A. In total, compared with an untreated control group,
6401 differential proteins were detected, of which 5131 had
quantitative information. After normalization, 161 differentially
expressed proteins were detected (Figure 2B). Of these proteins,
97 were upregulated and 64 were downregulated (fold change >1.5,
p < 0.05) (Figure 2C). The quantitative values of all differentially
expressed proteins were normalized using heat maps for
downregulated proteins (Figure 2D) and upregulated proteins
(Figure S3). We ranked the downregulated differentially
expressed proteins and displayed the top 10 in accordance with
the enrichment score (Figure 2E). The downregulated proteins were
enriched in the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database. The top five pathways were displayed from
small to large according to Fisher’s exact test p-value, and only
the first two pathways were statistically significant (p < 0.05). The
KEGG database showed that drug-altered proteins, including PEX6,
PEX11B, PXMP4, and PEX13, were closely related to the
Frontiers in Oncology | www.frontiersin.org 4
peroxisome signaling pathway (Figure 2F). The spectra of these
proteins were represented by the highest specific peptide score
(Figure S4). With a confidence level >0.7 as the threshold, only
three differentially expressed proteins, namely, PEX6, PEX11B, and
PEX13 interacted in the peroxisome pathway, in accordance with
data in the STRING database (Figure 2G).Western blotting showed
that levels of PEX6, PEX11B, and PEX13 were decreased in
KYSE150 cells treated with tegaserod maleate (Figure 2H).
Moreover, using peroxisome integral membrane protein PMP70
as the marker protein of peroxisome, we found that PMP70 was
downregulated in tegaserod maleate-treated KYSE150 cells through
western blotting (Figure S5A). These findings indicated that
peroxisomes and levels of peroxisome-related proteins were
downregulated following tegaserod maleate treatment.

Tegaserod Maleate Restricted Peroxisome
Function in ESCC Cells
Peroxisomes play an important role in growth and cell balance (13).
Therefore, we probed whether tegaserod maleate would affect
peroxisome function. An immunofluorescence assay indicated
that the fluorescence intensity of the peroxisome integral
membrane protein PMP70 decreased by 18.4% in KYSE150 cells
(Figure 3A) and by 17.2% in KYSE450 cells (Figure 3B) treated
with 2.5 mM of tegaserod maleate. Similarly, we assayed the activity
of catalase, a marker enzyme of peroxisomes, and showed that
tegaserod maleate attenuated catalase activity in KYSE150 and
KYSE450 cells. This inhibition showed concentration dependence
(Figure 3C). Consistent with previous results, the level of ROS in
ESCC cells increased after tegaserod maleate treatment, presumably
because the peroxisomes with attenuated catalase activity were
unable to eliminate intracellular hydrogen peroxide (Figure 3D).
Additionally, we verified, by western blotting, that protein levels
of PEX6, PEX11B, and PEX13 decreased with increasing
tegaserod maleate concentration (Figure 3E). Collectively,
these results indicated that tegaserod maleate downregulates
peroxisome function.

PEX11B and PEX13 Were Highly
Expressed in ESCC
PEX11B and PEX13 are important membrane components of
peroxisomes: PEX11B participates in the elongation of
peroxisomes (14) and PEX13 is involved in the transport
of matrix enzymes (15). We searched for TCGA gene
expression data in UALCAN (16) and found that PEX11B and
PEX13 were upregulated in ESCC (Figures 4A, C).
Subsequently, we used Kaplan Meier Plotter (17) to observe
that high expression of PEX11B and PEX13 in ESCC patients
predict poor overall survival (OS) and recurrence-free survival
(RFS) (Figures 4B, D). On comparing expression of PEX11B and
PEX13 between ESCC samples and normal tissues using a tissue
microarray, PEX11B and PEX13 were found to be highly
expressed in ESCC (Figures 4E, G) and correlated with
clinicopathological grade (Figures 4F, H). In addition, we also
examined the expression of PEX6, but TCGA database showed
that PEX6 was not highly expressed in ESCC and was not
associated with a poor prognosis (Figure S6).
August 2021 | Volume 11 | Article 683241
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Inhibitory Effect of Tegaserod Maleate on
ESCC Cells Are PEX11B and
PEX13 Dependent
We further explored the role of PEX11B and PEX13 in tumor
suppression. First, we established KYSE150-stably transfected cell
lines with a plasmid expressing sgRNA against PEX11B (sgPEX11B)
and or a plasmid expressing sgRNA against PEX13 (sgPEX13)
Frontiers in Oncology | www.frontiersin.org 5
respectively and a control sequence (sgControl). We verified the
knockout effect of PEX11B and PEX13 by western blotting,
respectively (Figure 5A). Subsequently, we performed a cell
proliferation assay (Figure 5B) and a colony formation assay
(Figure 5C). The results showed that cell proliferation was
significantly inhibited after silencing PEX11B or PEX13. On the
basis of these results, we hypothesize whether the inhibitory effect of
A

B

D E

F

G

C

FIGURE 1 | Tegaserod maleate inhibits ESCC cells proliferation in vitro. (A) A cell viability screening identified tegaserod maleate has anti-esophageal cancer activity
among the FDA approved compounds. (B) The chemical structure of tegaserod maleate. (C) The different IC50 values of KYSE150, KYSE450 according to the
cytotoxicity assay. (D) The effect of tegaserod maleate on immortalized human esophageal epithelial cell line SHEE cells viability. (E) KYSE150 cells (left panel) and
KYSE450 cells (right panel) were treated with different concentrations of tegaserod maleate (0, 0.25, 0.5, 1.0 and 2.5 µM). Tegaserod maleate effectively suppresses
anchorage-independent cell growth (F) and plate colony formation (G). Left panel: the representative pictures of clones. Right panel: the statistic of colony numbers
(n = 3). Data was shown with mean ± SD. (*p < 0.05, **p < 0.01, ***p < 0.001 vs. untreated control, n ≥ 3).
August 2021 | Volume 11 | Article 683241
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tegaserod maleate depends on the expression of PEX11B or PEX13.
Therefore, we treated PEX11B and PEX13 knockout KYSE150 cells
respectively with tegaserod maleate. After 96 h, cell viability
indicated that knocking out PEX11B or PEX13 in KYSE150 cells
Frontiers in Oncology | www.frontiersin.org 6
were less sensitive to different concentrations of tegaserod maleate
than sgControl group (Figure 5D). In summary, we concluded that
the inhibitory effect of tegaserod maleate depended on PEX11B and
PEX13 protein levels.
A B

D E

F

G H

C

FIGURE 2 | Proteomic analysis suggests that tegaserod maleate inhibits ESCC cells via the peroxisome pathway. (A) After tegaserod maleate treatment (2.5 mM)
for 24 h, the general procedure of the experiment is to illustrate the proteomics process of KYSE150 cells. (B) A total of 161 differentially expressed proteins were
detected. (C) Volcano plot shows that 161 proteins have undergone significant changes (fold change > 1.5, p < 0.05). Red dots represent upregulated proteins, and
blue dots represent downregulated proteins. (D) The heatmap of down-regulated proteins after normalization (n = 64). (E) The top 10 differentially expressed proteins
were ranked according to the enrichment score among the down-regulated proteins. (F) A bar chart representing the KEGG pathway enrichment analysis of down-
regulated proteins enrichment that was altered due to tegaserod maleate treatment. (G) The proteins involved in peroxisome pathway identified after tegaserod
maleate treatment were mapped to the network through the STRING database (confidence score > 0.7), in which the points are proteins. (H) Western blotting of
tegaserod maleate-treated KYSE150 cells verifies the above results.
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A
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D
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FIGURE 3 | Tegaserod maleate inhibits the peroxisome function in ESCC cells by PEX6, PEX11B, and PEX13. Immunofluorescence results showed the
downregulation of PMP70 in KYSE150 cells (A) and KYSE450 cells (B). Left panel: the representative pictures of fluorescence (scale, 20 mm). Right panel: the
statistics of fluorescence intensity. Data is shown with mean ± SD. (*p < 0.05, **p < 0.01, ***p < 0.001 vs. untreated control, n = 4). (C) With increasing
concentration of tegaserod maleate (0, 0.25, 0.5, 1.0 and 2.5 mM), the catalase activity is decreased in KYSE150 cells and KYSE450 cells. (D) Dose-dependent
effects of tegaserod maleate on cellular ROS levels of KYSE150 cells and KYSE450 cells, respectively. Left panel: representative pictures of fluorescence (scale, 60
mm). Right panel: statistics of fluorescence intensity. Data is shown with mean ± SD. (*p < 0.05, **p < 0.01, ***p < 0.001 vs. untreated control, n = 10). (E) Western
blotting shows that the levels of PEX6, PEX11B and PEX13 are decreased after treatment with tegaserod maleate.
Frontiers in Oncology | www.frontiersin.org August 2021 | Volume 11 | Article 6832417
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Tegaserod Maleate Inhibited PDX Growth
in Tumors In Vivo
The PDXmodel was used to further evaluate the antitumor activity
of tegaserod maleate in vivo. A ESCC patient’s tumor (female,
moderately differentiated squamous cell carcinoma of origin, which
was named LEG34) tissue was implanted into the back of SCID
(severe combined immunodeficiency) mice, thereafter, tegaserod
maleate (2 or 10 mg/kg) was administered to the mice daily by
gavage (Figure 6A). Compared with the vehicle group, treatment
with 2 or 10 mg/kg tegaserod maleate had no effect on the body
weight of the mice (Figure 6B) but significantly inhibited tumor
growth (Figures 6C, D). We calculated tumor weight (Figure 6E)
Frontiers in Oncology | www.frontiersin.org 8
and found that tumor growth inhibition (TGI) reached 55.17%
with 2 mg/kg and 66.11% with 10 mg/kg tegaserod maleate
(Figure 6F). Subsequently, we observed the growth of individual
tumors in the different groups (vehicle, 2, or 10 mg/kg tegaserod
maleate), and found that tegaserod maleate inhibited tumor growth
(Figures 6G-I). We used immunohistochemistry to analyze the
expression of Ki67 in tumor tissues (Figure 6J). Simultaneously, we
detected the expression of PEX11B, PEX13 (Figure 6K) and
PMP70 (Figure S5B) in tumor tissues by western blotting.
Peroxisome and expression of all these proteins was suppressed
in the tegaserod maleate-treatment group compared with that in
the vehicle group.
A B

D

E F

G H

C

FIGURE 4 | The expression of PEX11B and PEX13 in ESCC are higher and are closely related to the prognosis of ESCC. (A) The expression level of PEX11B in
ESCC from the TCGA database. (B) Kaplan–Meier curves of OS and RFS in patients with PEX11B high expression. (C) The expression of PEX13 in UALCAN.
(D) Kaplan–Meier survival was used to show OS and RFS in PEX13 high expression patients. (E) Tissue microarray shows high expression of PEX11B in ESCC
(**p < 0.01). The image on the left is representative. (F) The tumor grade in PEX11B high expression cases. (G) Representative staining images from PEX13 high
expression tissues (left), and the scatter plot of PEX13 high expression in ESCC (right) (**p < 0.01). (H) The pathology grade in PEX13 high expression patients.
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The Molecular Mechanism of Tegaserod
Maleate Inhibition of ESCC
Through the above studies, we believe that tegaserod maleate restricts
the function of peroxisomes by downregulating PEX11B and PEX13
in the peroxisome signaling pathway. Weakened catalase is unable to
remove hydrogen peroxide in the peroxisome, resulting in the
increase of ROS in cells (Figure 7). Therefore, tegaserod maleate
could inhibit ESCC proliferation both in vitro and in vivo.
DISCUSSION

EC is a digestive tract malignant tumor that currently ranks sixth
in incidence and fourth in mortality in China (18). Currently,
there are no effective targeted drugs for the treatment of EC and
Frontiers in Oncology | www.frontiersin.org 9
prevention. It is advantageous to find a new anticancer use
among existing drugs that may already have an established
safety profile (19). NSAIDS, such as aspirin, have been found
lower risk of cholangiocarcinoma and colorectal cancer (20, 21).
Not only that, but there is a strong interest in reusing metformin
to prevent cancer and cancer recurrence (22). Our recently study
indicated atorvastatin, a lipid-lowering drug (23), and
mefloquine, an anti-malarial drug (24), had a strong inhibitory
effects on ESCC proliferation. Here, we screened the FDA-
approved drug and found tegaserod maleate could inhibit
proliferation of ESCC both in vivo and in vitro. We believe
that tegaserod maleate has the potential to positively influence
ESCC treatment or recurrence prevention.

Tegaserod maleate is used for the treatment of constipation-type
irritable bowel syndrome as a 5-hydroxytryptamine 4-receptor
A

B

D

C

FIGURE 5 | Tegaserod maleate inhibits KYSE150 cells proliferation depends on PEX11B and PEX13. (A) Western blotting verified the knockout efficiency of
PEX11B and PEX13 in KYSE150 cells. (B) Cell growth was inhibited in KYSE150 cells after knocking out PEX11B and PEX13. (C) On the 7th day after cell seeding,
detect the effect of sgPEX11B and sgPEX13 in KYSE150 cells plate colony formation compared with sgControl. Left panel: the representative pictures of clones.
Right panel: the statistic of colony numbers (n = 3). (D) Treated with different concentrations of tegaserod maleate (0, 0.25, 0.5, 1.0 and 2.5 µM) for 96 h, PEX11B
and PEX13 knockout KYSE150 cells were significantly less sensitive to tegaserod maleate than sgControl. Data was shown with mean ± SD. (*p < 0.05, **p < 0.01,
***p < 0.001 vs. untreated control, n ≥ 3).
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partial agonist (25). Studies have shown that 5-hydroxytryptamine
plays a mitogenic role in colon cancer cells, and 5-
hydroxytryptamine 4-receptor is significantly expressed in both
colon cancer tissue and cells (26). Tegaserod maleate has been
shown to exert anticancer activity by inducing apoptosis in
Frontiers in Oncology | www.frontiersin.org 10
melanoma cells (27), and it has been identified as a JAK/STAT3
signal inhibitor, impeding the growth of a variety of cancer cells,
including lung cancer, prostate cancer, colon cancer, and cervical
cancer (28). JAK/STAT3 pathway also plays an important role in
cell proliferation. Here, we found that tegaserod maleate could
A B

D E F

G IH

J

K

C

FIGURE 6 | Tegaserod maleate inhibits the growth of ESCC PDX in vivo. (A) Schematic diagram to evaluate the effect of tegaserod maleate on tumor growth of
ESCC PDX. (B) Tegaserod maleate has no toxic effects on the body weight of mice. Body weights were obtained from treated or untreated groups mice every two
days. (C) The average tumor volume of each group was measured every three days. (D) The photograph shows tumors in PDX mice treated with vehicle or
tegaserod maleate (2 mg/kg or 10 mg/kg). (E) On the 33rd day, the tumor weight was measured. The tumor volumes in tegaserod maleate-treated mice was
significantly reduced (**p < 0.01). (F) The tumor growth inhibition (TGI) with 2 mg/kg and 10 mg/kg tegaserod maleate treatment. (G) Growth curves of individual
tumors in the vehicle group, (H) 2 mg/kg tegaserod maleate treated group and (I) 10 mg/kg tegaserod maleate treated group. (J) Immunohistochemical staining with
Ki67 of tumor tissues in treated or untreated groups (left panel). The number of Ki67 staining positive cells was counted from the immunohistochemical results (right
panel) (n = 3, **p < 0.01). (K) The protein levels of PEX13 and PEX11B in tumor tissues were detected by western blotting. Image J software program was used to
measure band density. The average relative protein levels of PEX13 and PEX11B are shown (*p < 0.05).
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inhibit ESCC proliferation. Through proteomics analysis, we found
that the antitumor mechanism of tegaserod maleate is through
peroxisome pathway inhibition. Studies have also shown that the
STAT3 inhibitor niacinamide could rescue hepatitis C virus-
induced inhibition of peroxisomal genes (29). All these results
suggest tegaserod maleate can suppress cell proliferation through
both JAK/STAT3 pathway and peroxisome pathway.

Peroxisomes are organelles that contain a variety of enzymes
and that scavenge ROS (30). At the molecular level, catalase
activity decreased in a dose-dependent manner in ESCC cell lines
after tegaserod maleaste treatment, and the fluorescence intensity
of ROS increased. Tegaserod maleate produces the above results
that impedes the function of peroxisomes by inhibiting the key
molecules PEX11B and PEX13. PEX11B participates in the
proliferation and division of the peroxisome itself (31),
whereas PEX13 acts as a docking factor for the transfer of
matrix proteins into the peroxisome body (32). Both are highly
expressed in ESCC and closely related to the poor prognosis of
ESCC. These data provide strong evidence for the therapeutic
potential of tegaserod maleate to inhibit ESCC.

In summary, our data provide evidences that tegaserod
maleate inhibits the proliferation of ESCC by impeding
peroxisome function. In mechanistic terms, tegaserod maleate
reduces proteins levels of the peroxisome membrane proteins
PEX11B and PEX13, affecting the function of peroxisomes and
achieving tumor suppression. Our findings highlight the new use
of tegaserod maleate in ESCC treatment or prevention.
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