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[ABSTRACT] The management of colorectal cancer (CRC) poses a significant challenge, necessitating the development of innovat-
ive and effective therapeutics. Our research has shown that notoginsenoside Ft1 (Ng-Ft1), a small molecule, markedly inhibits subcu-
taneous tumor formation in CRC and enhances the proportion of CD8" T cells in tumor-bearing mice, thus restraining tumor growth.
Investigation into the mechanism revealed that Ng-Ft1 selectively targets the deubiquitination enzyme USP9X, undermining its role in

shielding fS-catenin. This leads to a reduction in the expression of downstream effectors in the Wnt signaling pathway. These findings

indicate that Ng-Ft1 could be a promising small-molecule treatment for CRC, working by blocking tumor progression via the Wnt sig-
naling pathway and augmenting CD8" T cell prevalence within the tumor environment.
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Introduction

Colorectal cancer (CRC) ™ ranks among the deadliest
cancers globally. Despite the significant extension of patient
survival achieved through first-line treatments such as radio-
therapy, chemotherapy, and adjuvant chemotherapy, the clin-
ical hurdles of metastasis, invasion, and drug resistance in

B4 Con-

CRC tumors persist as formidable challenges
sequently, the search for novel therapeutic agents constitutes
a principal focus of CRC research. In the context of tumor
immunotherapy, T cells play a pivotal role within the tumor
immune microenvironment """, Studies have demonstrated that
CD8" T cells, once activated via the T cell receptor signaling

pathway, can penetrate tumor cells, secreting tumor necrosis
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factor-a and interferon-y, thereby exerting cytotoxic effects
on tumors ™ °%. This has led to numerous immunotherapeutic
strategies aiming to enhance CDS8" T cells activity or in-
crease their infiltration into tumors, as a means to curb tumor-
growth """,

The Wnt family, comprising secreted signaling proteins,
plays a critical role throughout human development, from
embryonic stages to adulthood, and is crucial for CRC pro-
gression "’ B-Catenin, at the heart of the Wnt signaling path-
way, exhibits mutations in 48% of CRC cases. These abnor-
malities in S-catenin contribute to tumor heterogeneity and
drug resistance "* ™! and lead to the overactivation of down-
stream target genes such as CD44, MMP-7, C-myc, C-jun in
the Wnt signaling pathway. This overactivation influences
colorectal tumor proliferation, migration, and invasion .

Findings suggest that saponins from Panax notoginseng
exhibit properties such as reducing swelling, alleviating pain,
boosting immunity, and offering anti-inflammatory and anti-
tumor benefits """, However, the effectiveness of Panax no-
toginseng’s extract, specifically notoginsenoside R1 (NGR1),
in treating CRC and breast cancer remains underexplo-
red > *!. Given the immune-enhancing and low-toxicity be-
nefits of saponins, identifying saponins capable of combating
CRC is of paramount importance in addressing the current
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challenges faced by CRC treatment.

In 2008, YANG Chongren e al. successfully isolated
and identified the rare notoginsenoside Ft1 (Ng-Ft1) **. Pre-
liminary in vitro studies have shown that Ng-Ftl possesses
anti-angiogenic properties, induces apoptosis, and inhibits
cell proliferation in breast cancer and neuroblastoma cell
lines, potentially through modulation of the Akt/mTOR path-
way . However, the therapeutic effects of Ng-Ftl on
CRC have been scarcely investigated. Our research demon-
strates that Ng-Ft1 significantly impedes CRC growth in both
in vitro and in vivo settings. RNA sequencing (RNA-seq)
analysis revealed a substantial suppression of the Wnt signal-
ing pathway by Ng-Ftl, while flow cytometry analysis indic-
ated a notable increase in the proportion and effector function of
CD8" T cells in a tumor-bearing model. Mechanistically, it
was discovered that Ng-Ftl directly interacts with ubiquitin-
specific peptidase 9 X-linked (USP9X), thereby inhibiting the
aberrant activation of the f-catenin downstream pathway and,
consequently, the proliferation of CRC cells. These findings
elucidate the pharmacological mechanism by which Ng-Ftl
counters CRC growth and offer new avenues for CRC treat-
ment, potentially improving the prognosis for CRC patients.

Materials and Methods

Animal and cell lines

C57BL/6J and Balb/c mice, male, SPF grade, aged 6—8
weeks, and weighing 18 = 2 g, were acquired from Spiff Cor-
poration and subsequently housed under SPF conditions. The
Experimental Animal Ethics Committee of the Shanghai Uni-
versity of Traditional Chinese Medicine has reviewed and ap-
proved all animal experiments, ensuring compliance with rel-
evant animal ethics regulations. The MC38 and CT26 cell
lines were sourced from Shanghai Zeye Biotechnology Co.,
Ltd., while the HT29 cell lines were kindly provided by Dr.
YIN Chunzhao from the Chinese Academy of Sciences. The
cells, at their logarithmic phase of growth, were cultured in
DMEM (MA0212, Meilunbio) supplemented with 10% fetal
bovine serum (FBS, C04001-500, Vivacell), 100 U-L" peni-
cillin, and 100 mg-L™" streptomycin (15140-122, Gibco), in
an incubator with 5% CO, and saturated humidity at 37 °C.
The study was conducted by the Declaration of Helsinki and
approved by the Ethics Committee of the Affiliated Hospital
of Jiangnan University (January 21, 2022 approval). The an-
imal study protocol was approved by the Institutional Re-
view Board of the Department of Laboratory Animal, Shang-
hai ZY (protocol code SHZY-202103311 and March 31,
2021 approval).
Drugs and reagents

Ng-Ft1 (catalogue No. BP1846) was sourced from
Chengdu Purifa Technology Development Co., Ltd., Cheng-
du, China. 5-Fluorouracil (CAS No. 51-21-8) was obtained
from Shanghai Yuanye Biotechnology Co., Ltd., Shanghai,
China. WP-1130 (catalogue No. HY-13264) was procured
from MedChemExpress, Shanghai, China. Dimethyl sulfox-
ide (DMSO) (catalogue No. 30072418) was purchased from

®

Sinopsin Chemical Reagent Co., Ltd., Shanghai, China.
Cytotoxicity assay

Experiments were conducted using 96-well plates, into
which suspensions of the MC38, HT29, and CT26 cell lines
were inoculated (100 pL/well) with a seeding density of
5 000 cells per well. Following cell attachment, they were
cultured and subsequently treated with the specified concen-
trations of drugs for a duration of 48 h. The cell viability was
assessed using the CCK-8 assay kit (BS350A, Biosharp) ac-
cording to the manufacturer’s instructions. The absorbance at
450 nm was measured to determine the cell viability.
Cell proliferation assay

After enzymatic digestion, single-cell suspensions were
prepared, counted, and adjusted to the desired concentration
with a culture medium. These suspensions were then ali-
quoted into six-well plates, with each well containing 1000
cells. The clones were monitored for growth over a period of
9-14 days. Upon satisfactory clone development, the follow-
ing steps were undertaken: The old medium was discarded
from the six-well plate, and each well was washed twice with
Phosphate-Buffered Saline (PBS). The residual PBS was
carefully removed. 1 mL of methanol was added to each well
for fixation and left to stand at room temperature for 10 min.
The methanol was then aspirated, and the wells were allowed
to air dry at room temperature. Cells were stained with 0.1
mg-mL™" crystal violet and left at room temperature for 10
min. Excess crystal violet was removed, and the wells were
washed under running water. After air drying at room temper-
ature, the plates were scanned.
Cell migration experiment

Cells exhibiting robust growth were digested with tryp-
sin. Subsequently, 2 mL of complete culture medium was
used to resuspend the cells evenly. The cell suspension was
then transferred to a 2 mL centrifuge tube and centrifuged at
2500 r-min "' for 2 min. Using a 1 mL pipette tip, the super-
natant was removed. The cell pellet was resuspended in 1 mL
of serum-free DMEM medium for counting. Based on the
count, the cell concentration was adjusted to 5 x 10°/mL us-
ing a serum-free DMEM medium. A 24-well plate was pre-
pared by adding 800 uL of complete medium into the central
well, and a Transwell chamber was placed in this well. The
cell suspension, having been adjusted to the appropriate con-
centration, was thoroughly mixed. Then, 200 pL of this sus-
pension was added into the upper chamber of the
Transwell. The required drug concentration was calculated
and added accordingly. For each experimental condition,
three replicates were set up to ensure the reliability of the res-
ults. Subsequently, the 24-well plates were returned to the in-
cubator for a 24-hour incubation period. The methods used
for staining and imaging were consistent with those em-
ployed in the cell growth experiments.
Tumor transplantation and treatment

Cells in the logarithmic growth phase were utilized to es-
tablish a subcutaneous tumor transplantation mouse model
for CRC. Specifically, the MC38 cell suspension was pre-
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pared at a concentration of 5 x 10%/mL (for CT26 cells: 2.5 x
10%mL), and 0.2 mL of this suspension was injected subcu-
taneously into the right flank of each mouse under aseptic
conditions. This procedure resulted in an inoculation of 1 X
10° MC38 cells or 5 x 10° CT26 cells per mouse. Mice were
then routinely monitored and fed over a period of 7-11 d un-
til the average tumor volume reached 80—-100 mm®. At this
point, mice were randomly divided into three groups, each
comprising five animals. For the treatment regimen, Ng-Ftl
was calculated at the dose of 10 and 30 mg-kg ™' body weight,
while 5-fluorouracil (5-FU) was administered at dosages of
10 and 20 mg-kg ' body weight. The control group received a
vehicle solution consisting of normal saline with 1% DMSO,
administered once daily. The experiment was concluded once
the tumor volume in any mouse exceeded 2000 mm’. Body
weight and tumor volume were measured and recorded every
three days. Upon termination of the experiment, tumors were
excised, weighed, and processed for further analysis.
Flow cytometry

The tumor tissue was sectioned, lysed, and subsequently
processed for immunostaining. Flow cytometry analysis was
carried out following the guidelines specified by the Invitro-
gen eBioscience essential phenotyping kits. The specific anti-
bodies utilized for this purpose included CD8 (AF700, Biole-
gend, catalogue No. 100730), CD4 (BV510, Biolegend, cata-
logue No. 100559), CD45 (FITC, Biolegend, catalogue No.
157608), TNF-a (PE, BD, catalogue No. 506306), IFN-y
(BV421, BD, catalogue No. 505829).
Mouse CD45" cell sorting

The tumor tissues were excised and immediately placed
in a Roswell Park Memorial Institute (RPMI) culture medi-
um. These tissues were subsequently subjected to mechanic-
al disruption followed by enzymatic digestion using a solu-
tion containing 0.3 mg:mL™" DNase I (Sigma-Aldrich) and
0.25 mg-mL™" Liberase TL (Roche) in serum-free RPMI me-
dium. The digestion process occurred in a CO, incubator at
37 °C for 30 min. Post-digestion, the tissues were passed
through a 40 um cell strainer (BD Biosciences) to eliminate
tissue debris and obtain a single-cell suspension. These isol-
ated cells were then washed and resuspended in Hank’s bal-
anced salt solution (HBSS) supplemented with 1% FBS in
preparation for staining and multi-color flow cytometry ana-
lysis. For the specific examination of immune cells, CD45"
cells from mice bearing MC38 tumors were isolated using a
BD Aria III flow cytometer. The isolated CD45" cells were
then processed for 5'-single-cell RNA sequencing (scRNA-
seq) using the 10x Genomics platform. The antibody panel
utilized for this analysis was consistent with those employed
in the previously mentioned flow cytometry protocol.
Whole tumor tissues 3' library single-cell RNA sequencing

For the single-cell RNA sequencing process, the pre-
pared cell suspension was loaded onto Chromium microfluid-
ic chips for barcoding, utilizing the Chromium Controller
(10x Genomics) with 3' chemistry. Subsequently, RNA ex-
tracted from the barcoded cells underwent reverse transcrip-

®

tion. This step was followed according to the protocols
provided with the Chromium Single Cell 3' Version 3 Re-
agent Kit, as specified by the manufacturer. The final step in-
volved sequencing the library, which was performed on an II-
lumina sequencing platform.
Analysis of single-cell RNA-seq data

The scRNA-seq data obtained from the 10x Genomics
platform were processed using CellRanger (version 6.0.2)
with alignment and quantification performed against the
mm10 mouse reference genome. This process resulted in the
generation of a raw gene expression matrix for each scRNA-
seq sample by CellRanger. Subsequently, the Seurat R pack-
age was employed for the identification of major cell types
within the samples. Data normalization was achieved through
the NormalizeData function within Seurat, adjusting for vari-
ations in gene expression levels across cells. To identify pat-
terns and variations within the dataset, 3000 highly variable
genes were selected for principal component analysis (PCA).
The analysis focused on the top 30 principal components to
elucidate the main axes of variation and to denoise the data-
set. Cell clustering was conducted using an unsupervised
graph-based clustering algorithm, leveraging the expression
profiles of cells to group them based on similarities. For visu-
al representation of the data, Uniform Manifold Approxima-
tion and Projection (UMAP) dimensionality reduction was
applied utilizing the RunUMAP function within Seurat, facil-
itating the visualization of complex data in a two-dimension-
al space. The cluster-specific marker genes were identified by
running the FindAllMakers function with default parameters.
Analysis of RNA-seq data

Differential gene expression analysis of the RNA-seq
data was conducted using DESeq2. Following the identifica-
tion of these genes, functional gene enrichment analysis was
carried out using Metascape (https://metascape.org). Addi-
tionally, RNA-seq data from colorectal cancer patients ob-
tained from the TCGA (The Cancer Genome Atlas) database
was utilized to examine signal regulation concerning the dif-
ferential expression of USP9X.
Immunofluorescence cell staining

The cells were fixed with 4% paraformaldehyde and per-
meabilized with 0.1% Triton X-100. Subsequently, they in-
cubated overnight with USP9X Rabbit monoclonal antibody
(mAb) (A9782, Abclonal) and S-Catenin Rabbit mAb
(A19657, Abclonal) at a 1 : 200 dilution at 4 °C. For detec-
tion, phycoerythrin (PE)-conjugated secondary antibody at a
1 : 200 dilution was employed.
RT-gPCR

Total RNA was extracted from tumor tissues and cells,
after which reverse transcription was conducted, followed by
relative quantitative PCR according to the Vazyme protocol.
Primers for the PCR were sourced from PrimerBank, with the
specific reagents and sequences detailed in Table S1. The ex-
pression levels of mRNA were normalized against the S-actin
gene.
Western blotting and immunoprecipitation

Proteins were extracted from cells and tissues using ra-
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dioimmunoprecipitation assay (RIPA) lysate (P0013B,
Beyotime), and their concentrations were determined using a
Bicinchoninic Acid (BCA) Protein Assay Kit (BL521A,
Biosharp). The proteins were then separated by 6% Sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) gel and electroblotted onto NC (nitrocellulose) mem-
branes. Each membrane was blocked for 1.5 h with 5% skim
milk to prevent non-specific binding. The membranes were
subsequently incubated with specific primary antibodies, fol-
lowed by incubation with secondary antibodies. The immune-
reactive bands were detected using an ECL (enhanced chemi-
luminescence) luminescence solution (Service-bio) for visu-
alization.

For immunoprecipitation studies, cell or tissue extracts
were incubated with anti-USP9X antibodies at 4 °C
overnight, followed by precipitation with protein Sepharose
beads for another overnight period. The levels of USP9X/f-
catenin complexes were then assessed by Western blotting
analysis. The specific antibodies utilized for these proced-
ures are detailed in Table S1.

Biotin-labeled pulldown assay

To prepare for the experiment, the fixed streptavidin gel
was first equilibrated. Subsequently, 300 pL of a 5 mmol-L™
solution of biotin and biotin-labeled notoginsenoside Ftl
were added to the tube under gentle agitation. The mixture
was incubated at 4 °C for 60 min with mild shaking on a ro-
tating platform. Following incubation, 250 puL of a biotin-
blocking solution was introduced to the tube, thoroughly
mixed, and then incubated at room temperature for 5 min.
The gel was washed twice with Tris-buffered saline (TBS)
buffer. Next, 300 pL of cell lysate containing total protein
(1.5 mg) was added to the tube and incubated overnight at
4 °C with gentle rotation. At the end of the incubation period,
the mixture was centrifuged at 1250 g for 60 s, and the super-
natant was carefully transferred along with the beads into a
new 1.5 mL centrifuge tube. Following centrifugation, 210
uL of the supernatant was discarded, leaving the bead pellet.
The beads were then resuspended in 50 pL of 2x loading buf-
fer. This mixture was thoroughly vortexed, heated in a boil-
ing water bath for 5 min, and subsequently cooled on ice.
Electrophoresis was conducted at 80 V using a 12% separa-
tion gel. Once the sample migrated to the interface between
the stacking and separating gels, electrophoresis was halted.
The gel segment corresponding to the sample was excised for
mass spectrometry analysis, facilitating the identification of
bound proteins.

Microscale thermophoresis

To commence the experiment, the recombinant USP9X
was diluted to a concentration of 200 nmol-L™" using PBS
with 0.05% Tween-80 as a protein buffer. This solution, total-
ing 98 pL, was then mixed with 2 uL of a specific dye and in-
cubated for 30 min at 25 °C. Following the incubation, the
mixture was centrifuged at 12 000 r'min”' for 10 min to sep-
arate the components, with the supernatant being reserved for
subsequent steps. For the preparation of serial dilutions, 20

®

pL of a 400 pmol-L™" Ng-Ftl solution was added to the first
of 16 PCR tubes. The next 15 tubes were filled with 10 uL
PBS containing 0.05% Tween 80. A meticulous transfer of 10
pL from the first tube to the second was carried out, ensuring
thorough mixing through pipetting. This process was re-
peated sequentially through to the last tube to achieve a dilu-
tion series of Ng-Ftl. Subsequently, 10 pL of the previously
prepared recombinant USP9X protein supernatant was added
to each of the 16 PCR tubes, followed by thorough mixing
through pipetting. After allowing these mixtures to incubate
at room temperature for 30 min, the samples were loaded in-
to standard capillaries for the Monolith NT.115 instrument.
The instrument was then set up by adjusting the red LED
power to 100% and the MST power to 20%. A capillary scan
was performed before starting the measurement. Once the
measurements were completed, data analysis was conducted
using the MO. Analysis software provided by Nanotemper.
This included fitting the thermophoresis data to the Kd mod-
el to calculate the binding affinity (K;) of the interaction. The
specific recombinant proteins and reagents utilized throug-
hout this experimental procedure were detailed in Table S1,
ensuring clear documentation and reproducibility of the
study.
Statistical analysis

Cell assays were conducted with at least three replicates,
while in vivo data comprised at least five separate experi-
ments. All experimental results were presented as the mean +
SEM (standard error of the mean). Statistical analysis was
performed using GraphPad Prism 9 (GraphPad, San Diego,
California). To evaluate the significance between various
datasets, unpaired t-tests or one-way analyses of variance
(ANOVA) were employed. A P-value of 0.05 or higher was
considered not significant, whereas a P-value of 0.05 or
lower was deemed significant.

Results

Ng-Ftl inhibits the growth of CRC cells in vitro

We assessed the cytotoxicity effects of Ng-Ftl on CRC
cell lines CT26, MC38, and HT29 (Fig. 1A-1C). In compar-
ison to 5-FU, which showed ICs, values of 0.171, 0.169, and
0.184 umol-L™", respectively, Ng-Ftl exhibited a less potent
direct cytotoxic effect on CRC cells, with ICs, values of
30.75, 32.87, and 27.59 umol-L™, respectively. Migration as-
says demonstrated that Ng-Ftl significantly reduced the mi-
gratory capabilities of the MC38 and CT26 cell lines (Fig. 1D
and 1F). Furthermore, proliferation assays indicated that Ng-
Ftl markedly suppressed the growth of MC38 cells (Fig. 1E
and 1G). Considering the greater impact of Ng-Ftl on cellu-
lar behaviors beyond mere cytotoxicity, these findings sug-
gest that Ng-Ftl may influence the biological functions of
CRC cells through mechanisms other than direct cytotoxic ef-
fects.
Ng-Ftl significantly inhibits the progression of CRC in vivo

In our study, we treated MC38 subcutaneous tumors in
C57BL/6J mice and CT26 subcutaneous tumors in Balb/c
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mice with Ng-Ftl. Over a period of 24 d, administration of 30
mg-kg™' Ng-Ftl significantly inhibited the growth of MC38
tumors, reducing both tumor volume and weight. This experi-
ment, which included both high (30 mg-kg™") and low (10
mg-kg ") doses of Ng-Ftl, demonstrated that the anti-tumor
efficacy of Ng-Ftl at the higher concentration surpassed that
of the 5-FU positive control group (Fig. 2A—2E). A similar
level of efficacy was observed in the CT26 subcutaneous
model (Fig. 2F-2I). Specifically, the 30 mg-kg' Ng-Ftl
group exhibited a significant tumor-suppressive effect, in
contrast to the minimal impact observed with the 10 mg-kg ™'
dosage. When compared to treatment groups receiving the
first-line chemotherapy drug 5-FU, the 30 mg-kg' Ng-Ftl
group displayed comparable efficacy but induced minimal
weight loss (Fig. 2H), suggesting that a 30 mg-kg™" dosage of
Ng-Ftl may result in fewer adverse reactions than 5-FU. Ad-
ditionally, hematoxylin-eosin staining of the vital organs
from treated mice revealed that Ng-Ftl administration did not
alter the morphology of critical organs such as the liver and
kidneys (Fig. S1).

Ng-Ftl plays an anti-CRC function by enhancing T cell im-
munity

To elucidate the pharmacological mechanism of Ng-Ftl,
we performed RNA sequencing on tumor-bearing tissues
from C57BL/6J mice. This analysis identified a total of 547
genes with differential expression. Among these, the gene en-
coding the chemokine CXCR6 was significantly upregulated
(Fig. 3A). Recent studies have indicated that CXCR6 is se-
lectively expressed on CD8 T cells within tumor tissues "),
and CD8" T cells exhibiting high CXCR6 have demonstrated
enhanced anti-tumor effects. Further investigation of the se-
quencing results through Gene Ontology (GO) and Kyoto En-
cyclopedia of Genes and Genomes (KEGG) enrichment ana-
lyses revealed that most signaling pathways associated with T
cell differentiation, selection, and positive activation—which
promote immune response —were uniformly upregulated in
the Ng-Ftl treatment group (Fig. 3B). IMoreover, the Wnt
signaling pathway was identified as the most significantly
downregulated pathway following Ng-Ftl administration
(Fig. 3C). These findings suggest that Ng-Ftl may exert its
therapeutic effects by augmenting the immune response me-
diated by T cells.

To gain a deeper understanding of the changes in im-
mune cell subsets following Ng-Ft1 administration, we per-
formed single-cell RNA sequencing on tumor-bearing tissues
from C57BL/6] mice. By identifying cluster markers, we
were able to analyze the composition of immune cells, in-
cluding CD4" T cells, CD8" T cells, Dendritic cells, macro-
phages, monocytes, natural killer T cells, and neutrophils
(Fig. 4A). The results showed an increase in CD8" T cell in-
filtration within the tumor tissues after Ng-Ftl treatment,
highlighting Ng-Ftl’s capacity to enhance the activity of
CDS'T cells (Fig. 4B and 4C). This observation underscores
the potential of Ng-Ft1 to boost the immune response against
tumors by specifically promoting CD8" T cell infiltration.

®

To further investigate the impact of Ng-Ftl on immune
regulation, we utilized flow cytometry to examine immune
cell clusters in tumor-bearing tissues of C57BL/6J mice. Our
analysis revealed that, compared to the control group, Ng-Ftl
administration significantly increased the proportion of CD8"
T cells (Fig. 4D and 4E). Within the CD8" T cell population,
Ng-Ftl treatment markedly enhanced the ratio of cells ex-
pressing TNF-a and IFN-y (Figs. 4F and 4G). These findings
indicate that Ng-Ftl primarily augments tumor immunity by
promoting CD8" T cell infiltration within CRC tissue and by
amplifying the tumor-killing capabilities of these cells.
USP9X is a direct target of Ng-Ft1 in CRC cells

In the tumor microenvironment (TME), significant inter-
action and communication occur between the tumor cells and
the immune system >\, To delve deeper into the effects of
Ng-Ft1l on CRC, biotin-labeled Ng-Ft1 was utilized to isolate
interacting proteins from the lysates of the MC38 cell line.
This approach enabled the identification of over 483 poten-
tial Ng-Ft1 binding proteins through mass spectrometry (Fig.
5A). Among these identified proteins, HSD17B4, TUBBS,
and USP9X were highlighted as the top three candidates (Fig.
5B). To determine the most likely drug target among these
three candidates, we consulted the TCGA database to assess
the impact of differential expression of these proteins on the
clinical prognosis of patients. Notably, a strong correlation
was observed between the elevated expression of USP9X and
poor patient prognosis (Fig. 5C). Additionally, the binding in-
teraction between USP9X and Ng-Ft1 was confirmed in vitro
through Microscale Thermophoresis (MST), demonstrating
that Ng-Ft1 specifically binds to USP9X (Fig. 5D). The aftin-
ity constant measured from this interaction suggests that Ng-
Ftl exhibits a strong binding affinity towards USP9X, com-
parable to the level of antigen-antibody interactions.

USP9X is a member of the deubiquitinating enzyme
family, which participates in the deubiquitination of various
proteins and influences different roles across multiple human
tumor types by stabilizing substrates such as f-catenin,
FBXW7, TGF-B receptor 2, and SMAD4 P The experi-
ments conducted have demonstrated that USP9X is a direct
binding target of Ng-Ft1 in CRC cells. Relative to the control
group, transcription levels of USP9X in Ng-Ftl-treated
MC38 tumor tissues were significantly reduced (Fig. SE).
This finding was further corroborated by evaluating the tran-
script levels of USP9X in clinical surgical samples from CRC
patients, where USP9X transcription was notably higher in
CRC tissues compared to adjacent non-tumorous tissues (Fig.
SF). The impact of Ng-Ft1 on USP9X expression was also as-
sessed at the protein level in mouse tumor tissues using west-
ern blotting analysis. Results indicated that USP9X protein
levels were decreased following Ng-Ftl treatment (Fig. 5G).
Additionally, immunohistochemical analysis of MC38 tumor-
bearing tissue from Balb/c mice confirmed that Ng-Ftl treat-
ment significantly reduced the protein levels of USP9X (Fig.
5H).
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Fig.3 Ng-Ftl affects tumor immune-related signaling pathways. Transcriptome sequencing shows the transcriptome changes of
tumor-infiltrating immune cells after treatment. (A) Volcano map of transcriptome sequencing. (B) GO plot from RNA-seq up-
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Ng-Ftl inhibits Wnt pathway activity by disrupting interac- USP9X can preserve Wnt signal transduction by stabilizing /-
tions between USP9X and f-catenin catenin. It achieves this by binding directly to f-catenin and

We further explored the signaling pathways associated preventing its polyubiquitination and subsequent degradati-
with USP9X upregulation in CRC using the TCGA CRC on ™. Our investigations revealed that treatment with Ng-Ft1
database **', finding a strong correlation with the Wnt signal- led to a decrease in fS-catenin protein expression in CT26
ing pathway (Fig. 6A). Previous studies have established that cells, according to western blotting analyses (Fig. 6B). f-
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Fig. 4 Ng-Ftl plays an anti-CRC function by enhancing T cell immunity. Single-cell RNA sequencing and flow cytometry are
used to detect immune cell clusters in C57 mouse tumor-bearing tissues. (A) scRNA-seq UMAP projection of single cells from 6
tumor-bearing tissues. (B, C) Percentage (%) of the different immune clusters (B) and CD8" T cells (C) based on scRNA-seq data.
(D, F) The proportion of tumor-infiltrating CD8" T cells in the Ng-Ft1 group and control group. (E, G) The proportion of TNF-o
and IFN-y expression in tumor-infiltrated CD8" T cells in the Ng-Ft1 group and control group. Data are presented as means *

P

SEM (n=3). "P<0.05; " P<0.001.

catenin, when not degraded, translocates into the nucleus and
binds to the co-transcription factor TCF-1, initiating the tran-
scription of genes such as CD44 and MMP7. This process
contributes to the invasion and migration of tumor cells and
initiates the transcription of C-myc, which promotes an-
giogenesis and regulates the tumor cell cycle and growth ',
Through a co-immunoprecipitation (Co-IP) assay, we ex-

amined the interaction between USP9X and f-catenin, find-
ing that Ng-Ftl treatment disrupts their binding (Fig. 6C).
Immunofluorescence studies on tumor-bearing mouse tissues
also demonstrated the co-localization of USP9X with f-
catenin, an interaction inhibited by Ng-Ftl treatment, sug-
gesting that Ng-Ftl disrupts USP9X’s function in stabilizing
p-catenin (Fig. 6D). To verify whether Ng-Ft1’s interference
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Fig. 5 USP9X is a direct target of Ng-Ftl in CRC cells. (A, B) Biotin-marked Ng-Ft1 pulldown assay shows different protein
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(D) MST detects specific binding of deubiquitylation enzyme USP9X to Ng-Ftl. (E) Total Usp9x transcription levels are evalu-
ated in mouse MC38 tumor tissues. (F) Total Usp9x transcription levels are evaluated in CRC tissues. (G, H) Total USP9X pro-
tein expression levels are evaluated in mouse tumor tissues by Western blotting and immunohistochemistry. Data are presented
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as means £ SEM (n=3). "P<0.01; """ P<0.0001.

with USP9X impacts S-catenin signaling, RT-qPCR was util-
ized to examine the effect of Ng-Ftl on target genes of the
Wnt signaling pathway. We observed that Ng-Ftl treatment
significantly reduced the transcription levels of Mmp7 and
Tcf7 (Fig. 6E). Additionally, western blotting analysis
showed that the protein levels of MMP7 and TCF-1 were also
reduced following Ng-Ftl treatment (Fig. 6F). These find-
ings collectively suggest that Ng-Ft1 binds specifically to
USP9X in CRC cells, removes USP9X’s protection of /-
catenin, and subsequently inhibits downstream regulators of
the Wnt signaling pathway (Fig. 7).

Discussion

Expanding treatment options for CRC is essential to en-
hance patient outcomes. A critical strategy toward this goal
involves the exploration of effective natural compounds. Ng-
Ftl, derived from Panax notoginseng, has traditionally been
used in herbal concoctions to promote blood circulation and

®

alleviate blood stasis in the treatment of surgical conditions.
To date, pharmacological studies on the effects of Ng-Ftl on
CRC have been lacking. Our research marks the first demon-
stration of Ng-Ftl’s therapeutic benefits in a CRC mouse
model. As a small molecule originating from the natural
product (NP) Panax notoginseng, Ng-Ft1 has shown superior
efficacy compared to 5-FU in treating mouse CRC, with the
added advantage of reduced adverse effects. This highlights
Ng-Ft1’s potential for further development as a chemothera-
peutic agent. RNA-seq analysis of the MC38 subcutaneous
tumor model treated with Ng-Ft1 revealed a significant dis-
ruption of the Wnt/f-catenin signaling pathway, suggesting
that the inhibition of this pathway may underlie Ng-Ftl’s
mechanism of action against CRC. The Wnt/f-catenin path-
way has been recognized as a viable target for the pharmaco-
therapy of various tumors **. However, the pursuit of target-
ing this pathway in clinical trials has underscored the neces-
sity of addressing the associated risks of side effects and off-
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Fig. 6 Ng-Ftl inhibits Wnt pathway activity by disrupting interactions between USP9X and f-catenin. (A) Signaling pathways
correlated with USP9X upregulation in the TCGA CRC database. (B) The protein levels of USP9X and f-catenin are detected in
CT26 cells. (C) Co-immunoprecipitation assay in total protein in CT26 cell line. (D) Co-localization of USP9X with f-catenin in
MC38 tumor-bearing mouse tissues by immunofluorescence. (E) RT-qPCR shows mRNA level changes of Wnt pathway target
genes Tcf7 and Mmp?7. (F) The protein levels of MMP7 and TCF1 are inhibited by Ng-Ft1 treatment. Data are presented as
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Fig. 7 Summary Chart. Ng-Ftl specifically binds to USP9X in CRC cells, removes the protection of USP9X against f-catenin,
and inhibits the transcriptional activity of downstream target genes of the Wnt signaling pathway. Created with BioRender.com.

target impacts. The development of more refined small-mo-
lecule inhibitors remains a research priority *”**. Ng-Ft1, as

®

a targeted Wnt inhibitor, markedly facilitates the degradation
of f-catenin and reduces the expression of genes downstream
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of the Wnt signaling pathway. Its efficacy indicates substan-
tial promise for the targeted treatment of Wnt-associated tu-
mors.

In our study, USP9X has been pinpointed as a direct tar-
get of Ng-Ftl, a protein known to be significantly involved in
the progression of various cancers and in regulating tumor
cell migration and cell function®**. The exact impact of Ng-
Ftl on immune cells and its broader pharmacological mech-
anisms require further exploration. While USP9X is extens-
ively expressed across normal and tumor tissues and Ng-Ft1’s
targeting of USP9X notably interferes with S-catenin, it is
premature to conclude that this is the sole pharmacological
mechanism behind Ng-Ft1’s tumor-killing effects. Addition-
al experiments, such as siRNA silencing, are necessary to
confirm Ng-Ft1’s dependency of Ng-Ftl on USP9X. Al-
though the anti-tumor mechanism of Ng-Ft1 has been demon-
strated at both the transcriptional and translational levels, fur-
ther research is essential to fully elucidate the significance of
targeting USP9X with Ng-Ftl. Co-immunoprecipitation res-
ults indicating that Ng-Ftl inhibits the Wnt signaling path-
way by targeting USP9X and reducing its binding to f-caten-
in further support the mechanism by which Ng-Ftl inhibits
CRC cell growth.

The Wnt/f-catenin signaling pathway has recently been
recognized for its significant role in modulating immune cell
infiltration within the TME ], thus affecting the response to
immunotherapy. The inhibition of this pathway has been as-
sociated with an increased proportion of CD8™ T cells and the
initiation of invasion, potentially leading to more effective
immune checkpoint suppression strategies ™. USP9X, a cru-
cial player in T cell development, significantly influences
CD8" T cell functionality . Moreover, PD-L1, a key mo-
lecule involved in immune evasion by tumors, is among the
substrates deubiquitinated and thus stabilized by USP9X, fa-
cilitating tumor growth in conditions like oral squamous car-
cinoma ™. Given these insights, it is plausible to suggest that
Ng-Ftl could improve the efficacy of immunotherapy. By en-
hancing CD8" T cell cytotoxicity, Ng-Ftl may increase the
response rates to immunotherapy treatments.

Supplementary Materials

Supplementary data to this article can be obtained by
sending an E-mail to the corresponding authors.
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