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Abstract

BACKGROUND

Necroptosis has emerged as a novel molecular pathway that can be targeted by
chemotherapy agents in the treatment of cancer. OSW-1, which is derived from
the bulbs of Ornithogalum saundersiae Baker, exerts a wide range of pharmaco-
logical effects.

AIM
To explore whether OSW-1 can induce necroptosis in colorectal cancer (CRC)
cells, thereby expanding its range of clinical applications.

METHODS

We performed a sequence of functional experiments, including Cell Counting Kit-
8 assays and flow cytometry analysis, to assess the inhibitory effect of OSW-1 on
CRC cells. We utilized quantitative proteomics, employing tandem mass tag label-
ing combined with liquid chromatography-tandem mass spectrometry, to analyze
changes in protein expression. Subsequent bioinformatic analysis was conducted
to elucidate the biological processes associated with the identified proteins.
Transmission electron microscopy (TEM) and immunofluorescence studies were
also performed to examine the effects of OSW-1 on necroptosis. Finally, western
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blotting, siRNA experiments, and immunoprecipitation were employed to evaluate protein interactions within
CRC cells.

RESULTS

The results revealed that OSW-1 exerted a strong inhibitory effect on CRC cells, and this effect was accompanied by
a necroptosis-like morphology that was observable via TEM. OSW-1 was shown to trigger necroptosis via activation
of the RIPK1/RIPK3/MLKL pathway. Furthermore, the accumulation of p62/SQSTM1 was shown to mediate
OSW-1-induced necroptosis through its interaction with RIPKI.

CONCLUSION

We propose that OSW-1 can induce necroptosis through the RIPK1/RIPK3/MLKL signaling pathway, and that this
effect is mediated by the RIPK1-p62/SQSTM1 complex, in CRC cells. These results provide a theoretical foundation
for the use of OSW-1 in the clinical treatment of CRC.

Key Words: OSW-1; Necroptosis; RIPK1; P62/SQSTM1; Colorectal cancer
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Core Tip: Colorectal cancer (CRC) is a significant health concern worldwide, and it has severe impacts on human lives.
Identifying effective drugs for CRC treatment is very important. OSW-1, which is derived from the bulbs of Ornithogalum
saundersiae, exhibits potent antitumor properties. This study confirmed the inhibitory effect of OSW-1 on CRC through
both in vitro and in vivo experiments. Furthermore, tandem mass tag proteomic analysis was employed to predict differen-
tially expressed proteins and potential underlying mechanisms. Our findings suggest that OSW-1 induces necroptosis via the
RIPK1/RIPK3/MLKL signaling pathway, and this effect is mediated by the RIPK1-p62/SQSTM1 complex. These results
provide a theoretical foundation for the use of OSW-1 in the clinical treatment of CRC.
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INTRODUCTION

Colorectal cancer (CRC) is the most common type of gastrointestinal tumor, ranking third in incidence among gastr-
ointestinal tumors and posing a significant threat to human health[1]. Globally, CRC was responsible for approximately
9.7% of cancer cases and 8.5% of cancer-related deaths in 2012[2]. While chemotherapy drugs, such as oxaliplatin,
irinotecan, and fluorouracil, have demonstrated effectiveness, a growing body of evidence indicates that many treatments
are not satisfactorily effect in treating CRC due to issues related to toxicity and drug resistance[3-5].

Ornithogalum saundersiae Baker, which belongs to the Asparagaceae family, is a perennial plant that is native to South
Africa and was introduced to China as an ornamental plant. OSW-1 [38,168,17a-trihydroxycholest-5-en-22-one-16-O-(2-O-
4-methoxybenzoyl-B-D-xylopyranosyl)-(1—3)-(2-O-acetyl-a-L-arabinopyranoside)] (Figure 1A), which is extracted from
the bulbs of Ornithogalum saundersiae, has been suggested to exert selective toxic effects against cancer cells. The
anticancer properties of OSW-1 have been confirmed in diverse types of cancer, including triple-negative breast cancer,
hepatocellular carcinomas, and lung cancer[6-9].

The application of quantitative proteomics to investigations of OSW-1-treated CRC cells provides a valuable approach
for revealing clinically significant underlying mechanisms. Programmed cell death (PCD) includes various processes,
such as necroptosis, apoptosis, pyroptosis, ferroptosis, and autophagy, and it has been shown to be a critical regulator of
tissue development and to have significant implications for clinical outcomes. While much research has explored the
mechanisms underlying apoptosis in cancer, the role of necroptosis in the progression of cancer has received less
attention[10,11]. Necroptosis, which is a type of regulated cell death, is triggered by diverse stimuli, including pathogen
recognition receptors, cell death receptor ligands, viral RNA sensors, DNA damage, and hypoxia sensors. The culmi-
nation of these stimuli results in the formation of a supramolecular complex known as the necrosome[12]. In response to
the formation of the necrosome, RIPK1 and its substrate RIPK3, along with the downstream necroptosis executor MLKL,
are activated[13]. Recent evidence has shown that chemotherapy drugs and natural products can induce necroptosis[14-
17] However, whether OSW-1 induces necroptosis in tumor cells to exert anticancer effects remains unclear.

This research aimed to investigate the effect of OSW-1 on CRC cells and elucidate the mechanisms underlying
necroptosis. We also conducted a tandem mass tag (TMT) proteomic analysis to predict differentially expressed proteins
and possible underlying mechanisms. Our findings demonstrated that OSW-1 can indeed induce necroptosis in CRC
cells. Furthermore, necroptosis triggered by OSW-1 is closely regulated by p62/SQSTM1, which is a critical regulatory
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Figure 1 OSW-1 suppressed HT29 and HCT116 cell survival. A: Chemical structure of OSW-1; B: Cell counting kit-8 assay was used to access the viability
of HT29 and HCT116 cells treated with different concentrations of OSW-1 for 24 h; C: Lactate dehydrogenase release assays were used to assess the cell death rate
of HT29 and HCT116 cells treated with different concentrations of OSW-1 for 24 h; D: A colony formation assay was used to evaluate the clonogenic survival of HT29
and HCT116 cells following treatment with OSW-1; E: Flow cytometry with Annexin V-FITC/propidium iodide double staining was used to assess the percentage of
apoptotic and necrotic HT29 and HCT116 cells after OSW-1 treatment; F: JC-1 staining was used to assess mitochondrial function in HT29 and HCT116 cells after
OSW-1 treatment. bP < 0.01 vs Control, cP < 0.05 vs OSW-1 (1 pM). Each data point represents the mean + SE. LDH: Lactate dehydrogenase; PI: Propidium iodide.

molecule in autophagy. These findings provide novel insights into the molecular mechanisms underlying necroptosis,
identifying OSW-1 as a potential therapeutic drug that should be further explored.

MATERIALS AND METHODS

Cell lines and cell culture

The human HT29 (iCell-h078) and HCT116 (Procell CL-0096) CRC cell lines were obtained from iCell Bioscience
(Shanghai, China) and Procell Life Science & Technology Corporation (Wuhan, China). The cells were cultured in DMEM
(Gibco BRL, Invitrogen, Carlsbad, CA, United States) and McCoy’s 5A medium (Gibco BRL, Invitrogen, Carlsbad, CA,
United States), both supplemented with 10% fetal bovine serum (Newzerum, Christchurch, New Zealand) and 1%
streptomycin and penicillin (Sigma, United States).

OSW-1 and reagents

OSW-1 (C47H68015, purity = 98%) was obtained from GlpBio Technology Company (Montclair, CA, United States).
OSW-1 was dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, United States) to generate a stock
solution and stored at -20 °C. To achieve the desired concentrations, OSW-1 was diluted in cell culture medium, ensuring
that the DMSO concentration remained below 0.1% to minimize potential adverse effects.

Cell proliferation assay

Cells (8.0 x 10°/well) were seeded in 96-well plates and treated with various concentrations of OSW-1 for 24 h. A Cell
Counting Kit-8 (CCK-8) assay was used to assess cell proliferation. The absorbance was measured at 450 nm with a
microplate reader (Thermo Fisher Scientific, MA, United States). Data analysis was conducted utilizing GraphPad Prism
9.0 software. (GraphPad Software, La Jolla, CA, United States). Each sample was analyzed in triplicate.

Flow cytometry assay

An Annexin V-FITC/Propidium iodide (PI) apoptosis detection kit (Elabscience Biotechnology, Wuhan, China) was used
to detect cell apoptosis. After treating cells with OSW-1 for 24 h, the cells were digested to generate single-cell
suspensions, which were stained according to the kit instructions. The experiment was replicated three times for each
measurement.

Mitochondrial membrane potential assay

Cells were seeded in a six-well plate and washed with PBS (Procell, Wuhan, China) after OSW-1 treatment for 24 h. JC-1
working solution (Elabscience Biotechnology, Wuhan, China) was added to the cells, which were then incubated at 37 °C
for 30 minutes and washed with PBS. Each sample was analyzed in triplicate.
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Table 1 Quantitative real-time-PCR primer sequences

Primer Sequences (5-3’)

p62-F 5-CTGGGACTGAGAAGGCTCAC-3'
p62-R 5-GCAGCTGATGGTTTGGAAAT-3'
LC3-F 5-AGCAGCATCCAACCAAAATC -3'
LC3-R 5-CTGTGTCCGTTCACCAACAG -3'
RIPK1-F 5-GGGAAGGTGTCTCTGTGTTTC-3'
RIPK1-R 5-CCTCGTTGTGCTCAATGCAG-3'
B-actin-F 5'-AGTTGCGTTACACCCTTTCTTG-3'
B-actin-R 5-GCTGTCACCTTCACCGTTCC-3'

Hoechst 33342/PI staining assay
Cells were seeded in a six-well plate and washed with PBS after OSW-1 treatment for 24 h. Hoechst 33342/PI working
solution was added, and the samples were incubated for 20 min in the dark. Each sample was analyzed in triplicate.

Lactate dehydrogenase release assay

Lactate dehydrogenase (LDH) assay kit was used to measure LDH release and determine LDH activity (Beyotime
Biotechnology, Shanghai, China). After treatment with OSW-1 for 24 h, 200 uL of LDH working solution was added to the
cells and incubated for 30 min at room temperature according to the manufacturer's instructions. The absorbance at was
measured 450 nm with a microplate reader. Each sample was analyzed in triplicate.

Proteomic analysis

To assess changes in protein levels, a 6-plex TMT proteomic assay was employed. The proteomic experiments included
two groups: The control group (treated with DMSO) and the OSW-1 treatment group. CRC cells were exposed to 1 pM
OSW-1 for 24 h, and each group included three independent samples. Sangon Biotech (Shanghai, China) conducted the
proteomic profiling, including enzymatic hydrolysis, labeling, mass spectrometry, and bioinformatics analysis, which
included Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses.

Cell morphology observation
Cells (5.0 x 10°/well) were seeded in a six-well plate. The cells were exposed to OSW-1 for 24 h and then observed and
photographed by optical microscopy (Nikon, Tokyo, Japan) to determine cell morphology.

Transmission electron microscopy images

CRC cells were plated on a sterile cover glass within a Petri dish. After treatment with OSW-1 for 24 h, the slides were
gently washed with PBS, followed by incubation with an electron microscopy fixative (Servicebio, Wuhan, China) in the
Petri dish. After the samples were fixed for 2 h at room temperature, the Petri dishes were transferred to 4 °C for storage.
Specimens were affixed to cuprum grids, dehydrated with ethanol, and incubated with 2.6% lead citrate, after which
exposure to CO, was avoided for 8 min. Following desiccation with filter paper, the copper grids were placed on the grid
board and allowed to air-dry overnight. Subsequently, the cell morphology of the samples was examined using
transmission electron microscopy (TEM; HITACHI, Tokyo, Japan).

Quantitative real-time PCR and RNA interference

CRC cells were exposed to OSW-1 for 24 h, and PCR was carried out using an ABI 7500 PCR instrument and the SYBR
Green Premix Pro Taq HS quantitative real-time PCR Kit (TaKaRa Biotechnology, Beijing, China). Relative mRNA
expression levels were determined by normalization to the mRNA expression level of B-actin using the 2-4“* method
(Table 1). The experiments were performed in triplicate. Downregulation of p62/SQSTM1 in CRC cells was achieved
using the following siRNA duplex from GenePharma: CAUCCAGUAUUCAAAGCAUTT and AUGCUUUGAAUACUG-
GAUGTT. Cells were transfected using the GP-transfect-Mate Kit (Genepharma Company, Suzhou, China).

Western blotting

After being treated with OSW-1 for 24 h, proteins were extracted from total cellular lysates using RIPA buffer
(Proteintech, Wuhan, China), and the protein contents were quantified with a BCA protein assay kit (Elabscience, Wuhan,
China). The protein samples were electrophoresed on a 10% SDS-PAGE gel (Severbio, Beijing, China) and electrotrans-
ferred to PVDF membranes (Millipore, MA, United States). The membranes were blocked at room temperature for 30 min
and subsequently incubated with primary antibodies at 4 °C overnight. Then, secondary antibodies were added, and the
immunoreactive bands were observed using enhanced chemiluminescence. The western blot bands were evaluated using
Image]J software.
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Coimmunoprecipitation

According to the manufacturer's instructions, IP was performed with protein G magnetic beads after cells had been
treated with OSW-1 for 24 h. After cells were lysed in RIPA bulffer, the proteins were collected from the supernatants and
incubated at 4 °C overnight with anti-RIPK1 (5 mg). To prepare a complex between the antibody and antigen, a mixture
of protein G magnetic beads (60 pL) was added, and the mixture was incubated. The immunomagnetic bead-antibody-
antigen complex was separated using a magnetic separator. After three washes of the beads with PBS, Western blotting
was used to detect endogenous interactions between the specific antibody and other proteins.

Immunofiuorescence assay

Cells were cultured in confocal dishes (BIOFIL, Guangzhou, China) and stimulated with OSW-1 for 24 h. Subsequently,
the cells were fixed with 4% paraformaldehyde for 30 min at room temperature. A permeabilization buffer of 0.5% Triton-
X 100 was used, followed by blocking with a solution containing PBS, 5% goat serum, and 0.5% Triton-X 100 at room
temperature for 30 min. Primary antibodies, including anti-RIPK1 and anti-p62 antibodies, were diluted in a primary
antibody diluent (5% goat serum), added and incubated overnight at 4 °C. After washing with PBS, secondary antibodies
(goat anti-rabbit Cy3 and goat anti-mouse FITC) were added, and the samples were incubated for 1 h at room
temperature. Then, the samples were subjected to three consecutive washes with PBS. Finally, the nuclei were stained
with DAPI. Observations were conducted at 40 x magnification with a 0.75 x zoom lens (Leica, Germany). Spectral
Borealis lasers (green, 488 nm; red, 561 nm; blue, 405 nm) were used for excitation. A series of images were acquired with
Leica SP8 software.

Autophagic flux analysis

Images were captured to analyze the cellular autophagic flux using a confocal laser scanning microscope (Leica,
Germany). For quantitative assessment of fluorescence intensity, Image] software was used to measure the integral
optical density.

Xenograft tumor animal models

Four-week-old BALB/c-nude male mice were obtained from the Model Animal Research Institute of Dalian Medical
University. A subcutaneous tumor model was established by injecting HT29 cells under the skin of each nude mouse.
When the tumor volume reached 50 mm?, the nude mice were randomly divided into three groups: (1) The control group
(treated with DMSO), (2) the low-dose OSW-1 group (0.01 pg/kg daily), and (3) the high-dose OSW-1 group (1 pg/kg
daily). Tumor growth was monitored twice a week by measurements taken with a digital caliper. For further analysis, the
mice were sacrificed humanely at 14 d, and the tumors were isolated. Tumor volumes were calculated with the following
formula: V (mm?®) = L (mm) x W2 (mm?) x 0.5. All the animal procedures and protocols were approved by the Committee
on the Ethics of Animal Experiments of Dalian Medical University, No. AEE22108.

Immunohistochemistry

The paraffin sections were dewaxed using prewarmed xylene and dehydrated with an alcohol gradient. An appropriate
amount of peroxidase blocking agent (Zsbio, Beijing, China) was added, followed by incubation at room temperature for
10 min. Subsequently, primary antibodies (Proteintech, Wuhan, China) were applied, and the samples were incubated
overnight at 4 °C in a refrigerator. After overnight storage, a secondary antibody was added. The sections were then
subjected to DAB staining and restained with hematoxylin. Finally, the slides were examined under a microscope.

Statistical analysis
All the graphs were generated using GraphPad Prism v.9 software. The data are presented as the mean * SD and were

analyzed using SPSS 23.0 software. One-way analysis of variance was used for data analysis, with statistical significance
setat P < 0.05.

RESULTS

OSW-1 inhibited the proliferation of CRC cells

To investigate the ability of OSW-1 to suppress cell survival, we conducted a CCK-8 assay to assess the viability of CRC
cells treated with different concentrations of OSW-1 for 24 h. The cytotoxicity results from the CCK-8 assay revealed a
dose-dependent effect of OSW-1 on the viability of CRC cells, as shown in Figure 1B. Notably, there was a significant
decrease in cell viability in the treated group compared to the control group. Furthermore, to determine the cell death
rates, LDH release assays were conducted (Figure 1C). The results indicated a noticeable increase in LDH release with
increasing OSW-1 concentration. OSW-1 (1 pM) significantly inhibited CRC cell survival, which was consistent with the
CCK-8 results. Therefore, 1 pM OSW-1 was used as the concentration for the subsequent studies.

Moreover, a colony formation assay was performed to assess the effect of OSW-1 on colony formation ability, and the
results revealed the significant inhibition of CRC cell colony formation (Figure 1D). As shown in Figure 1E, dual-
fluorescence staining with Annexin V-FITC/PI demonstrated that CRC cells treated with OSW-1 underwent necrosis, as
indicated by a notable increase in the percentage of necrotic and late apoptotic cells. To further investigate the potential
mechanism underlying necrosis, the membrane-permeable fluorescent probe JC-1 was utilized. Under normal conditions,
JC-1 aggregates in healthy cells. However, necroptosis can disrupt the mitochondrial membrane potential (Aym), leading
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to the conversion of JC-1 aggregates (red) into monomers (green). We found that OSW-1 is a potent inducer of necroptosis

that can cause JC-1 fluorescence to shift from red to green in CRC cells, which is indicative of a decrease in the Aym
(Figure 1F).

Proteomic analysis of the mechanism underlying the antitumor effects of OSW-1

Our proteomic analysis revealed distinct patterns of protein expression between the OSW-1 treatment group and the
control group (Figure 2A). After applying the criteria of a fold change > 1.2 and a significance level of P < 0.05 for
filtering, our analysis identified 312 differentially expressed proteins in the OSW-1 treatment group. Among these, 143
were associated with the cell membrane, 114 with the endomembrane system, 83 with the cell periphery, 63 with the
extracellular region, and 55 with the intrinsic component of the membrane (Figure 2B). A volcano plot was constructed,
which shows 186 proteins with decreased expression and 126 proteins with increased expression in the OSW-1 treatment
group (Figure 2C). To comprehensively understand the functional roles of proteins that were affected by OSW-1, we
conducted enrichment analyses of GO terms, KEGG pathways, and protein domains. Our GO enrichment analysis
(Figure 2D) revealed that the proteins that were affected by OSW-1 were predominantly associated with biological
processes related to cell communication. Additionally, regarding cellular components, these proteins were enriched
mainly in the cell membrane. Additionally, our analyses of KEGG pathway enrichment revealed that OSW-1 induced
significant changes in the expression of proteins related to the necroptosis pathway (Figure 2E). Collectively, these
findings suggest that OSW-1 may attenuate CRC development by modulating signaling pathways related to necroptosis.

OSW-1 triggers necroptosis in cultured CRC cells
Subsequently, we observed morphological changes in CRC cells following exposure to OSW-1 under an optical micro-
scope (Figure 3A). After OSW-1 exposure, CRC cells exhibited a discernible change in their original morphology,
displaying signs of swelling and disruption, which were indicative of classic necrosis. As shown in Figure 3B, TEM
images revealed typical necroptotic morphological changes in CRC cells after treatment with OSW-1. These changes
included the appearance of swollen cells, irregular nuclear chromatin, membrane rupture, and cytoplasmic extravasation.
Since RIPK1, RIPK3, and MLKL are important markers of necroptosis, our investigation examined the protein levels of
these three necroptosis-associated molecules in OSW-1-treated CRC cells by western blotting analysis. As shown in
Figure 3C, phosphorylated RIPK1, which serves as a marker of RIPK1 activation, was clearly increased in CRC cells
following OSW-1 treatment. Additionally, in addition to phosphorylating RIPK3, which is the binding partner of RIPK1,
OSW-1 also increased the phosphorylation of RIPK3 in CRC cells. Furthermore, OSW-1 equally enhanced the phosph-
orylation of MLKL, which is the downstream necroptosis executor in CRC cells. To further characterize necroptosis, we
performed a Hoechst 33342/ PI double staining assay. The results (Figure 3D) demonstrated a noticeable increase in the
proportion of dead cells after OSW-1 treatment. These data strongly suggested that necroptosis is triggered by OSW-1 in
CRC cells.

OSW-1 induced necroptosis in CRC cells through the RIPK1/RIPK3/MLKL pathway

In this study, we focused on determining whether OSW-1-induced necroptosis requires the RIPK1/RIPK3/MLKL
pathway, which is to be a critical pathway in necroptosis. The initial small-molecule inhibitor of RIPK1, necrostatin-1
(Nec-1), was shown to trigger necroptosis in cells. Since RIPK1 serves as a critical mediator of necroptosis, Nec-1 has been
widely used to analyze this cellular process. To investigate the potential molecular mechanism underlying OSW-1-
mediated necroptosis, we evaluated the impact of various Nec-1 concentrations on cell viability in cell culture
experiments. The results revealed a noticeable increase in cell viability with increasing Nec-1 concentration (Figure 4A).
Treatment with 10 pM Nec-1 significantly enhanced the survival of CRC cells, so this concentration was chosen for
subsequent experiments.

To further explore the possible signaling pathways related to necroptosis, we investigated RIPK1, RIPK3, and MLKL in
CRC cells treated with OSW-1 and Nec-1 via western blotting analysis. In combination with OSW-1, Nec-1 significantly
inhibited both RIPK3 activation and MLKL activation as well as the subsequent necroptosis induced by OSW-1
(Figure 4B). Moreover, there was a distinct shift from JC-1 fluorescence from red to green when the cells were exposed to
OSW-1. However, in combination with Nec-1, the intensity of green fluorescence significantly decreased (Figure 4C). In
addition, Hoechst 33342/ PI staining demonstrated a notable increase in the proportion of live cells after treatment with
both OSW-1 and Nec-1 (Figure 4D). Moreover, the LDH release assay revealed a significant decrease in LDH release after
treatment with both OSW-1 and Nec-1 (Figure 4E).

Based on our data, OSW-1 induces necroptosis in a manner that requires the activation of the RIPK1/RIPK3/MLKL
pathway.

Impairment of the autophagic flux results in the accumulation of p62/SQSTM1, which facilitates OSW-1-induced

necroptosis through its interaction with RIPK1

Based on the findings from the proteomic analysis, we focused on a notable protein, p62/SQSTM1, which is to be
involved in the autophagic flux. According to previous studies, p62/SQSTM1 directly interacts with RIPK1. The region
that is responsible for the binding of p62/SQSTM1 to RIPK1 is the ZZ structural domain (amino acids 122-167). We
hypothesized that p62/SQSTM1 might function as a signaling platform and be involved in OSW-1-induced RIPK1-
dependent necroptosis in CRC cells. Our primary objective was to test this hypothesis by assessing the protein expression
of p62/SQSTM1 in CRC cells. Strikingly, the results showed significant upregulation of p62/SQSTM1 expression in the
OSW-1 treatment group compared to the control group (Figure 5A). Our findings indicate that exposure of CRC cells to
OSW-1 Leads to the accumulation of the p62/SQSTM1 proteins, which is generally associated with impaired autophagic
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Figure 2 Quantitative proteomic analysis was also conducted on control and OSW-1-treated colorectal cancer cells, and bioinformatic
analyses were subsequently performed on the differentially expressed proteins. A: Schematic diagram outlining the process of proteomic analysis in
this study; B: Subcellular localization of proteins that were altered by OSW-1; C: Volcano plot showing OSW-1-induced changes in proteins; red dots indicate
increased proteins, and blue dots indicate decreased proteins; D: The top 20 enriched gene ontology (GO) terms were identified using Fisher's exact test for the
biological process, molecular function, and cellular component categories. The vertical axis shows the GO terms in each category, while the horizontal axis shows the
protein number for each item. The numbers beside the bars indicate enrichment factors, indicating the significance and reliability of the proteins enriched in each item;
E: Enriched Kyoto Encyclopedia of Genes and Genomes pathways associated with the differentially expressed proteins, with the numbers beside the bars
representing the P value calculated using Fisher's exact test.

degradation of p62/SQSTM1-bound substrates. We suspected that the upregulation of p62/SQSTM1 during OSW-1-
induced necroptosis might be a result of impairment of the autophagic flux. Therefore, we assessed the protein levels of
LC3-II, a crucial indicator of autophagy. These findings suggested that the level of LC3-II was increased after OSW-1
treatment in comparison to that in the control group (Figure 5A).

Additionally, the mRNA levels of p62/SQSTM1 and LC3 were elevated in CRC cells treated with OSW-1 (Figure 5B).
These results suggested a connection between the aggregation of p62/SQSTM1 and the inhibition of autophagy-driven
protein degradation. To verify this concept, we employed recombinant adenoviral vectors encoding GFP and mCherry-
tagged LC3 (Ad-GFP & mCherry-LC3) to assess the autophagic flux. As shown in Figure 5C, OSW-1 progressively
decreased the number of red dots (mCherry puncta lacking GFP fluorescence, indicative of autolysosomes) while
increasing the number of yellow dots (overlapping mCherry with GFP fluorescence puncta, indicative of autopha-
gosomes). These findings suggest that OSW-1 can impair the autophagic flux, contributing to the accumulation of p62/
SQSTM1.

To explore the regulatory effects of p62/SQSTM1 on the RIPK1-related pathway, we conducted coimmunoprecip-
itation and immunofluorescence colocalization experiments. As shown in Figure 5D, the coimmunoprecipitation
experiment further confirmed that OSW-1 promotes the interaction between RIPK1 and p62/SQSTM1, demonstrating the
formation of a complex between p62/SQSTM1 and RIPK1. Moreover, immunocytochemical staining for p62/SQSTM1
(green) and RIPK1 (red) and analysis by confocal fluorescence microscopy revealed notable colocalization (yellow) of
p62/SQSTM1 and RIPK1 compared to that in the control group. Following Nec-1 treatment, we observed a significant
reduction in the colocalization of p62/SQSTM1 and RIPK1 compared to that in the OSW-1 group (Figure 5E).

To assess the role of p62/SQSTM1 in necroptosis, p62/SQSTM1 siRNA was transduced into CRC cells to reverse the
effect of p62/SQSTM1 overexpression on necroptosis. When CRC cells that were transiently transfected with the control
construct were exposed to OSW-1, they exhibited a reduction in p62/SQSTM1 expression (Figure 6A). Additionally,
silencing p62/SQSTM1 Led to decreased levels of RIPK1 in CRC cells treated with OSW-1 (Figure 6A). Notably, RIPK1
expression was significantly decreased after specific siRNA-mediated knockdown of p62/SQSTM1 in CRC cells,
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necroptosis were identified in HT29 and HCT116 cells treated with OSW-1 through TEM (3000 x magnification); C: The expression levels of proteins associated with
necroptosis in HT29 and HCT116 cells following 24 h of exposure to OSW-1; D: A Hoechst 33342/propidium iodide dual staining assay was used to assess the rate
of necroptosis in HT29 and HCT116 cells following treatment with OSW-1. Scale bar = 50 um. 2P < 0.05 and °P < 0.01 vs Control. Each data point represents the
mean = SE. PI: Propidium iodide.

suggesting that p62/SQSTM1 protects RIPK1 from degradation. To further elucidate the role of p62/SQSTM1 in OSW-1-
induced necroptosis, western blotting experiments were conducted on CRC cells. The results indicated that the
expression of phosphorylated RIPK1, phosphorylated RIPK3, and MLKL was decreased upon the silencing of p62/
SQSTM1 (Figure 6B). Furthermore, Hoechst 33342/ P1 staining showed a notable increase in the proportion of live cells,
indicating the restoration of necroptosis in p62/SQSTM1 siRNA-transfected cells (Figure 6C). These findings highlight
the crucial role of p62/SQSTM1 in OSW-1-induced necroptosis in CRC cells.

In summary, our results demonstrated that impairment of the autophagic flux leads to the accumulation of p62/
SQSTM1, which increases necroptosis in OSW-1-treated CRC cells via interaction with RIPK1 and phosphorylation of
RIPK1/RIPK3/MLKL pathway-related proteins.

Inhibition of CRC cell proliferation is associated with OSW-1-induced necroptosis in vivo

To assess the antitumor effects of OSW-1 on CRC in vivo, we established a mouse xenograft model. Following the
development of palpable tumors, the mice were administered OSW-1 at doses of 0.01 pg/kg and 1 pg/kg for 14 d
(Figure 7A). As expected, OSW-1 significantly suppressed the growth of tumors (Figure 7B). The tumor volumes in mice
treated with OSW-1 were consistently smaller than those in control mice, with the high-dose group (1 pg/kg) displaying
notably reduced tumor sizes compared to those in the low-dose group (0.01 pg/kg; Figure 7C). Moreover, the tumor
weight exhibited a similar trend (Figure 7C). Furthermore, the influence of OSW-1 on CRC was assessed through
immunohistochemistry (IHC). Compared with those in the control group, the expression levels of the necroptosis-related
proteins p-RIPK1 and p-MLKL increased with increasing OSW-1 concentration (Figure 7D). These findings were
consistent with the results of the in vitro experiments. Furthermore, the qRT-PCR results revealed a concentration-
dependent increase in the expression of RIPK1 and MLKL in response to OSW-1 treatment (Figure 7E), which was
consistent with the IHC results. In summary, our results suggest that OSW-1 suppresses tumor growth in a mouse
xenograft model by activating the necroptosis pathway.

DISCUSSION

CRC is a heterogeneous malignant tumor that poses a significant threat to human survival[18-20]. Its pathogenic factors
are complex and include gene mutation, age, family history, obesity, and physical inactivity[21,22]. With better
understanding of CRC, the spectrum of treatment options has expanded, including endoscopic and surgical excision,
radiotherapy, immunotherapy, and targeted therapy[23-25]. These treatments have led to a substantial reduction in
cancer progression and an increased survival rate. However, despite these advancements, CRC remains the second most
common cause of cancer-related death worldwide, primarily due to challenges encountered in clinical trials, such as
resistance to radiotherapy and chemotherapy that aim to induce apoptosis[26,27]. To develop a novel strategy for
preventing CRC progression, exploring alternative mechanisms of cell death in CRC by integrating high-throughput
proteomics with conventional molecular techniques is imperative.

The natural product OSW-1, which is derived from plants, can selectively kill cancer cells[28]. In recent years, OSW-1
has attracted considerable attention due to its potent and selective cytotoxic effects against various types of cancer cell
lines, suggesting a potentially novel mechanism of action. In the early stages of research, ovarian granulosa cell prolif-
eration and the expression of the steroidal enzyme were thought to be inhibited by OSW-1[29]. In a previous study, OSW-
1 was shown to exert cytotoxic effects against diverse cancer cells, including leukemia cells, and higher toxicity was
observed against malignant cells than against normal cells[30]. However, the specific mechanism underlying the action of
OSW-1 has not been elucidated. Our study revealed that OSW-1 effectively inhibited proliferation and suppressed
survival in CRC cells.

Quantitative proteomic methods are widely utilized due to their ability to reveal the dynamics of protein expression
and interactions on a global scale. This approach significantly contributes to comprehending gene functions and cellular
processes. In this study, we employed a proteomic approach to identify proteins whose expression was altered in
response to OSW-1 treatment. A total of 312 proteins exhibited differential expression. Considering the substantial
number of differentially expressed proteins and the high enrichment factor, we focused our attention on the necroptosis
pathway for further mechanistic exploration.

In recent years, necroptosis, which is a novel form of PCD, has emerged as an essential form of cell death that
contributes to various diseases, and its role in tumors has received particular attention. Moreover, a large amount of
evidence has shown that necroptosis can impact tumor development, rendering necroptosis as an important area of
interest in cancer treatment[31-34]. Notably, the relationship between necroptosis and gastric cancer has been established
[35]. Moreover, RIPK1, which is a pivotal signaling node in necroptosis, has been shown to cooperate with TRAF2 to
suppress murine and human hepatocarcinogenesis[36]. Recent research has highlighted the ability of several chemothera-
peutic drugs and natural products to induce necroptosis and inhibit tumor growth. For instance, jaceosidin has been
identified as an inducer of necroptosis in human glioblastoma multiforme, suggesting its potential as a therapeutic agent
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Figure 4 OSW-1 induced necroptosis in colorectal cancer cells through the RIPK1/RIPK3/MLKL pathway. A: Cell Counting Kit-8 assay was used
to assess the viability of HT29 and HCT116 cells treated with OSW-1 and different concentrations of necrostatin-1 (Nec-1) for 24 h; B: The expression levels of
necroptosis-related proteins in HT29 and HCT116 cells after exposure to OSW-1 for 24 h with the addition of Nec-1; C: Assessment of mitochondrial function via JC-1
staining of HT29 and HCT116 cells after exposure to OSW-1 for 24 h with the addition of Nec-1; D: A Hoechst 33342/PI dual staining assay was used to examine cell
necroptosis after 24 h of treatment with OSW-1 and Nec-1. Scale bar = 50 ym; E: Lactate dehydrogenase release was used to assess the cell death rate of HT29 and
HCT116 cells exposed to OSW-1 and Nec-1 for 24 h. P < 0.01 vs Control, °P < 0.05 and %P < 0.01 vs OSW-1. Each data point represents the mean + SE. PI:
Propidium iodide; Nec-1: necrostatin-1.

for patients[37]. Additionally, the arborinane triterpene compound 3-O-acetylrubianol C, which is isolated from the Rubia
Philippines, has been found to promote tumor necrosis factor-triggered necroptotic cell death[38].

Our findings indicate that OSW-1 effectively inhibited the proliferation of CRC cells. Moreover, the percentage of
necrotic cells increased, as shown by Annexin V-FITC/PI dual-fluorescence staining, indicating the occurrence of
necrosis. The change in the Aym further confirmed the role of OSW-1 as an inducer of necroptosis. Our findings indicate
that OSW-1 effectively triggered necroptosis in CRC cells. More strikingly, optical microscopy and TEM revealed
morphological changes that are typical of necroptosis, such as membrane rupture and cytoplasmic vesiculation, in CRC
cells. Additionally, a Hoechst 33342/ PI double staining assay was used to characterize necroptosis. These data strongly
suggested the occurrence of necroptosis in CRC cells following OSW-1 treatment.

The RIPK1/RIPK3/MLKL pathway Is widely recognized as the classic pathway that regulates necroptosis under
diverse conditions[39]. In response to stimuli such as ischemia/reperfusion, inflammation, and certain medicines, RIPK1
binds to RIPK3 to form a necrosome, which triggers MLKL activation and translocation, ultimately resulting in cell lysis.
This study utilized the RIPK1-specific inhibitor Nec-1 to explore whether OSW-1 induces necroptosis in CRC cells
through the classical necroptotic pathway. Nec-1 demonstrated marked proliferative effects and inhibited cell death in
CRC, promoting cell survival. Western blotting analysis revealed significant upregulation of p-RIPK1, p-RIPK3, and p-
MLKL expression in CRC cells treated with OSW-1. However, Nec-1 effectively attenuated the increases in these protein
levels. In addition, consistent with these findings, Hoechst 33342 /PI staining indicated a substantial increase in the
proportion of live cells after combined treatment with OSW-1 and Nec-1 compared to treatment with OSW-1 alone.
Furthermore, the intensity of red fluorescence significantly decreased with the addition of Nec-1, suggesting that
necroptosis was partially suppressed. Our results indicate that the RIPK1/RIPK3/MLKL pathway mediates necroptosis
in CRC cells treated with OSW-1. Additionally, OSW-1-induced necroptosis can be partially reversed by Nec-1,
demonstrating protective effects in CRC cells. However, while the classical pathway is a crucial regulator of necroptosis,
other mechanisms also contribute to this process[40-42]. Further investigations are warranted to elucidate whether
different pathways and molecules are involved in OSW-1-triggered necroptosis in CRC cells.

According to our study, OSW-1-induced necroptosis activates RIPK1 and related signaling pathways. However, the
specific mechanism by which OSW-1 activates RIPK1 has not been determined. To further elucidate the mechanism
underlying RIPK1-dependent necroptosis in CRC, we investigated p62/SQSTM1, which is binds to RIPK1 and regulates
the ubiquitin-proteasome system and lysosomal autophagy in various diseases. Recent research has highlighted a
connection between tumorigenesis and the upregulation or inefficient degradation of p62/SQSTM1[43]. High levels of
p62/SQSTM1 have been shown to inhibit the activity of the E3 Ligase RNF168, increasing the sensitivity of cancer cells to
radiotherapy[44,45]. Consistent with these findings, our data also indicated an accumulation of the p62/SQSTM1 protein
levels after OSW-1 treatment, suggesting defective autophagic degradation of p62/SQSTM1-bound substrates,
contributing to cancer therapy.

Notably, our results demonstrated that treatment of CRC cells with OSW-1 could lead to the formation of a complex
between RIPK1 and p62/SQSTM1. We propose that the accumulation of p62/SQSTM1 induced by OSW-1 facilitates the
formation of necrosomes, triggering the activation of the RIPK1/RIPK3 pathway and ultimately leading to necroptotic
cell death. This hypothesis was confirmed by the data showing that OSW-1 treatment induced the interaction of p62/
SQSTM1 with RIPK1 in CRC cells. Moreover, knockdown of p62/SQSTM1 resulted in decreased expression of p-RIPK, p-
RIPK3 and p-MLKL. It would be worthwhile to explore whether other pathways and molecules regulate OSW-1-induced
necroptosis in CRC cells.
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Figure 5 Impairment of the autophagic flux results in the accumulation of p62/SQSTM1, and p62/SQSTM1 can interact with RIPK1. A: The
expression levels of p62/SQSTM1 and LC3II were evaluated in HT29 and HCT116 cells after exposure to OSW-1 for 24 h; B: The gene expression levels of
p62/SQSTM1 and LC3 were assessed in HT29 and HCT116 cells after 24 h of exposure to OSW-1; C: Representative images of HT29 cells and HCT116 cells
infected with adenovirus expressing GFP-mCherry-LC3. Cells not treated with OSW-1 served as the control. The images show total autophagosomes (yellow puncta)
and functional autophagolysosomes (red puncta); D: Coimmunoprecipitation was conducted to assess the interaction between RIPK1 and p62/SQSTM1, and the
results were analyzed through western blotting; E: Representative confocal microscopy images showing the colocalization of p62/SQSTM1 and RIPK1 in HT29 and
HCT116 cells after exposure to OSW-1 for 24 h, with or without the addition of necrostatin-1. 2P < 0.05 and ®P < 0.01 vs Control. Each data point represents the mean
+ SE. PI: Propidium iodide; Nec-1: Necrostatin-1.

OSW-1-treated cells and nude mice exhibited typical necroptosis-like characteristics, as shown by increased expression
of p-RIPK1, p-RIPK3, and p-MLKL. Moreover, p62/SQSTM1 plays a crucial role in the regulation of necroptosis. When
OSW-1 causes intracellular damage, the accumulation of p62/SQSTM1 may act as a signaling platform to activate
necroptosis, possibly through the inhibition of the autophagic flux. From a therapeutic perspective, our findings suggest
that OSW-1 might induce necroptosis in cancer cells under conditions of deficient or defective autophagy. This discovery
provides a rationale for further investigating the use of OSW-1 as a promising antitumor drug, particularly in the context
of individualized therapeutic approaches.

CONCLUSION

Our results demonstrated that OSW-1 could induce necroptosis through the RIPK1/RIPK3/MLKL pathway, and this
effect was potentially mediated by the RIPK1-p62/SQSTM1 complex. This study provides a novel mechanism on the
antitumor effects of OSW-1 and may provide a new therapeutic target from a new perspective of CRC cell death, which
has important clinical significance.
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staining assay was used to assess necroptosis in HT29 and HCT116 cells following exposure to OSW-1, with or without the addition of p62/SQSTM1 siRNA. P <
0.01 vs Control, °P < 0.05 and %P < 0.01 vs OSW-1, P < 0.01 vs sip62. Each data point represents the mean % SE. PI: Propidium iodide.
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Figure 7 The inhibition of colorectal cancer cell proliferation is associated with necroptosis induced by OSW-1 in vivo. A: Treatment
schedule for mice intravenously injected with 5 x 10° HT29 cells; B: Images of the harvested subcutaneous tumors. Tumor growth in the OSW-1 group was markedly
suppressed compared to that in the control group; C: The tumor volume (mm?®) and weight in the high-dose OSW-1 group were lower than those in the low-dose
group; D: Immunohistochemistry staining of p-RIPK1 and p-MLKL in xenograft nude mice (magnification, 200 x); E: In xenograft nude mouse models, the expression
levels of RIPK1, RIPK3 and MLKL in the high-dose group were increased in comparison to the low-dose group. 2P < 0.05 and °P < 0.01 vs Control, °P < 0.05 and P <
0.01 vs Low dose group.

ARTICLE HIGHLIGHTS

Research background

Colorectal cancer (CRC) represents a significant health concern worldwide, and it has severe impacts on human lives. The
search for effective drugs is crucial. OSW-1, which is derived from the bulbs of Ornithogalum saundersiae, exhibits potent
antitumor properties. However, whether OSW-1 induces necroptosis in CRC cells to exert anticancer effects remains
unclear.

Research motivation

We conducted a tandem mass tag proteomic analysis to elucidate the mechanisms underlying necroptosis. We explored
the potential for the use of OSW-1 as a drug for the treatment of CRC.
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Research objectives
This research aimed to investigate the influence of OSW-1 on CRC cells and elucidate the mechanisms underlying
necroptosis.

Research methods

We performed a sequence of functional experiments, including Cell Counting Kit-8 assays and flow cytometry analysis,
to assess the inhibitory impact of OSW-1 on CRC cells. We utilized quantitative proteomics to analyze changes in protein
expression. transmission electron microscopy (TEM) and immunofluorescence studies were also performed to examine
the effects of OSW-1 on necroptosis. Additionally, western blotting, siRNA experiments, and immunoprecipitation were
employed to evaluate protein interactions within CRC cells.

Research results

The results revealed a pronounced inhibitory effect of OSW-1 on CRC cells, which was accompanied by a necroptosis-like
morphology that was observed via TEM. OSW-1 was shown to trigger necroptosis via activation of the RIPK1/RIPK3/
MLKL pathway. Furthermore, the accumulation of p62/SQSTM1 was shown to mediate OSW-1-induced necroptosis
through its interaction with RIPK1.

Research conclusions
We propose that OSW-1 can induce necroptosis through the RIPK1/RIPK3/MLKL signaling pathway, which is facilitated
by the RIPK1-p62/SQSTM1 complex in CRC cells.

Research perspectives
This study provides a novel mechanism on the antitumor effects of OSW-1 and may provide a new therapeutic target
from a new perspective of CRC cell death, which has important clinical significance.
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