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Purpose: Matrine (Mat), the main active ingredient of traditional Chinese herbal plant Sophora flavescens Ait, has significant
antitumor effects, but its pharmacological mechanism on colon cancer (CC) remains unclear. This study aimed to investigate the
therapeutic effect of Mat on CC as well as the potential mechanism.

Methods: The vasculogenic mimicry (VM) of CC cells was observed by three-dimensional (3D) Matrigel cell culture. Cell proliferation,
apoptosis, migration, invasion, and actin filament integrity were detected by CCKS, flow cytometry, wound healing, Transwell and
Phalloidin staining assays. qRT-PCR and Western blotting were applied to detect the expression of EMT factors. RNA-sequencing was
conducted to screen differentially expressed genes (DEGs), and the GO and KEGG pathway enrichment analyses were performed. Then, the
expression of the key MAPK pathway genes and the target gene Claudin-9 (Cldn9) were analyzed. RNA interference was used to silence
Cldn9 expression, and the effects of Cldn9 silencing and simultaneous treatment with Mat on VM formation, proliferation, apoptosis,
invasion, and migration were investigated. Finally, the expression of EMT factors and MAPK pathway key genes was detected.

Results: CT26 cells formed the most typical VM structure. Mat disrupted the VM of CT26 cells, significantly suppressed their
proliferation, migration, invasion, actin filament integrity, induced apoptosis, and inhibited EMT process. RNA-sequencing revealed
163 upregulated genes and 333 downregulated genes in Mat-treated CT26 cells, and the DEGs were significantly enriched in cell
adhesion molecules and MAPK signaling pathways. Further confirmed that Mat significantly inhibited the phosphorylation levels of
JNK and ERK, and the target gene Cldn9 was significantly upregulated in human CC tissues. Silencing Cldn9 markedly inhibited the
VM, proliferative activity, invasiveness, and actin filament integrity of CT26 cells, blocked the EMT process, and downregulated the
phosphorylation of JNK and ERK, whereas Mat intervention further strengthened the above trends.

Conclusion: This study indicated that Mat may synergistically inhibit the EMT process and MAPK signaling pathway through
downregulation Cldn9, thereby exerting pharmacological effects on inhibiting VM formation, proliferation, and invasion of CC cells.
Keywords: matrine, colon cancer, Cldn9, EMT, MAPK signal pathway

Introduction
According to the latest global cancer data released by the International Agency for Research on Cancer (IARC) in 2020,
colorectal cancer (CRC) has become the third most common cancer worldwide, accounting for approximately 10% of
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new cancer cases. It is also the second most common cause of cancer mortality, accounting for approximately 9.4% of
cancer deaths. As morbidity and mortality from CC have increased significantly, the health threat from this disease is
becoming increasingly serious.' As a clinically common and highly malignant cancer of the digestive tract, CC is
commonly treated with cytotoxic (5-fluorouracil, oxaliplatin, irinotecan, capecitabine) and biological chemotherapeutic
drugs (bevacizumab, panitumumab, cetuximab).” These treatments can extend the survival of some patients with CC.
However, due to the complex etiology of this malignant cancer, the current clinical use of anti-CC drugs results in
unavoidable side effects. Approximately 30% of CC patients have metastatic disease accompanied by symptoms of
bleeding or obstruction.>* Therefore, the development of new, effective anti-CC drugs is urgently needed.

Traditional Chinese medicine (TCM), which is thousands of years old, is now widely accepted as an alternative treatment for
cancer. Many cancer patients use TCM as a potential treatment due to its significant efficacy and lack of serious side effects.” Mat
(molecular formula: C15H24N20, molecular weight: 248.36 g/mol), the main active ingredient of the traditional Chinese herbal
plant Sophora flavescens Ait, is widely present in the leguminous plants Sophora alopecuroides Linn and Sophora tonkinensis.®
As a tetracyclic quinazine alkaloid with potent properties, Mat has been approved by the China Food and Drug Administration
(CFDA) for the prevention and treatment of cancer cachexia.” Many studies have shown that Mat has excellent anti-tumor activity
and shows inhibitory effects in various tumor types such as liver cancer, leukemia, multiple myeloma, and gastric cancer. It has
also been shown to regulate multiple signaling pathways related to tumor proliferation, apoptosis, angiogenesis, invasion, and
migration.®”

Tumor angiogenesis is a basic biological process occurring during tumor growth and metastasis. Previous studies had
stated that endothelium-dependent angiogenesis is the only mechanism for satisfying the increased tumor blood supply.
However, a newly defined tumor microangiogenesis model called vasculogenic mimicry (VM) has attracted much attention.
Studies have found that VM forms in a manner similar to embryonic angiogenesis. Highly invasive tumor cells that engage in
VM simultaneously express markers of endothelial cells and tumor cells, generating functional blood vessels containing red
blood cells to provide nutrition for rapidly growing tumors. This is closely related to tumor pathological grade, low survival
rate, invasion, and metastasis.'”'' Baeten et al'? found that 23 (19.7%) of 117 CC patient tumor samples had VM with high
expression of EPHA2 and LAMC2, and the existence of VM was associated with significantly shortened survival. Song et al'>
showed that a high-fat diet significantly promoted VM formation in CRC and changed the intestinal microflora composition of
APC mice. Additionally, the microbial metabolite DCA significantly promoted VM formation and EMT through the activation
of VEGFR2, thus further aggravating intestinal cancerization. In addition, Hou et al'* found that Yi Ai Fang, a traditional
Chinese herbal formula, restrained the formation of VM in CRC through the HIF-1o/EMT pathway and significantly inhibited
tumor growth. Studies suggest that VM inhibition is a promising strategy for drug therapy in CC.">'® However, whether Mat
inhibits tumor cell proliferation and invasion by impacting VM formation has not been reported.

Although Mat has been shown to have an antitumor effect on CC,'” "

its underlying mechanism of action remains
unclear. In the present study, we investigated the effects of Mat on VM formation, proliferation, migration, and invasion
in CC cells, and analyzed significantly enriched DEGs in signaling pathways by transcriptome sequencing combined with
bioinformatics. Results demonstrated that Mat may reverse the EMT process and mediate the MAPK signaling pathway
through down-regulation Cldn9 to inhibit VM formation, proliferation, and invasion in CC cells. These results empha-

sized that Cldn9 may be a potential therapeutic target for CC.

Materials and Methods

Clinical Samples

A total of 17 human CC tissues and 5 normal colon tissues were obtained from patient surgical resections in the Department of
Oncology at the Affiliated Hospital of Yangzhou University from July 2020 to June 2021. The baseline characteristics of these
CC patients are shown in Table 1. Written informed consent was obtained from all patients whose tumor tissues were used in
this study. The study was approved by the Ethics Committee of the Affiliated Hospital of Yangzhou University and complied
with the Declaration of Helsinki.
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Table | Clinical and Immunohistochemical Characteristics of 17 Colon Cancer Patients

No. | Gender Age at Tumor Differentiation MLHI MSH2 MSHé PMS2 Her2 Villin CK7 CK20 Ki-67 CDHI17
Onset Size Degree
(Years) (mm)
| F 60 55x55%8 Medium-low - + + - NT + NT - 80%, + +
2 M 80 60x45%45 Medium-low + + + + 1+ NT NT NT 70%, + NT
3 M 43 20%20%6 Medium - + + - 2+ NT NT NT 80%, + NT
4 M 73 10x8x5 Medium-low + + + + I+ + - + 80%, + NT
5 M 37 50x40%8 Medium - + + - NT NT NT NT 60%,+ NT
6 F 84 60x45%10 Medium + + I+ NT NT NT 4%,+ NT
7 F 54 30%25%10 Medium + + + + NT NT NT 60%,+ +
8 F 67 45%40%20 Low - - + - NT - HS, 60%,+ NT
9 M 64 55x55%20 Medium-low + + + + 0 - - 80%,+ NT
10 F 72 30%30%8 Medium + + + + 2+ - + 30%,+ NT
N M 73 50%30x10 Medium + + + + NT NT NT NT 70%,+ NT
12 M 68 55x35%8 Medium + + + + + NT NT NT 15%,+
13 F 72 35%35x12 Medium + + + + 2+ NT NT NT 20%,+
14 F 69 30%30%8 Medium + + + + I+ NT NT NT 30%,+
15 M 60 50x50%25 Medium + Partial,+ + Partial,+ I+ + - + 30%,+ NT
16 F 63 60x50%40 Medium + + + + I+ + - + 60%,+ NT
17 M 65 90x80%50 Medium-low + - - Few,+ 0 Partial,+ + Partial,+ 70%,+ NT

Abbreviations: +, positive; —, negative; F, female; M, male; HS, hot spot; NT, Not test.
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Cell Culture

Human CC cell lines (HCT116, SW480, and KM12) and the mouse CC cell line CT26 were obtained from the Cell
Resource Center, Peking Union Medical College (headquarters of the National Science & Technology Infrastructure,
National BioMedical Cell-Line Resource, NSTI-BMCR). All cell lines were authenticated by Short Tandem Repeat
(STR) assay. All cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) medium supplemented with 10%
fetal bovine serum (FBS, Procell, Wuhan, China), 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen) and
maintained at 37°C in a humidified incubator with 95% air and 5% CO,. To evaluate the effects of Mat on cells, Mat
(>299% by HPLC, HY-NO164) was purchased from MedChemExpress Co., Ltd (Monmouth Junction, NJ, USA),
dissolved in dimethyl sulfoxide (DMSO) (Sigma Aldrich, Merck KGaA, Germany) as a stock solution (100 mM), and
further diluted to different concentrations with PBS.

3D Cell Culture

Matrigel was dissolved overnight at 4°C, 24-well plates were pre-cooled (Corning Life Sciences, NY, USA), and pipette
tips were kept at 4°C. The 24-well plates were placed on ice and 200 pL cold Matrigel was added to each well. Plates
were shaken gently to ensure the Matrigel evenly covered the bottom of each well and then placed at 37°C for 30 min to
gel. Each CC cell line was used in the logarithmic growth stage. Cells were inoculated in DMEM at a cell density of
6x10° cells/well in a 24-well plate covered with Matrigel. Plates were then cultured in a 37°C cell incubator with
saturated humidity and 5% CO,. VM structure formation between cells was observed and photographed under an

inverted microscope (Nikon, Tokyo, Japan) every 6 h; the culture was terminated after 24 h.

Cell Proliferation Assay

The Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Japan) was used to analyze cell proliferation according to the
manufacturer’s instructions. In brief, 5x10° cells resuspended in 100 pL of complete medium were seeded in each well of
96-well plates. After 8 h, Mat was added at a final concentration of 0, 0.25, 0.5, or 1 mM. After 24-or 48-h treatment, 10
pL CCKS solution was added to each well. After incubation for 2 h, the absorbance at 450 nm was detected using
a Microplate Reader (Thermo Fisher Scientific, Waltham, MA, USA).

Flow Cytometric Apoptosis Assay

The cells were seeded in 12-well plates at an appropriate density and then treated with Mat at different concentrations or
transfected when the confluence reached approximately 60-80%. After 24 h or 48 h, the cells in each group were digested
with trypsin without EDTA and collected by centrifugation. Then, the FITC Annexin V Apoptosis Detection Kit I (BD
Biosciences, Franklin Lakes, NJ, USA) was used for apoptosis detection according to the manufacturer’s instructions. Cells
were analyzed using CytExpert Software under a FACS flow cytometer (Beckman Coulter, Inc., Brea, CA, USA).

Cell Scratch Assay

Cells were resuspended, inoculated in 6-well plates with 7.5x10° cells per well, and incubated until the confluence
reached more than 90%. Horizontal scratches were made with a 200-uL pipette tip perpendicular to the 6-well plate.
Then, each well was washed with PBS three times, and the serum-free medium containing Mat at a final concentration of
0, 0.25, 0.5, or 1 mM was added to each well. The culture was continued in the incubator and wound healing was
observed at 0, 24, and 48 h after scratching under an inverted microscope (Nikon). The ImageJ software was used to
quantify cell migration by measuring the distance between the two edges of the wound.

Cell Migration and Invasion Assay
As described in our previous study,* the cell migration and invasion assays were performed with Transwell Chamber 24-Well
Plates and Corning Matrigel Invasion Chambers with 8-pum pore size membranes (Corning), respectively.
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Phalloidin Staining Assay

Cells were seeded and grown on glass coverslips in 6-well plates at an appropriate density. Following cell adhesion, Mat was
added at final concentrations of 0.25, 0.5, and 1 mM and the culture continued for 24 or 48 h. After discarding the medium,
cells were fixed with 4% paraformaldehyde for 15 min and then washed with PBS three times. Cells were then incubated with
0.1% Triton X-100 for 5 min to increase permeability. Finally, the cells were stained with 200 nM FITC-Phalloidin, sealed
with DAPI Fluoromount-G™, and observed under a confocal laser scanning microscope (A1, Nikon, Tokyo, Japan).

RNA Sequencing Analysis

Mat-treated CT26 cells and control cell samples were sent to Novogene (Novogene Co., Ltd., Bejing, China) for quality control
and RNA integrity analysis followed by library preparation, and sequencing, and the data were analyzed on the free online
platform of Novogene Cloud Platform (www.novogene.com). Differentially expressed genes (DEGs) were analyzed using the

DESeq2 R package. DEGs were screened using padj < 0.05. The ClusterProfiler software package was used to conduct gene
ontology (GO) enrichment analysis of differentially expressed genes. GO terms with padj < 0.05 were considered significantly
enriched.

gRT-PCR Analysis

Total RNA was extracted from cells using TRIzol reagent (Thermo Fisher Scientific), and RNA concentration was detected using an
ultramicro spectrophotometer (Thermo Fisher Scientific). RNA was then reverse transcribed into cDNA using PrimeScript RT
Master Mix (Takara, Dalian, China). qRT-PCR amplification was conducted using Hieff gPCR SYBR Green Master Mix (Yeasen,
Shanghai, China) according to the manufacturer’s instructions in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Data quantification was normalized to GAPDH mRNA expression levels using the pAACt

method. The primers used were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China); the sequences are shown in Table 2.

Cell Transfection

The small interfering RNA (siRNA) specific to Cldn9 and the negative control were designed and synthesized by GENEWIZ
Biotechnology Co., Ltd. (Suzhou, China). siRNA was transfected into cells using Lipofectamine 3000 (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol. After 48 h of transfection, the knockdown efficiency of Cldn9 was
detected by the qRT-PCR assay. The sequences of the Cldn9 siRNA are shown in Table 3.

Table 2 Sequences of the Primers Used in the gRT-PCR

Gstp2 (mouse)
Jam3 (mouse)
Claudin9 (mouse)
Claudin18 (mouse)
Hspa2 (mouse)
Efna4 (mouse)
Efnal (mouse)
Mapkapk5 (mouse)
E-cadherin (human)
N-cadherin (human)
MMP2 (human)
MMP9 (human)
GAPDH (human)

TCTGGACTCTTTCCCGTCTCTCAA
GGGAGTCCTTGTTGTCCTTATT
GAACGCGGTTGTTCCTAGTT
TCCACGGCCTTAGTACTCATA
AAATGCGGTGGAGTCCTATAC
GGGCTTCAACGATTACCTAGA
GAAGAGACTCCAAGCAGATGAC
GAAGGTCAAACCAGAGGAAAGA
CGACCCAACCCAAGAATCTATC
GGATGAAACGCCGGGATAAA
AAGTGGTCCGTGTGAAGTATG
GAACTTTGACGACAAGAAG
GGAGCGAGATCCCTCCAAAAT

Gene Primer (5’-3%) Reverse Primer (5’-3’)
E-cadherin (mouse) AACCCAAGCACGTATCAGGG ACTGCTGGTCAGGATCGTTG
N-cadherin (mouse) AGTGGCAGGTAGCTGTAAAC TGGCAAGTTGTCTAGGGAATAC
MMP2 (mouse) GCTGTATTCCCGACCGTTG TGGTCCGCGTAAAGTATGGG
MMP9 (mouse) ACGACATAGACGGCATCCAGTATC | AGGTATAGTGGCACACATAGTGGG
GAPDH (mouse) AACAGCAACTCCCACTCTTC CCTGTTGCTGTAGCCGTATT
Aldh3al (mouse) CACTTCCAGCGGGTCATAAA TAGGATGGTGGGAGCTATGT

ATTCACTGTTTGCCGTTGCCGT
CCTGGGCTCTTATAGCTTTCTC
TAGGTCCCGCTCATCTGTATT
CCAGACACACAGGTCTCTATTG
TGTCCTGCTCGCTAATCTTG
CTGACCAGTCCACCATGTATAA
CAGCAGTGGTAGGAGCAATAC
GGCAGAGGGTAGCACATTATC
AGGTGGTCACTTGGTCTTTATTC
TCTTCTTCTCCTCCACCTTCTT
GGTATCAGTGCAGCTGTTGTA
CGGCACTGAGGAATGATCTAA
GGCTGTTGTCATACTTCTCATGG
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Table 3 Cldn9 siRNA Sequences

Gene Primer (5’-3%) Reverse Primer (5’-3’)

si-NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
si-Cldn9-1 GCAAAGUAUACGACUCACUTT AGUGAGUCGUAUACUUUGCTT
si-Cldn9-2 GCCUUGAACUCCUCGGCAUTT AUGCCGAGGAGUUCAAGGCTT

Immunohistochemical Analysis

Immunohistochemistry was performed according to a previous method.?! Briefly, the tissue sections were dipped in
xylene and a series of ethanol gradients to dewax and rehydrate them. After antigen retrieval and endogenous peroxidase
activity were blocked, the sections were incubated with target antibodies overnight at 4°C. After washing with PBS three
times, the sections were incubated with biotinylated secondary antibody followed by addition of streptavidin-HRP, DAB
staining, and hematoxylin counterstaining. Finally, pictures were captured with an inverted microscope (Nikon) and
analyzed using Imagel software (Media Cybernetics, Inc., Rockville, MD, USA).

Western Blot Analysis

The Western blot assay was performed as previously described.?” Signal detection was performed using the ultrasensitive
ECL plus Detection Reagent (Millipore Corporation, Billerica, MA, USA) on the Invitrogen iBright™ CL1500 Imaging
System (Thermo Fisher Scientific), and analyzed using ImageJ software.

Statistical Analysis

All experiments were repeated at least three independent times and the data are expressed as mean = standard deviation
(SD). Significance analysis was performed using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA).
Significant differences were determined by Student’s ¢-test or one-way analysis of variance (ANOVA). A p < 0.05 was
considered statistically significant.

Results

Mat Inhibited VM Formation and Cell Proliferation in CC Cells

SW480, HCT116, and KM12 human CC cell lines and mouse CC cell line CT26 were selected for 3D culture in
Matrigel, and the difference of VM formation in each cell was compared 24 hours later. The results showed that CT26
cells formed the most typical VM structure, SW480 cells formed irregular VM, while other cells did not form clear VM
(Figure 1A). Therefore, we selected CT26 cells for subsequent experiments. Next, CT26 cells were treated with different
concentrations of Mat (OmM, 0.25mM, 0.5mM, ImM, 2mM, 3mM, and 4mM) and found that Mat significantly inhibited
the proliferation of CT26 cells in a time and concentration dependent manner (Figure 1B), with IC50 values of 1.397 mM
and 0.9088 mM for 24 and 48 h (Figure 1C), respectively. We then treated CT26 cells with OmM, 0.25mM, 0.5mM, and
ImM Mat, and the effects of different treatment times (6h, 12h, and 24h) on VM formation were detected. The results
showed that Mat treatment destroyed the VM lumen structure of CC CT26 cells, resulting in a significant reduction in
VM number in a time- and concentration-dependent manner (Figure 1D).

Mat Promoted CT26 Apoptosis and Inhibited Cell Migration, Invasion, and Actin

Filament Integrity

Next, we analyzed the effect of Mat on the apoptosis of CT26 cells by flow cytometry. Results showed that compared
with the control group, Mat treatment significantly increased the percentage of apoptotic cells in a time-dependent and
dose-dependent manner (Figure 2A), suggesting that Mat significantly promoted apoptosis in CC cells. Then, the effects
of Mat on the migration and invasion of CT26 cells were detected by scratch healing and transwell assays. We found that
Mat inhibited cell mobility and invasiveness gradually and more significantly with increasing concentration and time
compared to the control group (Figure 2B-D). Phalloidin tightly and selectively binds to filamentous actin (F-actin) to
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reveal the distribution of the microfilament skeleton in cells. Therefore, phalloidin staining was used to investigate the
effect of Mat upon changes in actin filament integrity in CC cells. The results showed that with the increase of Mat dose
and treatment duration, the microfilament morphology between CT26 cells was destroyed and the aggregation degree
was gradually reduced (Figure 2E), indicating that Mat altered the integrity of actin filaments in CC cells. Due to the fact
that actin filaments are a part of the cytoskeleton and play a crucial role in many cellular functions such as cell stability,
adhesion, and motility, it is suggested that Mat may regulate the invasion and migration of CC cells by disrupting the
integrity of actin filaments.

Mat Inhibited VM Formation in CT26 Cells Through Epithelial-Mesenchymal Transition
(EMT)

Studies have shown that EMT plays an important role in the formation mechanism of VM.?*** To further verify this,
gRT-PCR and Western blotting were used to determine the effects of Mat on the key EMT factors E-cadherin,
N-cadherin, MMP2, and MMP9. The results showed that compared with the control group, Mat treatment significantly
downregulated the mRNA and protein expression levels of N-cadherin, MMP2, and MMP9 while upregulating the
E-cadherin levels (Figure 3A and B). Further, we observed that the mRNA expression of N-cadherin, MMP2, and MMP9
in SW480 human CC cells was significantly downregulated after Mat treatment, where E-cadherin expression was
upregulated (Figure 3C). These results were consistent with the trends seen in CT26 cells and suggest that Mat may
inhibit VM formation through an EMT-dependent mechanism.

Analysis of Differentially Expressed Genes (DEGs) in Mat-Treated CT26 Cells

To further clarify the signaling pathways and target genes that Mat may modulate, the DEGs of CT26 cells treated with
Mat were analyzed by transcriptome sequencing. The results showed that 163 genes were significantly upregulated and
333 genes were significantly downregulated (| log2 Fold Change [>1, and p < 0.05) (Figure 4A). These DEGs were
further analyzed through Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis to clarify their significant correlations with different cellular biological functions or signaling pathways. GO
analysis showed that the DEGs were remarkably enriched in fluid transport, extracellular matrix, receptor regulator
activity of cellular component (CC), biological process (BP), and molecular function (MF) (Figure 4B). KEGG pathway
analysis showed that the DEGs were significantly enriched in the metabolism of xenobiotics by cytochrome P450, cell
adhesion molecules, and MAPK signaling pathways (Figure 4C). Next, QRT-PCR was used to verify the expression of
partial DEGs enriched in these three signaling pathways. The results showed that mRNA expression of the Aldh3al and
Gstp2 genes enriched in the metabolism of xenobiotics by the cytochrome P450 pathway, Jam3, Cldn9, and Claudin-18
genes (which are enriched in the cell adhesion molecules pathway), and Efna4, Efnal, Mapkapk5, Angpt2, and Hspa2
genes (which are enriched in the MAPK signaling pathway) were significantly downregulated (Figure 4D-F). These
results were consistent with the sequencing results. Further, we tested whether Mat plays a pharmacological role through
the MAPK signaling pathway. Results showed that Mat treatment significantly inhibited the phosphorylation levels of
JNK and ERK in CT26 cells compared with the control group (Figure 4G), indicating that Mat may inhibit the growth of
CC cells through the MAPK signaling pathway.

It has been reported that cell adhesion molecules mediate the contact and conjunction between cells or between cells
and the extracellular matrix to promote signal transduction, cell growth, wound healing, and vascular growth. This also
plays a key role in tumor invasion, recurrence, and distant metastasis.”> It was observed that Cldn9, which is significantly
enriched in this pathway, had the highest expression and was obviously downregulated among the verified DEGs.
Therefore, Cldn9 attracted our interest. Further, we confirmed that the expression of Cldn9 in CC tissues was
significantly upregulated compared with normal colon tissues (Figure SA—C). These results suggested that Mat may
inhibit CC VM formation, cell proliferation, invasion, and migration through the MAPK signaling pathway. However,
whether Mat serves a pharmacological function by regulating the target gene Cldn9 remained unclear.
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Figure 3 The effects of Mat on the key EMT factors E-cadherin, N-cadherin, MMP2, and MMP9.
Notes: (A) The mRNA levels of the key VM factors E-cadherin, N-cadherin, MMP2, and MMP9 in Mat treated CT26 cells; (B) The protein levels of the key VM factors in
Mat treated CT26 cells; (C) The mRNA levels of the key VM factors in Mat treated SW480 cells. *p<0.05; **p<0.01; ***p<0.001.

Mat Inhibited VM Formation, Proliferation, Invasion, and Actin Filament Integrity in
CT26 Cells Through Downregulation of Cldn9

To clarify whether Mat may exert inhibitory effects on CC cells by regulating the target gene Cldn9, the expression
of Cldn9 was silenced by siRNA transfection and simultaneously treated with Mat. Firstly, we detected the
inhibitory efficiency of Cldn9 siRNA and found that si-Cldn9-1 had a more significant downregulation of Cldn9
(Figure 6A), so it was selected for subsequent use. We then examined whether Cldn9 was associated with VM
formation, and the results showed that the control group cells formed a typical VM tubular structure, while
transfected with Cldn9 siRNA for 48 h obviously inhibited VM formation in CT26 cells; but when treating CT26
cells with 0.5mM Mat while silencing Cldn9 expression, the VM structure was more significantly disrupted

(Figure 6B). Next, we investigated the effects of Cldn9 on proliferation, apoptosis, invasion, migration, and actin
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filament integrity in CC cells. The results showed that compared with the control group, after 48 h of transfection
with Cldn9 siRNA, the viability of CT26 cells significantly decreased (Figure 6C), while cell apoptosis was
obviously induced (Figure 6D), cell migration and invasion were significantly inhibited (Figure 6E-G), and the
morphology of intercellular microfilaments became looser and the number decreased (Figure 6H). Meanwhile, the
synergistic treatment with 0.5mM Mat intensified the inhibitory effects on cell proliferation, migration, invasion, and
actin filament integrity, further exacerbating the proportion of cell apoptosis (Figure 6C—H). These results indicated
that Cldn9 is involved in regulating CT26 cells VM formation, proliferation, invasion, and actin filament integrity,
and confirmed that the effect of Mat is consistent with the effect of down-regulating Cldn9. In addition, Mat
downregulated the expression of Cldn9 and further promoted the inhibitory effect of Cldn9 knockdown on CC cells,
suggesting at least that Mat may exert its pharmacological function in inhibiting CC through, but not dependent on,
Cldn-9.

Mat Inhibited the EMT Process and MAPK Signaling Pathway Through Cldn9

To further clarify the mechanism of Mat-mediated inhibition of CC through Cldn9 regulation, we detected expression
changes in key EMT proteins and the MAPK signaling pathway. The results showed that after Cldn9 silencing, the
mRNA and protein expression levels of N-cadherin, MMP2, and MMP9 in CT26 cells were significantly downregulated
compared to the control group. In addition, the expression level of E-cadherin was significantly upregulated, and the
phosphorylation levels of INK and ERK were downregulated; combined treatment with 0.5mM Mat further enhanced the
above expression trends (Figure 7A—C). These results indicate that Mat may regulate the EMT-dependent and MAPK
signaling pathways through Cldn9, thereby inhibiting VM formation and the proliferation, migration, and invasion of CC
cells.
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Figure 6 Effects of Cldn9 silencing and simultaneous treatment with Mat on VM formation, proliferation, invasion, and actin filament integrity in CT26 cells.
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Figure 7 Effects of Cldn9 silencing and simultaneous treatment with Mat on the EMT process and MAPK signaling pathway.

Notes: (A) Effects of Cldn9 silencing and simultaneous treatment with Mat on mRNA levels of E-cadherin, N-cadherin, MMP2, and MMP9 in CT26 cells; (B) Effects of Cldn9
silencing and simultaneous treatment with Mat on protein levels of E-cadherin, N-cadherin, MMP2, and MMP9 in CT26 cells; (C) Effects of Cldn9 silencing and simultaneous
treatment with Mat on protein levels of JNK, ERK, and Cldn9 and phosphorylation levels of JNK and ERK in CT26 cells. *p<0.05; **p<0.01; ***p<0.001.
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Discussion

CC is one of the most common malignant cancers in human beings. With the aging of the population and improvements
in diet and living conditions, the incidence of CC in China has increased significantly. According to the latest data from
the National Cancer Center, approximately 4.57 million new cancer cases were reported in China in 2020, and the overall
incidence rate of CRC jumped to second, with approximately 550,000 new cases each year. Approximately three million
Chinese people died of cancer in 2020; CRC was the fifth most common cause of cancer deaths, accounting for
approximately 280,000 deaths that year.”® The main reason for this is that most people in China have only a slight
awareness of colonoscopy. Most CRC patients are in the middle and late stages when diagnosed, with distant metastasis
in the liver, lungs, and other organs leading to poor treatment effects.

Multiple preliminary studies have shown that VM exists in CRC and is associated with metastasis and prognosis.'*'?
Different from angiogenesis, VM has high plasticity and does not require the involvement of endothelial cells. Highly
invasive tumor cells can form vascular structures on their own, promoting tumor metastasis and progression, which may
be a key factor for poor tumor prognosis.?® In this study, we demonstrated that CC cells form typical VM through 3D
culture in vitro. However, the function and mechanism of Mat on VM in CC had not been reported. Our study showed
that Mat inhibited VM formation in CT26 CC cells in a time- and dose-dependent manner. Mat also significantly
inhibited cell proliferation, migration, and invasion, and promoted apoptosis in CT26 cells. The cytoskeleton consists of
a series of filamentous structures including intermediate filaments, actin filaments, and microtubules.?” Studies have
shown that actin kinetics is usually associated with the dysregulation of cell motility and invasion.?® In this study, we
found that actin filaments were gradually destroyed and actin filament integrity was inhibited with increasing Mat
concentrations, which illustrated the ability of Mat to inhibit the migration and invasion of CC cells.

Epithelial-mesenchymal transformation (EMT) is one mechanism that leads to VM. In the process of EMT, epithelial cells
gradually dedifferentiate and lose cell polarity. This is manifested by decreased expression of epithelial markers (such as
E-cadherin) and increased expression of interstitial markers (such as N-cadherin), leading to changes in cell morphology and
behavior.”® Cytogenetic VM undergoes a process like EMT. We detected changes in the expression of key proteins in CC cells
during the EMT process following Mat treatment. The results showed that N-cadherin, MMP2, and MMP9 were significantly
downregulated, while E-cadherin was significantly upregulated, suggesting that Mat may inhibit VM formation through an
EMT-dependent process. Studies have shown that the expression of matrix metalloproteinases (MMPs) is closely related to the
inflammatory degree that promotes the invasion and migration of tumor cells. Among these, MMP2 and MMP9 play the most
important roles in tumor invasion, metastasis, and angiogenesis.>’ Here, our findings indicated that Mat inhibited the invasion
and migration of cells by reducing MMPs, which also explained the scratch and transwell experiment results. This suggests
that Mat blocked the motor ability of CT26 cells as a potential mechanism of VM inhibition. In addition, we also detected
changes in mRNA expression of key VM factors in SW480 human CC cells after Mat treatment. The results were consistent
with the trends seen in CT26 cells. Mat had a clear inhibitory effect on VM formation in CC cells, suggesting that Mat may be
a promising anti-invasion and metastasis drug for CC.

To further explore the action mechanism of Mat, transcriptome sequencing was used. Results showed that 163 genes
were significantly upregulated and 333 genes were significantly downregulated in CT26 CC cells after Mat intervention.
GO analysis results showed that the DEGs were remarkably enriched in the fluid transport, extracellular matrix, and
receptor regulator activity items. KEGG pathway enrichment analysis showed that these DEGs were significantly
enriched in the metabolism of xenobiotics by cytochrome P450, cell adhesion molecules, and MAPK signaling pathways,
suggesting that Mat may exert pharmacological activity mainly through the regulation of these pathways. Previous
studies have shown that VM in tumors is related to HIF-10,°% 3 VEGFE,**>® PI3K-AKT,**** MAPK,*'* and other
signaling pathways. The imbalance between EphA2 and VEGFA activated the intracellular PI3K-AKT and MAPK
signaling pathways, thereby regulating the basic functions of cells.***' This may be one of the main mechanisms
promoting VM formation. In this study, we found that the phosphorylation levels of key MAPK signaling pathway genes
were downregulated after Mat treatment, suggesting that Mat may inhibit VM formation, cell growth, invasion, and
migration of CT26 cells by inhibiting the MAPK signaling pathway. This has been partially confirmed via in vitro
experiments, but the specific molecular mechanism requires further study.
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An interesting finding from our RNA-sequencing results combined with the bioinformatics analysis was that many
DEGs were enriched in the cell adhesion molecules signaling pathway. As membrane receptors mediating cell—cell and
cell-matrix interactions, cell adhesion molecules play a crucial role in cell signal transduction and are associated with
adhesion, migration, invasion, angiogenesis, and organ-specific metastasis.** Among them, Cldn9 attracted our attention
because it is significantly downregulated after Mat treatment. Cldn9 belongs to the Claudins family, a multi-gene family
first described by Shorichiro Tsukita et al. Together, the Claudins constitute an important part of the tight connections
between cells and control the flow of intercellular molecules by establishing cellular barriers. Their functional changes
are closely related to the occurrence of cancer in corresponding tissues.*>**® Sharma et al*’ knocked down the expression
of Cldn9 in 3LL lung cancer cells using siRNA and found that in vitro movement and invasion and in vivo metastasis of
3LL cells were inhibited. In addition, overexpression of Cldn9 enhanced the movement of cells, which proved that Cldn9
plays a significant role in promoting the metastasis of lung cancer. In addition, studies have found that** Cldn9 is highly
expressed in pituitary oncocytoma compared with normal pituitary cells, showing the same trend in invasive oncocytoma
and non-invasive oncocytoma. Therefore, Cldn9 may be a potential biomarker for invasive pituitary oncocytoma.
However, no studies have explored the association between Cldn9 and the development of CC. Therefore, we
hypothesized that Cldn9 may be a target of Mat and participate in its ability to inhibit VM formation, cell proliferation,
invasion, and migration in CC. In this study, we firstly found that Cldn9 was upregulated in human CC tissues compared
with normal tissues, and silencing Cldn9 in CT26 CC cells significantly inhibited VM formation, cell proliferation,
migration, and invasion, and significantly downregulated the expression of N-cadherin, MMP2, and MMP9, as well as
the phosphorylation levels of ERK and JNK, while upregulating the expression of E-cadherin. It suggests that Cldn9 may
participate in the EMT process and regulate the MAPK signaling pathway to exert pharmacological effects. These
findings indicated that the inhibitory effects of Mat and downregulation of Cldn9 on CC cells are consistent, and Mat
further promoted the effect of Cldn9 knockdown, at least indicating that the effect of Mat may be partially achieved by
downregulation of Cldn9. In addition, as is well known, the vast majority of drugs are multi-target, and in the case of
knocking down Cldn9, Mat may still exert similar anti-tumor effects through the regulation of another protein, while
Cldn9 is only one of its many regulated proteins. Therefore, Mat may inhibit CC cells by downregulating Cldn9 rather
than relying on Cldn9 to block the EMT process and inhibit the MAPK signaling pathway.

In summary, we found for the first time that Mat affected the VM formation and actin filament integrity in CC cells,
clarifying that inhibiting Cldn9 can reverse the EMT process, inhibit the MAPK signaling pathway, and thereby reduced
the proliferation and invasiveness of CC cells. These findings provide a potential candidate drug and therapeutic target
for VM-based anti-metastasis therapy for CC.
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