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Abstract

:

Diarylpentanoids are synthesized to overcome curcumin’s poor bioavailability and low stability to show enhanced anti-cancer effects. Little is known about the anti-cancer effects of diarylpentanoid MS17 (1,5-bis(2-hydroxyphenyl)-1,4-pentadiene-3-one) in colon cancer cells. This study aimed to elucidate molecular mechanisms and pathways modulated by MS17 in colon cancer based on proteomic profiling of primary SW480 and metastatic SW620 colon cancer cells. Cytotoxicity and apoptotic effects of MS17 were investigated using MTT assay, morphological studies, and Simple Western analysis. Proteomic profiling using LC/MS analysis identified differentially expressed proteins (DEPs) in MS17-treated cells, with further analysis in protein classification, gene ontology enrichment, protein–protein interaction network and Reactome pathway analysis. MS17 had lower EC50 values (SW480: 4.10 µM; SW620: 2.50 µM) than curcumin (SW480: 17.50 µM; SW620: 13.10 µM) with a greater anti-proliferative effect. MS17 treatment of 1× EC50 induced apoptotic changes in the morphology of SW480 and SW620 cells upon 24 h treatment. A total of 24 and 92 DEPs (fold change ≥ 1.50) were identified in SW480 and SW620 cells, respectively, upon MS17 treatment of 2× EC50 for 24 h. Pathway analysis showed that MS17 may induce its anti-cancer effects in both cells via selected DEPs associated with the top enriched molecular pathways. RPL and RPS ribosomal proteins, heat shock proteins (HSPs) and ubiquitin–protein ligases (UBB and UBC) were significantly associated with cellular responses to stress in SW480 and SW620 cells. Our findings suggest that MS17 may facilitate the anti-proliferative and apoptotic activities in primary (SW480) and metastatic (SW620) human colon cancer cells via the cellular responses to stress pathway. Further investigation is essential to determine the alternative apoptotic mechanisms of MS17 that are independent of caspase-3 activity and Bcl-2 protein expression in these cells. MS17 could be a potential anti-cancer agent in primary and metastatic colon cancer cells.
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1. Introduction


Colorectal cancer (CRC) ranks as the third-commonest cancer incidence globally and the second-leading cause of cancer mortality [1]. The International Agency for Research of Cancer (IARC) under the World Health Organization (WHO) established the GLOBOCAN database to estimate incidence and mortality worldwide for 36 cancers in 185 countries. According to GLOBOCAN 2020, there are 1.93 million new cases of CRC, representing one tenth of the global cancer incidence (19.29 million new cases) [1]. CRC also accounts for 0.94 million deaths in 2020 worldwide, nearly one tenth of the total 9.96 million cancer deaths [1]. The incidence and mortality rates of CRC are highly country-specific, with wide geographical variation (more common in developed countries and gradually increasing in middle- and low-income countries due to Westernization) [2]. In Malaysia, CRC ranks second in cancer incidence and mortality in both sexes and all age groups. The gradual increase in CRC incidence and mortality rate is mainly attributed to the Westernization of lifestyle and diet and low screening awareness [3,4]. Recent advancements in medical research have led to multiple treatment options for CRC patients, including endoscopic and surgical removal, radiotherapy, chemotherapy, immunotherapy, and targeted therapy. However, due to the lack of early screening awareness, most CRC patients are already at stage III and IV during their first diagnosis, which might increase their risk of cancer relapse and poor prognosis [4,5]. Chemotherapeutics are designed to target cancer cells, but these drugs also unintentionally damage fast-growing normal cells in bone marrow, hair follicles, mouth, and gastrointestinal tract, which may lead to serious side effects, such as anemia, fatigue, massive hair loss, mouth ulcers, nausea, and diarrhea [6,7]. In addition, resistance to chemotherapy and targeted therapy is still a major challenge to improve the survival rate and prognosis of CRC patients [8,9,10]. Genetic mutations among CRC patients, such as APC, BRAF, EGFR, KRAS and PIK3CA, could influence the response to specific therapies, such as anti-EGFR and immunotherapy [11,12,13,14].



In recent years, natural compounds have been investigated to demonstrate anti-cancer properties, showing real potential for therapeutic effects in most cancers. Curcumin, also known as diferuloylmethane, is a naturally orange-yellow compound extracted from the rhizome of Curcuma longa, traditionally used as herbal medicine, spice, preservative, and coloring agent in Asian countries [15]. In CRC, curcumin has been reported to inhibit cell growth and induce apoptotic signaling to exert its anti-cancer potential. Curcumin induces cell cycle arrest in the human colon cancer cell line HCT116 via downregulation of cyclin D1 and CDK2 [16,17]. Curcumin also suppresses cell proliferation and induces cellular apoptosis in CRC cells via the Wnt/β-catenin signaling pathway by upregulating GSK3b and downregulating Axin2, E-cadherin, β-catenin, and c-MYC, as reviewed previously [18,19,20,21]. Curcumin also interacts with miRNAs to regulate gene expression and the downstream signaling cascade in CRC tumorigenesis. For instance, curcumin has been reported to upregulate tumor-suppressive miR-27a and miR-34a while suppressing miR-21 and miR-130a to reduce invasion and metastasis in CRC cells [22,23]. Curcumin treatment of CRC cells also downregulates miR-27a, miR-20a, and miR-17-5p to promote transcription factors ZBTB10 and ZBTB4, which inhibit several downstream target genes, including EGFR, c-MET, cyclin D1, and NFκB, resulting in cancer cell growth arrest and apoptosis induction [20,24].



Some studies suggest that curcumin synergizes with chemotherapeutics such as 5-FU, oxaliplatin and cisplatin to increase treatment efficiency and possibly overcome chemoresistance among CRC patients [25,26,27,28]. The accumulated evidence has further emphasized the potential of curcumin as a natural and multi-targeted therapeutic in CRC. However, the major drawback of using curcumin as a chemotherapeutic is its rapid metabolism and poor bioavailability [29]. Curcumin is highly hydrophobic and rapidly metabolized in the intestinal tract, resulting in limited absorption into blood circulation to reach the target site [30,31]. Several strategies have been implemented to improve the bioavailability of curcumin for systemic circulation, including the use of adjuvants, micronation, binding to cyclodextrin/liposomes, nanoformulations, and synthesis of curcumin analogues [32,33,34,35,36,37,38,39,40,41]. Among different approaches, the synthesis of novel curcumin analogues by molecular modifications has exhibited similar anti-potent effects to the original curcumin molecules but with better stability and bioavailability, which are ideal for further development into novel drugs [42]. While the basic molecular structure of curcumin comprises two phenol groups connected by two α, β unsaturated carbonyl groups, a variety of curcumin analogues have been developed by modifying functional moieties, such as biaryl rings, diketone and diene chain, onto different positions of the original curcumin structure [36,43,44,45,46,47,48,49,50,51]. With these modifications, curcumin analogues are superior to curcumin in term of pharmacokinetic properties, chemical stability and anti-cancer activities [46,52,53,54,55,56,57].



Diarylpentanoids (DAPs) or 1,5-diaryl-3-oxo-1,4-pentadienes are a class of monocarbonyl curcumin analogues possessing two aromatic rings linked by a five-carbon bridge, in which these DAPs are also known as C5-curcuminoids [58]. In comparison, curcumin possesses two aromatic rings linked by a seven-carbon tether that contains two α,β-unsaturated ketone moieties [59]. Multiple studies have shown that DAPs, such as CDF, EF24, GO-Y030 and UBS109, are superior to curcumin molecules in inducing growth-suppressive and apoptosis activities in a wide range of cancer cells, including breast [60], pancreatic [61], lung [62], prostate [63] and CRC [64]. For example, EF24 is a fluorinated DAP that induces apoptosis and cell cycle arrest in CRC cells via accumulation of reactive oxygen species (ROS), mitochondrial dysfunction and activation of caspase-dependent pathways [65]. CDF synergizes with 5FU and oxaliplatin to induce apoptosis in chemo-resistant CRC cells by suppressing membrane transporter ABCG2, EGFR, NF-κB, β-catenin, COX-2, c-Myc and Bcl-xL [66]. However, the research for DAPs is still relatively new, unlike curcumin studies. In addition, 1,5-bis(2-hydroxyphenyl)-1,4-pentadiene-3-one (MS17) is one of the curcumin DAPs that has been reported to exhibit anti-cancer effects on prostate cancer cells and cervical cancer cells by inducing growth inhibition and cellular apoptosis [52,67]. The structural difference between MS17 and curcumin is shown in Figure 1. To the best of our knowledge, this is the first study to investigate the anti-cancer potential of MS17 in colon cancer cells. The present study aimed to determine the cytotoxicity, anti-proliferative and apoptotic activity of 1,5-bis(2-hydroxyphenyl)-1,4-pentadiene-3-one (MS17) on human primary (SW480) and metastatic (SW620) colon cancer cells as well as to determine the underlying molecular mechanisms by identifying differentially expressed proteins (DEPs) and molecular pathways using shotgun proteomics.




2. Results


2.1. Cytotoxicity and Selective Index of MS17 and Curcumin in SW480 and SW620 Colon Cancer Cells


The cytotoxicity of MS17 in SW480 and SW620 cells was evaluated using an MTT assay upon 72 h treatment. MS17 showed a significant dose-dependent cytotoxicity effect in SW480 (Figure 2A) and SW620 cells (Figure 2B). Cytotoxicity assays using curcumin were also conducted on SW480 (Figure 2C) and SW620 cells (Figure 2D) to compare against MS17. The EC50 values of MS17 and curcumin in SW480 and SW620 cells were calculated, as shown in Supplementary Table S1. The EC50 values of MS17 in SW480 and SW620 cells were 4.10 and 2.50 µM lower than the EC50 values of curcumin (SW480: 17.50 µM; SW620: 13.10 µM). These results also suggest that MS17 demonstrates improved cytotoxicity in SW480 and SW620 cells in a dose-dependent manner at lower concentrations than the parent compound, curcumin. Additionally, SW620 cells were more susceptible to MS17 treatment with a lower EC50 value than SW480 cells.



The cytotoxic effects of MS17 and curcumin were further evaluated on the non-cancerous lung fibroblast cell line WI38 (Supplementary Table S1). The EC50 values of both compounds were higher in WI38 (MS17: 4.9 µM; curcumin: 25.8 µM) than in cancer cell lines, indicating a higher concentration of MS17 and curcumin was required to reduce WI38 cell viability by 50%. The selective index (SX) of MS17 and curcumin was calculated by comparing EC50 values between respective colon cancer cells and normal fibroblasts. MS17 and curcumin showed SX values above 100 in SW480 (MS17: 119.5; curcumin: 147.4) and SW620 cells (MS17: 196; 196.9), indicating that both compounds were more selective towards cancer cells than normal cells (Supplementary Table S1).




2.2. Anti-Proliferative Effect of MS17 in SW480 and SW620 Colon Cancer Cells


Regarding the anti-proliferative effect of MS17 in SW480 and SW620 cells for 24, 48 and 72 h, MS17 significantly reduced SW480 cell viability at 6.25 µM onwards for the 24 h incubation period and 3.13 µM onwards for 48 and 72 h (Figure 3A). Cell viability was less than 50% when treated with MS17 at 12.5 µM (19.8%) for 24 h as well as 6.25 µM for 48 h (28.47%) and 72 h (21.26%) compared to the untreated cells. MS17 also inhibited SW620 cell proliferation at a lower dosage than the SW480 cells across all the time points. A significant decline in SW620 cell proliferation was noted at 3.13 µM of MS17 treatment for all time points (24 h: 64.93%; 48 h: 52.11%; 72 h: 27.42%) compared to the untreated control (Figure 3B). MS17 treatment showed dose- and time-dependent reductions in the proliferation of SW480 and SW620 cells. MS17 treatment for 48 h and 72 h significantly induced anti-proliferative activity in SW480 and SW620 cells.



Compared to MS17, curcumin displayed a moderate anti-proliferative effect on both cancer cell lines. In SW480 cells, curcumin significantly inhibited cell viability at 1.56 µM (89.21%) upon 24 h treatment, 6.25 µM (85.45%) at 48 h and 12.5 µM (75.8%) for 72 h treatment (Figure 3C). A similar pattern of anti-proliferative effect was observed upon curcumin treatment on SW620 cells (Figure 3D). Upon 24 h treatment, 12.5 µM of curcumin significantly reduced SW620 cell viability to 82.56%, while 6.25 µM of curcumin was required to significantly reduce the cell viability of the SW620 cells to 76.8% and 78.56% at 48 and 72 h respectively.




2.3. Induction of Apoptosis by MS17 Treatment in SW480 and SW620 Colon Cancer Cells


The treatment conditions used for apoptotic analysis were MS17 treatment of 1× EC50 (SW480: 4.1 µM, SW620: 2.5 µM) and 2× EC50 (SW480: 8.2 µM, SW620: 5 µM). The apoptotic effect of MS17 on SW480 and SW620 cells was further evaluated with the morphological assessment using fluorescence microscopy and protein capillary electrophoresis using the Simple Western technique to investigate caspase-3 cleavage and Bcl-2 protein expression.



2.3.1. Morphological Observation and Quantitative Analysis of MS17-Treated Colon Cancer Cells


The morphological analysis of MS17-treated SW480 and SW620 cells upon 24, 48 and 72 h incubation was conducted using acridine orange (AO) and propidium iodide (PI) double-staining under a fluorescent microscope. Viable cells are characterized by intact membranes with uniform green nuclei, indicating no sign of apoptosis. Early apoptotic cells exhibit bright green nuclei with distinct morphological changes, such as membrane blebbing, shrinkage of the cells and chromatin condensation. Late apoptotic cells appear as yellowish orange to bright red cells due to increased permeability of PI and condensed chromatin features. Necrotic cells exhibit uniform orange or red nuclei as these cells are fully permeable to AO and PI.



The morphological changes of MS17-treated SW480 and SW620 cells are shown in Figure 4 and Figure 5, respectively. The untreated control cells were mainly viable with uniform green fluorescence (white arrow). In comparison, the MS17-treated cells showed various morphological alterations with the increasing number of apoptotic and necrotic cells as MS17 concentration and treatment time increased. As shown in Figure 4, there was a small population of early apoptotic cells (blue arrow), late apoptotic cells (yellow arrow) and necrotic cells (purple arrow) SW480 cells treated with 4.1 µM of MS17 (1× EC50) upon 24 h treatment. However, SW480 cells treated with 8.2 µM of MS17 (2× EC50) showed a higher proportion of late apoptotic and necrotic cells. At 48 h incubation, both MS17 treatment groups showed an increase in early and late apoptotic and necrotic cells, while the 8.2 µM treatment group had a higher proportion of apoptotic and necrotic cells than the 4.1 µM treatment group. After 72 h treatment, the proportion of late apoptotic and necrotic cells increased more than early apoptotic cells in both MS17 treatment groups.



A similar trend of apoptotic changes was observed in SW620 cells treated with 2.5 µM (1× EC50) and 5 µM (2× EC50) of MS17, respectively (Figure 4). The 2.5 µM treatment group showed few early apoptotic, late apoptotic, and necrotic cells at 24 h incubation, while the 5 µM treatment group had a higher proportion of apoptotic and necrotic cells (Figure 5). Both MS17 treatment groups had increased apoptotic and necrotic cells upon 48 h treatment, while the 5 µM treatment group had a higher proportion of apoptotic and necrotic cells. At 72 h incubation, there was a larger proportion of late apoptotic and necrotic cells in both MS17 treatment groups with fewer early apoptotic and viable cells. The percentages of apoptotic and necrotic cells are also presented in Figure 6.



For analysis purposes, early and late apoptosis were combined to indicate apoptotic activity. The percentage of viable cells decreased upon exposure to higher MS17 concentration and longer incubation times in both cell lines. In SW480 cells, the viable cells in the 8.2 µM treatment group significantly reduced to 54.33% at 24 h, 53% at 48 h and 39.67% at 72 h. As for SW620 cells, the viable cells in the 5 µM treatment group significantly reduced to 56.33% at 24 h, 48.67% at 48 h and 26.33% at 72 h.



At each time point, there was an increase in apoptotic and necrotic cells in all treatment groups compared to the untreated control. In SW480 cells, the apoptotic and necrotic cells in the 4.1 µM treatment group at 24 and 48 h were significantly increased to 9–14% and 18–32% whereas in the 8.2 µM treatment group, this was around 23–34% at 48 h. In SW620 cells, the apoptotic and necrotic cells in the 2.5 µM treatment group were significantly increased to 30 to 51% at 72 h, while the 5 µM treatment group was between 35% and 49%.



Similarly, there was an increase in the percentage of cells undergoing apoptosis and necrosis as treatment time increased in both cell lines. For instance, SW480 cells treated with 4.1 µM of MS17 showed significantly increased populations of apoptotic and necrotic cells from 9–14% at 24 h to 18–32% at 48 h. As for SW620 cells, the apoptotic and necrotic cells in the 2.5 µM treatment group significantly increased from 9–34% at 24 h to 30–51% at 72 h. Our results showed that MS17 induced time- and dose-dependent apoptotic induction in SW480 and SW620 cells.




2.3.2. Quantification of Caspase-3 Activity and Bcl-2 Protein Expression upon MS17 Treatment in SW480 and SW620 Colon Cancer Cells


There was no significant difference observed in caspase-3 activity when SW480 and SW620 cells were treated with 1 × EC50 (SW480: 4.1 µM; SW620: 2.5 µM) and 2 × EC50 (SW480: 8.2 µM; SW620: 5 µM) of MS17 at 24, 48 and 72 h (Figure 7A,B). However, SW480 cells treated with 4.1 µM and 8.20 µM of MS17 showed increased caspase-3 activity at 48 and 72 h. Similarly, no significant difference was detected for Bcl-2 protein expression in MS17-treated SW480 and SW620 cells at all three time points (Figure 7C,D).





2.4. Proteomic Profiling of MS17-Treated SW480 and SW620 Cells via Shotgun Proteomic Approach


Proteomic profiling of SW480 and SW620 cells upon MS17 treatment was investigated using label-free shotgun proteomic methods. The optimum dosage and treatment time selected for MS17 was 2× EC50 (SW480: 8.2 µM, SW620: 5 µM) with 24 h incubation. Based on anti-proliferation assays and morphological analysis, these parameters were selected to confirm that the cells underwent apoptosis with 50% cell viability upon exposure to 2× EC50 of MS17 for 24 h. In SW480 cells, 3048 and 1822 proteins were identified in the untreated control and the MS17 treatment group, respectively. Differentially expressed proteins (DEPs) were selected with a fold change of more than 1.10 (upregulated) or less than 0.90 (downregulated) in MS17-treated cells. A total of 24 DEPs were upregulated in the MS17-treated SW480 cells, with no downregulated DEPs. On the other hand, proteomic profiling of SW620 cells revealed that 1752 and 2295 proteins were identified in the untreated control group and the MS17 treatment group, respectively. Among these proteins, a total of 92 DEPs (66 upregulated and 26 downregulated) were identified in MS17-treated SW620 cells.



2.4.1. Protein Identification and Classification


The identified DEPs in SW480 and SW620 cells were classified into respective protein classes according to PANTHER classification. There were four DEPs commonly found in MS17-treated SW480 and SW620 cells, including cytoplasmic actin (ACTB), heat shock protein HSP70 family members 1A and 1B (HSPA1A and HSPA1B), and ribosomal protein L7a (RPL7A). HSPA1A and HSPA1B were upregulated in MS17-treated SW480 and SW620 cells, while ACTB and RPL7A were upregulated in SW480 cells and downregulated in SW620 cells. The 24 DEPs in MS17-treated SW480 cells were classified into nine protein classes, as shown in Supplementary Table S2. The largest protein class was the chaperones, comprising 36.4% (8/22) of the DEPs, followed by the ribosomal proteins (13.6%, 3/22). Chromatin-regulatory proteins, metabolic enzymes, transport proteins and ubiquitin–protein ligases equally comprised 9.1% (2/22) of the DEPs, while calcium signaling protein, cytoskeletal protein and nuclear membrane protein had 1 DEP (4.5%), respectively.



The 92 DEPs in MS17-treated SW620 cells were classified into 13 protein classes, as demonstrated in Supplementary Table S3. Ribosomal proteins and RNA-binding proteins represented the largest protein classes that equally comprised 19.6% (18/92) of the DEPs, followed by the chaperones (15.2%, 14/92 DEPs). Cytoskeletal proteins and metabolic enzymes were the third-largest protein classes, each comprising 10.9% (10/92) of the DEPs, followed by calcium signaling proteins (5.4%, 5/92 DEPs). DNA-binding proteins and transport proteins constituted 4.3% (4/92) of the DEPs, while chromatin-regulatory proteins, nuclear proteins, peripheral membrane proteins, and ubiquitin–protein ligases comprised 2.2% (2/92) of the DEPs. The only scaffold protein upregulated in MS17-treated SW620 cells was RANBP1. The DEPs in MS17-treated SW480 and SW620 cells were further analyzed for gene ontology (GO) functional annotation, protein–protein interaction (PPI) network, and Reactome pathway analysis.




2.4.2. Gene Ontology: Functional Annotations


The DEPs in SW480 and SW620 cells were analyzed for their gene ontology (GO) functional annotation to identify the enriched GO terms in the biological process, molecular function, and cellular component. The search results for enriched GO terms were filtered based on the FDR < 0.05 cutoff. The 10 most significant terms were selected for every GO component, as shown in Figure 8. In SW480 cells, the highly significant (p < 0.01, percentage ≥ 50%) GO terms in the biological process were “Organonitrogen compound metabolic process” (72.70%), “Gene expression” (50%) and “Catabolic process” (50%) as reported in Figure 8A. As for the cellular components, the most significant (p < 0.001) terms were “Membrane-bounded organelle” (100%), “Vesicles” (77.20%), “Extracellular space” (77.20%), “Cytosol” (72.70%), “Extracellular organelle” (68.10%), “Extracellular exosome” (68.10%), and “Endomembrane system” (68.10%). Additionally, the most significant (p < 0.001) enriched GO terms in the molecular function were “Organic cyclic compound binding” (86.30%), “Carbohydrate derivative binding” (63.60%), “Nucleotide-binding” (59%), “Purine ribonucleoside triphosphate binding” (59%), “Nucleoside phosphate binding” (59%), and “RNA binding” (50%).



Meanwhile, in SW620 cells, the most significant (p < 0.0001) GO terms in the biological process were “Metabolic process” (74.70%), “Cellular metabolic process” (71.40%), “Biosynthetic process” (62.60%), “Cellular nitrogen compound metabolic process” (56%), “Gene expression” (51.60%), as demonstrated in Figure 8B. As for the cellular components, the most significant (p < 0.0001) GO terms were “Organelle” (97.80%), “Cytosol” (75%), “Nucleus” (73.90%), “Protein-containing complex” (66.30%), “Extracellular region” (61.90%), “Organelle lumen” (59.70%), “Extracellular membrane-bounded organelle” (58.60%) and “Extracellular vesicle” (58.60%). Moreover, in the molecular function, the most significant (p < 0.0001) GO terms were “Protein binding” (94.50%), “Organic cyclic compound binding” (71.70%), “Nucleic acid binding” (64.10%) and “RNA binding” (59.70%).




2.4.3. Protein–Protein Interaction (PPI) Network


Protein–protein interaction (PPI) was assessed to determine the functional interactions of DEPs in MS17-treated SW480 and SW620 cells, respectively. The interactions between DEPs were derived at a high confidence level greater than 0.7 to populate the protein groups with similar correlations. In a PPI network, nodes represent the DEPs, and edges refer to the distance between DEPs. The line thickness indicates the degree of confidence in the prediction of the connection. A total of 29 nodes and 69 edges were identified in the PPI network of DEPs in MS17-treated SW480 cells. Due to the limited number of 22 DEPs in SW480 cells, additional first-shell protein interactors directly connecting with the DEPs were included in the PPI network analysis. Among the 29 nodes, 19 DEPs were identified, including ABCA13, ACTB, HMGB1, HMGB1P1, HSP90AA1, HSPA1A, HSPA1B, HSPA5, HSPE1, NAV3, PKLR, PKM, RAN, RPL7A, RPS27A, S100A6, SERPINH1, UBA52, UBB, and UBC. The other 10 first-shell interactors in the PPI analysis were AHSA1, CDC37, FKBP4, NUTF2, PFN1, RPL18A, RPL19, RPS12, STUB1 and USP5. The DEPs in SW480 cells and those first-shell interactors demonstrated significant interactions, as indicated by the average local clustering coefficient of 0.64 (p < 4.72 × 10−8).



The DEPs with similar functional roles were grouped into clusters based on k-means clustering analysis, in which intra- and inter-cluster interactions were reported. As for SW480 cells, the DEPs were grouped into two different clusters, as shown in Figure 9, while the members of each cluster are listed accordingly in Supplementary Table S4. In cluster 1, the chaperones (HSP90AA1, HSPA1A, HSPA1B, HSPA5, HSPE1, and SERPINH1), ACTB, AHSA1, CDC37, FKBP4, HMGB1, PFN1, and STUB1 showed intracluster interactions. Meanwhile, in cluster 2, transport protein ABCA13, metabolic enzymes (PKLR and PKM), ribosomal proteins (RPL7A, RPL18A, RPL19, RPS12, RPS27A, UBA52) and ubiquitin–protein ligases (UBB and UBC) showed intracluster interactions. Additionally, ACTB, HSP90AA1, HSPA1A and STUB1 in cluster 1 and NUTF2, RAN, RPS27A, UBB, UBC and USP5 in cluster 2 demonstrated intercluster interactions.



On the other hand, a total of 91 nodes and 425 edges were identified in the PPI network of MS17-treated SW620 cells. Significant interactions between the DEPs in SW620 cells were indicated with an average local clustering of 0.663 (p < 1 × 10−16). As for SW620 cells, a total of five highly connected clusters were generated, as shown in Figure 10, while members of each cluster are listed accordingly in Supplementary Table S5. Cluster 1 comprised ribosomal proteins (RPL10A, RPL26, RPL26L1, RPL6, RPL7A, RPL8, RPLP2, RPS10, RPS11, RPS12, RPS15, RPS20, RPS27, RPS27L, RPS28, RPS3A, RPS6, RPS9), RNA-binding proteins (EIF3F, EIF5A, EIF5A2, EIF5AL1, SERBP1) and DNA-binding protein BTF3 and showed dense intracluster and intercluster interactions. Cluster 2 consisted of chaperones (CALR, CCT7, CCT8, DNAJA1, HSP90AB1, HSPA1A, HSPA1B, HSPA9, HSPH1, NPM1, PARK7, PFDN6), transport proteins (CSE1L, KPNB1, VCP), ubiquitin–protein ligases (PSMA1, PSMD13), calcium signaling proteins (CALM3 and CALML3), scaffold protein RANBP1, RNA-binding protein EEF1G, metabolic enzyme IMPDH2 and cytoskeletal protein LASP1 and showed strong intracluster interactions. In addition, several DEPs in cluster 2 (CALML3, CALR, CCT7, CCT8, EEF1G, HSP90AB1, HSPA1B, HSPA9, NPM1, PARK7 and VCP) also showed multiple intercluster interactions. Clusters 1 and 2 also showed greater intercluster interactions with each other compared to the interactions with other clusters.



Cluster 3 mainly comprised RNA-binding proteins (DHX9, HNRNPK, HNRNPM, NONO, PCBP1, PCBP2, PRPF8, SFPQ, SRSF3, SRSF4, SRSF5 and SRSF6) and showed intracluster interactions. Moreover, DHX9 also showed intercluster interactions with RPL6, RPL7A, RPL8, RPL10A and RPS28 in cluster 1 and CTNNB1 in cluster 4, while HNRNPK and SRSF3 also interacted with PTMA in cluster 4. PCBP1 in cluster 3 also interacted with HSP90AB1 in cluster 2. As for cluster 4, intracluster interactions existed between cytoskeletal proteins (ACTB, ACTN1, LCP1, MSN and TMSB4X), DNA-binding proteins (CTNNB1, DYNC1H1), peripheral membrane proteins (CLTC, CLTCL1), calcium signaling protein (ANXA1), nuclear protein (PTMA), transport protein (VCL). Notably, ACTB, ANXA1, CLTC, CTNNB1, DYNC1H1 and TRAP1 in cluster 4 showed intercluster interactions with several DEPs (CALR, CCT7, HSP90AB1, HSPA9, NPM1 and VCP) in cluster 2. CTNNB1 interacted with HNRNPK in cluster 3. In cluster 5, the metabolic enzymes (GOT2, PGAM1, PGAM4, TALDO1, TKT and TPI1) and calcium signaling proteins (CALM1 and CALM2) showed intracluster interactions with the same protein classes, respectively. Metabolic enzyme PRDX2 in cluster 5 showed intercluster interaction only with PARK7 in cluster 2, while CALM1 and CALM2 also interacted with CALM3 in cluster 2.




2.4.4. Reactome Pathway Analysis


All DEPs identified in MS17-treated SW480 and SW620 cells were mapped into the Reactome Pathway Database to identify the molecular pathways modulated by MS17. An overrepresentation analysis was performed. “Cellular responses to stress” was commonly identified in SW480 and SW620 cells. The rest of the most enriched pathways identified in SW480 cells were “Regulation of PTEN localization,” “Downregulation of ERBB4 signaling,” “Signaling by EGFR in cancer,” “Downregulation of ERBB2 signaling,” and “Signaling by NOTCH1 HD domain mutants in cancer.” Meanwhile, for SW620 cells, the top enriched pathways were “Nonsense-mediated decay (NMD),” “Eukaryotic translation elongation,” “Regulation of expression of SLITs and ROBOs,” “Metabolism of amino acids and derivatives,” and “Gene and protein expression by JAK-STAT signaling after interleukin-12 stimulation.” The DEPs mapped to each pathway are shown in Table 1 for SW480 cells and Table 2 for SW620 cells.






3. Discussion


The present study showed that MS17 (1,5-bis(2-hydroxyphenyl)-1,4-pentadiene-3-one) inhibited SW480 and SW620 colon cancer cell growth, which was shown to be more cytotoxic than curcumin in both cell lines. Based on the cytotoxicity assay, the EC50 values of MS17 (SW480: 4.1 µM; SW620: 2.5 µM) were four- to fivefold lower than curcumin (SW480: 17.50 µM; SW620: 13.10 µM). MS17 also induced cytotoxic effects in SW480 and SW620 cells in a dose-dependent manner. Our results support findings in previous studies, in which several DAPs, such as EF24, GO-Y030 and MS13, were more cytotoxic than curcumin in CRC cells [64,65,68]. Previously, our group has reported the enhanced cytotoxicity of MS17 in breast, cervical, prostate, and lung cancer cells [52,67,69]. In the present study, MS17 demonstrated enhanced cytotoxicity compared to curcumin treatment in SW480 and SW620 colon cancer cells, which could be attributed to the structural modification of the curcumin molecule. MS17 was synthesized by removing β-diketone from the seven-carbon backbone and substituting a hydroxy group on each phenyl ring [70]. These modifications contributed towards the chemical stability of MS17, resulting in higher cytotoxicity and enhanced anti-proliferative effect than curcumin [71,72,73]. In addition, SX values of MS17 in SW480 and SW620 cells were above 100, suggesting that MS17 is more selective towards colon cancer cells than normal cells, which is ideal for further development into cancer therapy.



The anti-proliferation assay also showed that MS17 significantly reduced SW480 and SW620 cell viability at lower concentrations than curcumin at all three time points (24, 48 and 72 h). For instance, upon 24 h incubation, MS17 treatment of 6.25 µM significantly reduced SW480 and SW620 cell viability to about 50%, while 25 µM of curcumin was required to achieve similar cytotoxicity. Our study is the first to report on the anti-proliferative effect of MS17 in primary SW480 and metastatic SW620 colon cancer cells. MS17 treatment of 3.13 µM significantly reduced the cell viability of SW480 and SW620 cells upon 24 h incubation, and the effect became more prominent with increasing treatment period and compound concentration. Therefore, MS17 induced anti-proliferative effect in SW480 and SW620 cells in dose- and time-dependent manners. Additionally, our results demonstrated that MS17 had a lower EC50 value in SW620 cells than the primary SW480 cells. MS17 also induced a stronger anti-proliferative effect in SW620 cells than in SW480 cells. These findings suggest that the SW620 metastatic colon cancer cells could be more susceptible to cytotoxic and anti-proliferative effects of MS17 compared to the SW480 primary colon cancer cells. The SW480 and SW620 cells were derived from the same patient at different stages of tumor development: SW480 from a primary adenocarcinoma of the colon and SW620 from a lymph node metastasis [74,75]. Several studies have highlighted the differences in biological characteristics and molecular features between these two cell lines, which are essential for studying the molecular mechanisms and genetic alterations in CRC progression [75,76,77,78,79,80,81,82,83,84]. Previous studies showed that SW620 cells were more sensitive to curcumin than SW480 cells [85,86]. Isnida et al. also reported that the EC50 value of MS13 was lower in SW620 cells than in SW480 cells [64]. The present findings suggest that the biological variations between SW480 and SW620 cells may affect the treatment response towards MS17, with higher cytotoxicity against SW620 metastatic colon cancer cells.



Apoptosis plays a crucial role in cancer progression, where dysregulation in the apoptotic pathways leads to the malignant transformation of cancer cells, tumor metastasis and treatment resistance. Anti-cancer compounds can potentially target the apoptotic mechanisms in cancer cells to induce treatment effects. In the present study, the apoptotic effects of MS17 in SW480 and SW620 cells were investigated using morphological analysis to visualize the apoptotic changes in treated cells and assay kits to measure the caspase-3 activity and Bcl-2 protein expression. As shown in the morphological analysis, MS17 treatment of 1× EC50 (SW480: 4.10 µM, SW620: 2.5 µM) induced early apoptotic changes, such as membrane blebbing, chromatin condensation, nuclear fragmentation, and cell shrinkage, in SW480 and SW620 cells upon 24 h incubation. As the MS17 concentration increased to 2× EC50 (SW480: 5 µM, SW620: 8.20 µM) while the treatment time extended to 48 and 72 h, the population of apoptotic and necrotic cells also significantly increased in both cell lines, with significant reduction of viable cells as we presented in the quantitative analysis. Our results demonstrated that MS17 significantly induced dose- and time-dependent apoptotic effects in SW480 and SW620 cells.



Caspase-3 and Bcl-2 are two important proteins involved in the regulation of apoptosis via intrinsic pathways [87]. Caspase-3 is an enzyme that executes the final steps of apoptosis by cleaving various cellular substrates, including cytoskeletal proteins, nuclear proteins, and DNA repair enzymes [87]. Bcl-2 is a protein that inhibits apoptosis by preventing the release of cytochrome C from the mitochondria, which triggers caspase activation [87]. Activation of caspase-3 can lead to the morphological changes associated with apoptosis and DNA damage, such as chromatin condensation, cell shrinkage and membrane distortion [88,89,90,91]. In the present study, there were no significant results on caspase-3 activity and Bcl-2 reduction in SW480 and SW620 cells upon MS17 treatment for 24 to 72 h. Previous studies from our group showed that MS17 significantly promoted caspase-3 activity in cervical and prostate cancer cells, associated with the apoptotic changes in cell morphology [52,67]. However, there are no previous data regarding the effect of MS17 on Bcl-2 protein expression in cancer cells. In addition, curcumin has been reported to induce apoptosis in CRC cells via the upregulation of caspase-3 and downregulation of Bcl-2 protein [92,93,94,95]. Numerous curcumin analogues have been reported to promote apoptosis in cancer cells by inducing caspase-3 cleavage/activity and Bcl-2 protein suppression [63,96,97,98,99]. For instance, our group also reported another curcumin analogue MS13 significantly promoted caspase-3 activity and downregulated Bcl-2 protein expression in SW480 and SW620 cells [64]. Based on our findings, MS17 can induce alternative apoptotic mechanisms in SW480 and SW620 cells, which are independent of caspase-3 activity and Bcl-2 suppression. Further investigation is essential.



Proteomics analysis is a powerful approach to provide insights into the molecular mechanisms of biological systems and processes. The present study utilized mass spectrometry to identify the differentially expressed proteins (DEPs) in SW480 and SW620 cells upon MS17 treatment of 2× EC50 (SW480: 8.20 µM, SW620: 5 µM) for 24 h. The proteomic profiling identified 24 upregulated DEPs in MS17-treated SW480 cells, while SW620 cells showed 66 upregulated DEPs and 26 downregulated DEPs. These DEPs were classified into respective protein classes, of which the top 2 in SW480 were chaperones and ribosomal proteins. The top three protein classes in SW620 cells were ribosomal proteins, RNA-binding proteins, and chaperones. MS17 mainly targeted ribosomal proteins and chaperones in SW480 and SW620 cells, suggesting that these protein classes could be associated with MS17-induced apoptosis in colon cancer cells. Additionally, MS17 also targeted several top protein classes in SW620 cells, including RNA-binding proteins, cytoskeletal proteins, and metabolic enzymes, which implies that MS17 could target gene transcription and translation, cellular integrity, and cancer metabolism to induce anti-cancer effects, such as growth inhibition, anti-proliferation, and apoptosis.



As for GO enrichment analysis, the most common and highly significant GO terms associated with the DEPs in MS17-treated SW480 cells were “Organonitrogen compound metabolic process” in the biological process, “Membrane-bounded organelle” in the cellular component and “Organic cyclic compound binding” in the molecular function. As for SW620 cells, the most common and highly significant GO terms were “Metabolic process” in the biological process, “Organelle” in the cellular component, and “Protein binding” in the molecular function. In addition, several highly significant GO terms were commonly reported in SW480 and SW620 cells, including “Gene expression” in the biological process, as well as “Organic cyclic compound binding” and “RNA binding” in the molecular function. Our analysis showed that MS17 can demonstrate anti-cancer effects in SW480 and SW620 cells by targeting gene expression, metabolic process, organic cyclic compound binding, protein binding and RNA binding.



Protein–protein interaction network (PPIN) analysis provides insights into the molecular networks of protein complexes that enable the cells to function [100,101]. In the present study, PPIN analysis of all DEPs was constructed using the STRING database and similar functional proteins were grouped into clusters using the k-means clustering approach [102]. The 19 DEPs in MS17-treated SW480 cells were grouped into two clusters with the addition of 10 first-shell protein interactors to complete the interaction networks and enhance the overall analysis. These two protein clusters in SW480 cells demonstrated strong intra- and inter-cluster interactions. Similarly, the 91 DEPs in SW620 cells were grouped into five protein clusters that showed dense intra- and inter-cluster interactions. MS17 may induce anti-cancer effects in SW480 and SW620 cells by modulating the intra- and inter-cluster interactions between the DEPs. By integrating the PPI network analysis into the Reactome pathway analysis, our findings demonstrated that these protein interactions were significantly associated with the molecular pathways modulated by MS17 in SW480 and SW620 cells. In MS17-treated SW480 cells, chaperones in cluster 1 (HSP90AA1, HSPA5, HSPA1A, HSPA1B) showed intercluster interactions with ribosomal proteins (RPL7A, RPS27A, UBA52) and ubiquitin–protein ligases (UBB, UBC) in cluster 2, which were mapped into “Cellular response to stress” as the most significantly associated pathway. The intercluster interaction between HSP90AA1 in cluster 1 and RPS27A, UBA52, UBB and UBC in cluster 2 were also significantly associated with “Signaling by EGFR in cancer” and “Downregulation of ERBB2 signaling.” The intracluster interactions between RPS27A, UBA52, UBB and UBC were also commonly associated with the abovementioned pathways, “Downregulation of ERBB4 signaling,” “Regulation of PTEN localization” and “Signaling by NOTCH1 HD domain mutants in cancer.”



Cellular stress response refers to a wide range of molecular changes that cells undergo in response to environmental stressors, including temperature fluctuation, exposure to toxins, viral infections and mechanical damage [103]. Heat shock proteins (HSPs) are the essential regulators of cellular stress response by acting as chaperones to assist proper folding and assembly of other proteins [104]. HSP protein families are classified based on molecular weights, such as HSP40, HSP60, HSP70 and HSP90. Our data showed that several members of the HSP70 family (HSPA5, HSPA1A, and HSPA1B) and HSP90 protein (HSP90AA1) were upregulated in MS17-treated SW480 cells. HSPA1A and HSPA1B are the stress-inducible forms of the HSP70 family, while HSPA5 is mainly located in the endoplasmic reticulum (ER) lumen to facilitate ER homeostasis and regulate cell metabolism [105]. HSP70 and HSP90 work together to fold and remodel cellular proteins by forming a multi-chaperone complex, a critical component in protein homeostasis and cellular processes [106]. Multiple studies have reported that curcumin can induce HSP70 upregulation in different cancer cells, including CRC, cervical, leukemia and lung cancer cells, mainly associated with reactive oxygen species (ROS) formation and apoptotic induction [107,108,109,110,111]. Curcumin analogues C509, C521, and C524 have been shown to upregulate HSPA5 and stress-related unfolded protein response (UPR) genes (ATF4, XBP1, and DDIT3) in the pancreatic cancer cells, which could be responsible for inducing mitochondrial membrane depolarization, caspase-3 activation and DNA breakdown, leading to apoptosis [112]. Our data suggest that MS17-upregulated HSP70 and HSP90 proteins could be associated with cytotoxicity, anti-proliferation, and apoptosis in SW480 cells, which merits further investigation on the underlying mechanisms.



Meanwhile, upregulated HSP90AA1 in MS17-treated SW480 cells was also significantly associated with “Signaling by EGFR in cancer” and “Downregulation of ERBB2 signaling.” EGFR (epidermal growth factor receptor), also known as ErbB1/HER1, is a receptor tyrosine kinase that belongs to the ErbB family [113]. EGFR signaling is among the most critical pathways in cancers, which promotes proliferation, cell cycle progression, invasion and metastasis [114]. ERBB2 is another member of the ErbB family that regulates cell proliferation, migration, differentiation, apoptosis, and cell motility by activating downstream signaling pathways, such as AKT, MAPK, and PI3K [115]. Overexpression of ERBB2 due to gene amplification or mutations has been reported in about 2% to 5% of metastatic CRC and is associated with resistance to anti-EGFR therapy [116,117]. Previously, HSP90 has been shown to restrain the heterodimerization of ERBB2 and prevent its activation [118]. Our findings suggest that MS17 may downregulate EGFR and ERBB2 signaling in SW480 cells via the upregulation of HSP90AA1, which could be beneficial to improve treatment response towards targeted therapy. Furthermore, ERBB4 is another member of the ErbB family involved in the regulation of cell growth and differentiation [119]. ERBB4 is overexpressed in human colon cancer associated with enhanced cellular transformation [120]. ERBB4 has been reported to protect colon epithelial cells from TNF-induced apoptosis and promote their survival and growth [121]. ERBB4 may also interact with other members of the ErbB family, such as EGFR and ERBB2, to modulate their signaling and response to targeted therapies [113,119]. In the present study, the upregulation of RPS27A, UBA52, UBB and UBC in MS17-treated SW480 cells may have promoted the downregulation of ERBB4 signaling, leading to growth inhibition and apoptosis.



Notch signaling is a major pathway involved in intercellular interaction and cell differentiation, and also plays a vital role in the proliferation, apoptosis, differentiation, invasion and metastasis of cancer cells [122]. In CRC, Notch signaling regulates cancer stem cell (CSC) features, and mutations in Notch signaling are associated with enhanced anti-cancer effects andimmune response [123,124,125]. Curcumin can induce cell cycle arrest and apoptosis by inhibiting the Notch signaling pathway in cancer cells [126,127,128,129,130]. The curcumin analogue GO-Y030 is another diarylpentanoid reported to inhibit Notch signaling, STAT3 phosphorylation and tumor sphere formation in colon cancer stem cells, resulting in apoptosis [68]. Furthermore, phosphatase and tensin homologue (PTEN) is a crucial tumor suppressor that inhibits cell proliferation and induces apoptosis by suppressing PI3K-Akt and other growth signaling pathways [131,132]. PTEN is frequently inactivated in cancers, but it has been reported with mutations in about 8 to 10% of CRC cases, which are highly associated with cancer metastasis, advanced tumor staging and poor prognosis [133]. Difluorinated-curcumin (CDF) is a curcumin analogue that can modulate PTEN expression in CRC and pancreatic cancer cells [134,135,136]. Sanchita et al. reported that CDF suppressed miR-21 in chemo-resistant colon cancer cells to restore PTEN expression and downregulate Akt signaling, which inhibited cell proliferation [135].



Our analysis showed that the upregulation of RPL7A, UBA52, UBB and UBC was commonly associated with all the top significant pathways in MS17-treated SW480 cells, suggesting the importance of these DEPs underlying the molecular mechanisms of MS17 to target signaling pathways and induce anti-cancer effects in colon cancer cells. Ribosomal proteins RPL7A and UBA52 are part of the large 60S ribosomal subunit, while RPS27A is part of the small 40S ribosomal subunit [137,138]. UBA52 and RPS27A are the fusion proteins formed with a single copy of ubiquitin fused to the ribosomal proteins RPL40 and RPS31, respectively [139,140,141]. UBB and UBC are polyubiquitin precursor proteins cleaved by specific proteases to generate free ubiquitin molecules in proteasome-mediated proteolysis [142]. RPS27A, UBA52, UBB and UBC play essential roles in the ubiquitin–proteasome system to regulate protein stability and degradation in nearly all cellular processes [143,144,145,146,147,148,149]. Our findings suggest that MS17 may promote RPS27A, UBA52, UBB and UBC in SW480 cells to facilitate protein ubiquitination and degradation of essential components involved in multiple signaling pathways, including EGFR, ERBB2, ERBB4, Notch and PTEN, which could be associated with growth inhibition, anti-proliferation and apoptosis.



On the other hand, “Cellular responses to stress” in MS17-treated SW620 cells was significantly associated with ribosomal proteins in cluster 1 (RPS9, RPS6, RPS27L, RPS3A, RPL10A, RPL8, RPL6, RPS15, RPL7A, RPS28, RPS27, RPLP2, RPS20, RPL26, RPS11, RPS10, RPL26L1, RPS12), chaperones in cluster 2 (CALR, DNAJA1, HSP90AB1, HSPA1A, HSPA1B, HSPA9 and HSPH1), transport protein VCP in cluster 2, ubiquitin–protein ligases in cluster 2 (PSMA1, PSMD13), histones in cluster 3 (H1-2, H1-3), cytoskeletal protein MSN and DNA binding protein DYNC1H1 in cluster 4 and metabolic enzymes in cluster 5 (PRDX2, TALDO1, TKT), which have demonstrated multiple intercluster interactions. Among these DEPs, ribosomal protein RPL7A and chaperones HSPA1A and HSPA1B were commonly associated with cellular stress response in SW480 and SW620 cells, in which HSPA1A and HSPA1B were mutually upregulated in both cell lines, but RPL7A was upregulated in SW480 cells and downregulated in SW620 cells. Other ribosomal proteins, such as RPL10A, RPL8, RPL6, RPLP2, RPL26, and RPL26L1, are part of the large 60S ribosomal subunit, while RPS9, RPS6, RPS27L, RPS3A, RPS15, RPS28, RPS27, RPS20, RPS11, RPS10 and RPS12 belong to the small 40S ribosomal subunit. RPLP2, RPL7A, RPS10, and RPS28 were significantly downregulated, while the remaining ribosomal proteins were upregulated in MS17-treated SW620 cells.



Previous studies have shown that several ribosomal proteins are overexpressed in CRC, including RPL6, RPL8, RPS3A, RPS6, RPS11, RPS12 and RPS27, but their functional importance is still unknown [150,151,152,153,154]. Accumulating evidence suggests that the extra-ribosomal functions of ribosomal proteins in CRC cells could be essential to facilitate tumorigenesis. For instance, the knockdown of RPS9 in HT29 colon cancer cells induces growth inhibition and cell cycle arrest at the G2/M phase by downregulating the cell cycle regulator CDK1 [155]. Overexpression of RPS27L in LoVo colon cancer cells enhances DNA repair capacity and inhibits apoptosis [156]. Germline mutation of RPS20 is regarded as a rare cause of hereditary non-polyposis CRC [157,158]. Increased expression of RPS28 in sporadic CRC is associated with tumor progression, which could become a potential biomarker [159]. In addition, several ribosomal proteins in our study (RPL26, RPS15, RPS20, RPS27 and RPS27L) have been reported to regulate the p53 pathway upon activation by DNA damage, oxidative stress and other stimuli [160]. These ribosomal proteins can bind to MDM2, an E3 ubiquitin ligase that targets p53 for degradation, inhibiting its activity that subsequently leads to the stabilization and activation of p53, resulting in cell cycle arrest and apoptosis [160]. Researchers have proposed that ribosomal proteins could function as the crucial regulators of the p53-mediated stress response in cancer cells [160]. Our findings showed that MS17 regulated the expression of multiple ribosomal proteins in SW620 cells, which could be associated with the extra-ribosomal functions of these DEPs to induce apoptotic effects by affecting the cellular responses to stress.



Several chaperones, including the upregulated DEPs (DNAJA1, HSP90AB1, HSPA1A, HSPA1B and HSPH1) and the downregulated DEPs (CALR and HSPA9) were significantly associated with “Cellular responses to stress” in MS17-treated SW620 cells. CALR is a multifunctional chaperone in the lumen of the endoplasmic reticulum, which can bind with calcium ions and is responsible for protein folding, calcium homeostasis and transcription [161,162,163]. Overexpression of CALR promotes tumor metastasis in CRC cells by regulating calcium ion signaling and cell migration [164,165,166,167]. DNAJA1 belongs to the HSP40 family, which mainly functions as the HSP70 co-chaperone in maintaining the proper folding of other proteins and preventing proteasomal degradation [103,168,169,170]. HSP90AB1 is a molecular chaperone from the HSP90 family that stabilizes proteins in a folded structure and facilitates protein transport and degradation [171]. HSP90AB1 also binds to various proteins, such as steroid hormone receptors, transcription factors, kinases, and ubiquitin ligases, to affect proliferation, metastasis and invasion in cancers [170,172,173,174]. HSPA9 is another compartment-specific member of the HSP70 family, while HSPH1 is a cytoplasmic chaperone acting as a nucleotide exchange factor for HSC70 to prevent protein aggregation and maintain proper folding [103,169,175]. HSPH1 activates the WNT/β-catenin and STAT3 signaling pathways to promote proliferation in CRC [176,177]. MS17 induced upregulation of DNAJA1, HSP90AB1, HSPA1A, HSPA1B and HSPH1, as well as downregulation of CALR and HSPA9 in SW620 cells, which could facilitate the regulation of cellular responses to stress, leading to growth inhibition and apoptosis.



Metabolic enzymes in cluster 5, including the upregulated DEPs (PRDX2 and TKT) and the downregulated TALDO1, were also associated with “Cellular responses to stress” in MS17-treated SW620 cells. PRDX2 is an antioxidant enzyme reported to protect CRC cells from oxidative stress, besides promoting WNT/β-catenin signaling and p53 degradation to enhance cell growth and proliferation [178,179,180]. Interestingly, PRDX2 has dual functions as an oncogene and tumor suppressor in CRC. Overexpression of PRDX2 inhibits TGF-β1-induced EMT and migration in CRC cells [181]. TALDO1 and TKT are glycolytic enzymes in the pentose phosphate pathway, which produce NADPH and pentose sugars for cell proliferation [182]. TALDO1 overexpression has been observed in CRC tissue, while TALDO1 knockdown in lung cancer cells reduced NADPH levels with enhanced ROS accumulation, leading to growth inhibition and apoptosis [183,184]. Overexpression of TKT in CRC cells promotes cell proliferation and metastasis by modulating Akt phosphorylation [185]. TALDO1 and TKT can be regulated by the KEAP1:NFE2L2 pathway in protecting cells against homeostatic responses, such as oxidative, inflammatory, and metabolic stresses [182,186,187,188,189]. MS17 induced the upregulation of PRDX2 and TKT with the TALDO1 downregulation in SW620 cells, which may interfere with the cancer metabolism and increase ROS production to induce cellular stresses, leading to apoptosis.



In the present study, PSMA1 and PSMD13 were the upregulated ubiquitin–protein ligases commonly associated with several pathways in SW620 cells, including “Cellular responses to stress,” “Regulation of expression of SLITs and ROBOs,” and “Metabolism of amino acids and derivatives.” PSMA1 and PSMD13 are proteasome subunits that degrade ubiquitinated proteins in cells, in which proteasomal degradation is essential in almost all cellular processes [146,149,190,191,192,193,194]. Previously, PSMD13 was upregulated in SW480 and SW620 colon cancer cells upon oxaliplatin treatment, leading to growth suppression and apoptosis [195]. SLITs and ROBOs are families of proteins that have been implicated in cancer development and progression by regulating angiogenesis, invasion, metastasis, and immune evasion [196,197,198,199,200,201,202]. PSMA1 and PSMD13 are involved in the regulation of SLITs and ROBOs by modulating protein ubiquitination and proteasomal degradation [203]. Metabolism of amino acids and derivatives, including the catabolism of amino acids, the biosynthesis of the nonessential amino acids and selenocysteine, the urea synthesis and the metabolism of hormones, is essential to maintain a steady supply of amino acids for protein synthesis [204,205,206]. PSMA1 and PSMD13 facilitate ubiquitination and proteasomal degradation to regulate protein levels in every aspect of amino acid metabolism [149]. These findings suggest that MS17 may interfere with ubiquitination and proteasomal degradation by PSMA1 and PSMD13 to target multiple pathways and deregulate the protein expression, which could disrupt cancer progression and eventually lead to apoptosis. In addition, “Metabolism of amino acids and derivatives” in MS17-treated SW620 cells was also significantly associated with another upregulated metabolic enzyme GOT2 in cluster 5. GOT2 catalyzes the inter-conversion and utilization of nitrogenous compounds, which are essential to maintain the balance of amino acids and TCA cycle intermediates [207,208]. It is also a key part of the malate-aspartate shuttle, which is a mechanism that allows cells to transfer reducing equivalents from the cytosol to the mitochondria [209]. GOT2 has been shown to facilitate nitrogen balance in CRC cells by producing amino acids and regulating the urea cycle through an HIF1a–SOX12–GOT2 axis, affecting cell proliferation and metastasis [210]. Our findings suggest that MS17 upregulated GOT2 to affect metabolism of amino acids and derivatives in SW620 cells, which could be associated with growth suppression, anti-proliferation and apoptosis.



Histones H1-2 and H1-3 are two different variants of the linker histone H1 responsible for wrapping DNA around the nucleosome in regulating chromatin dynamics and restricting the DNA accessibility to transcription factors and RNA polymerases. Accumulating evidence has demonstrated the importance of histone H1-2 in regulating gene expression, which affects cellular processes in cancer cells, such as apoptosis, DNA repair, cell proliferation and migration [211,212,213,214,215,216]. Histone H1-3 overexpression in epithelial ovarian cancer cells has been reported to reduce cell proliferation and colony formation by suppressing the noncoding oncogene H19 [217]. Histones H1-2 and H1-3 were downregulated in MS17-treated SW620 cells and significantly associated with “Cellular responses to stress.” Under cellular stress, histone H1 can undergo various modifications, such as acetylation, phosphorylation, methylation, and ubiquitination, which affect its interaction with DNA and other proteins [218,219]. These modifications can alter the chromatin dynamics and the transcriptional stress response [219,220,221,222]. For example, histone H1 acetylation can reduce its affinity for DNA and increase the accessibility of stress-responsive genes [223]. Histone H1 phosphorylation can facilitate the recruitment of DNA repair factors and the activation of cell cycle checkpoints [211,212,214]. These findings suggest that MS17 may downregulate histones H1-2 and H1-3 to disrupt cellular responses to stress, leading to anti-proliferation and apoptosis in SW620 cells.



In MS17-treated SW620 cells, the upregulated DYNC1H1 and VCP in cluster 4 and MSN in cluster 2 were significantly associated with “Cellular responses to stress.” DYNC1H1 is a cytoplasmic dynein involved in intracellular transport of various cargoes along the microtubules in the cell [224]. DYNC1H1 regulates the movement and function of endosomes, which are membrane-bound vesicles that transmit signals from the environment (growth factors, hormones, and nutrients) and modulate various pathways, such as the extracellular signal-regulated kinases (ERKs) 1/2 and the c-Fos transcription factor, that are important for cell survival, growth, differentiation, and adaptation to stress [225,226,227,228,229]. VCP is an ATPase involved in cellular responses to stress by maintaining protein synthesis, folding, and degradation [230]. VCP helps to eliminate misfolded or damaged proteins that accumulate under stress conditions, such as heat shock, oxidative stress and DNA damage [231,232,233]. MSN is a member of the ezrin–radixin–moesin (ERM) family that links the plasma membrane to the actin cytoskeleton [234]. MSN is involved in cellular responses to stress by mediating the changes in cell shape, adhesion, and migration that occur under stress conditions, such as mechanical stress, inflammation, or infection [235,236]. MSN also modulates the signaling pathways that are activated by stress, such as the MAPK, PI3K/Akt, and Rho pathways, by interacting with various receptors, adaptors, and effectors at the membrane–cytoskeleton interface [234,237,238,239]. Therefore, MS17 upregulated DYNC1H1, VCP and MSN in SW620 cells, which may facilitate cellular responses to stress by regulating different aspects of cellular physiology, such as proteostasis, transcription, translation, morphology, adhesion, and migration, which could be associated with anti-cancer effects of MS17.



Moreover, the ribosomal proteins in MS17-treated SW620 cells were also significantly associated with other pathways, including “Eukaryotic translation elongation,” “Nonsense-mediated decay (NMD),” “Regulation of expression of SLITs and ROBOs,” and “Metabolism of amino acids and derivatives.” “Eukaryotic translation elongation” and “Nonsense-mediated decay (NMD)” are two important pathways in gene translation which involve the assembly of ribosomal proteins to form functional subunits. NMD serves as an intracellular mechanism to degrade mRNAs containing premature stop codons, preventing the production of truncated proteins to maintain normal gene expression [240]. Eukaryotic translation elongation requires the ribosome to move along the mRNA (codon recognition) to add amino acids to the growing polypeptide chain during peptide bond formation and translocation [241]. “Eukaryotic translation elongation” was also significantly associated with the upregulated EEF1G in MS17-treated SW620 cells. EEF1G is part of the elongation factor-1 complex that delivers aminoacyl-tRNA and amino acids to the ribosome during the elongation step in gene translation [242]. EEF1G has been reported to be overexpressed in multiple cancers, including CRC, but little is known about its potential roles in cancer progression [243,244]. Additionally, these ribosomal proteins play essential roles in the “Regulation of expression of SLITs and ROBOs” by modulating the translation of ROBO receptors. For instance, the 80S ribosome regulates the translation of ROBO3.2 mRNA containing a premature stop codon, which initiates NMD [245,246,247]. As for the metabolism of amino acids and derivatives, these ribosomal proteins are part of the eukaryotic ribosomes that modulate protein synthesis by facilitating mRNA translation into proteins [138,248,249,250,251,252]. Taken together, MS17 modulated the differential expression of ribosomal proteins and upregulated EEF1G in SW620 cells, which could affect the gene translation, expression of SLITs and ROBOs and metabolism of amino acids and derivatives, resulting in growth inhibition and apoptosis.



“Gene and protein expression by JAK-STAT signaling after interleukin-12 stimulation” were significantly associated with the upregulated HSPA9 and cytoskeletal proteins (LCP1, MSN) and the downregulated TALDO1 in MS17-treated SW620 cells. The JAK-STAT pathway coordinates the intercellular communication between tumor cells and their immune microenvironment, leading to cell proliferation, survival, stemness, immune evasion and tumor progression [253,254]. Interleukin-12 (IL-12) is a cytokine that activates the JAK-STAT signaling and regulates the expression of various immune and inflammatory molecules [255,256]. HSPA9 regulates mitochondrial iron–sulfur cluster (ISC) biogenesis by stabilizing ISC cluster assembly proteins (FXN, NFU1, NFS1 and ISCU1) that are essential for activating many crucial enzymes in JAK-STAT signaling [257,258]. LCP1 is involved in actin polymerization and cytoskeleton remodeling, which also helps to regulate the activation and migration of T cells and macrophages essential for immune responses [259,260]. LCP1 is a downstream target of STAT3 in the JAK-STAT pathway, while MSN is substrate of JAK2 that phosphorylates and activates STAT proteins [261,262]. MSN modulates the signaling and endocytosis of various receptors, including cytokine receptors that activate the JAK-STAT pathway [263]. TALDO1 is a target of STAT5 in the JAK-STAT pathway, which regulates the expression of genes involved in cell cycle, apoptosis, and inflammation [264,265,266]. Our findings suggest that MS17 upregulated HSPPA9, LCP1 and MSN and downregulated TALDO1 in SW620 cells, which could affect the JAK-STAT signaling pathway and associated with apoptosis, proliferation, and immune response, resulting in anti-cancer effects.




4. Materials and Methods


4.1. Preparation of Curcumin Analogue (MS17) and Curcumin


Curcumin analogue MS17 (1,5-bis(2-hydroxyphenyl)-1,4-pentadiene-3-one) is a chemically purified diarylpentanoid synthesized by coupling the appropriate aromatic aldehyde with acetone under base-catalyzed aldol condensation, using a 1:2 ratio of ketone to aldehyde [70]. The characterization of the analogue was based on the analysis of its spectroscopic data and the comparison of this data with the related compounds [70]. Curcumin was purchased from Nacalai Tesque (Product Grade: Nacalai Special Grade. Nacalai Tesque, Inc., Kyoto, Japan). The 50 mM concentration of MS17 and curcumin stock solutions were prepared in DMSO (Molecular Biology Grade, Sigma Aldrich, St. Louis, MO, USA).




4.2. Cell Culture and Maintenance


Normal human lung fibroblast (WI-38, ATCC® CCL-75™), primary (SW480, ATCC® CCL-228™) and metastatic (SW620, ATCC® CCL-227™) human colon cancer cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). WI-38 cells were grown in Eagle’s minimum essential medium (EMEM) (Corning Life Sciences, Corning, NY, USA) and stored in a humidified 37 °C incubator with 5% CO2. Both colon cancer cell lines were grown in Leibovitz L-15 medium (Corning Life Sciences, Corning, NY, USA) and stored at 37 °C in a humidified incubator without CO2. All media were supplemented with 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and 1% penicillin (100 U/mL)–streptomycin (100 µg/mL) (Gibco). Cells were regularly monitored to ensure a normal and consistent morphology without contaminants. Cells were maintained by proper aseptic techniques and left to grow until they reached a confluency between 70 to 80%.




4.3. Cytotoxicity and Anti-Proliferative Assays of MS17 and Curcumin


Cells were plated in a 96-well culture plate (Nunc, Roskilde, Denmark) in triplicate at a density of 7 × 104 cells/mL. The plate was incubated in a humidified incubator overnight at 37 °C to allow cell attachments to the bottom of the wells. After 24 h, the media was replaced with fresh media containing MS17 or curcumin ranging from 1.56–100 μm and incubated at 37 °C in a humidified incubator. The cells were incubated for 72 h for cytotoxicity analysis and 24, 48 and 72 h for anti-proliferative assay. The MS17 compound was prepared in a stock solution of 50 mM in DMSO (Sigma-Aldrich, St. Louis, MO, USA) and diluted in the culture media to a working concentration of 200 μM. Curcumin was used as a positive control and prepared similarly. A twofold serial dilution was performed in triplicate down the columns of the plate, yielding a final volume and concentration of 200 μL of media with 0.2% DMSO in each well. Control cells were treated with media containing 0.2% of DMSO. The cell viability and anti-proliferative assay were determined by using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Mosmann, 1983). Following incubation, the supernatant was aspirated, and 0.5 mg/mL MTT solution was added and incubated for 4 h at 37 °C. The MTT solution was replaced with 100 μL of DMSO to dissolve the formazan crystal. The absorbance was measured by a BioTek EON (BioTek Instrument, Winooski, VT, USA) microplate reader at a wavelength of 570/650 nm. The equation for cell viability percentage is as follows:


  C e l l   v i a b i l i t y   ( % ) =   A b s o r b a n c e   o f   T r e a t e d   C e l l s   A b s o r b a n c e   o f   U n t r e a t e d   C e l l s   × 100  











The half-maximal effective concentration (EC50) value was generated using GraphPad Prism version 9.3 (GraphPad Software, San Diego, CA, USA). EC50 value represents the concentration at which the tested compound caused a 50% growth inhibitory effect averaged from triplicate absorbance values. Selectivity index (SX) is the degree of selectivity of the compound tested against the cancerous cell, in which SX value above 100 indicates the tested compound possesses a high cytotoxic selectivity compared to normal cells. SX value was determined based on the EC50 values obtained from cytotoxicity assays of MS17 against colon cancer cells and normal lung fibroblast cells. SX values were calculated based on the following equation, which was adapted from Popiolkiewicz et al., 2005 [267]:


  S e l e c t i v e   I n d e x     S X   =     E C   50     ( N o r m a l   c e l l   l i n e )     E C   50     ( C a n c e r   c e l l   l i n e )    












4.4. Induction of Apoptosis with MS17


The apoptotic activity of MS17 against SW480 and SW620 was assessed using morphological evaluation of apoptotic cells and protein capillary electrophoresis to validate the expression of caspase-3, cleaved caspase-3 and Bcl-2. Cancer cells were exposed to MS17 at two different concentrations of 1× EC50 [SW480, 4.10 μM; SW620, 2.50 μM] and 2× EC50 [SW480, 8.20 μM; SW620, 5 μM] for 24 and 48 h. Each experiment included a set of untreated control cells.




4.5. Morphological Observation and Quantitative Analysis of Apoptotic Cells by Acridine Orange–Propidium Iodide Double-Staining Technique Using Fluorescence Microscope


The morphological assessment of cell death was performed using acridine orange (AO) and propidium iodide (PI) double staining. This method was used to differentiate between viable and non-viable cells and cells that undergo early or late apoptosis and necrosis. Cells were seeded in T-25 flasks (SPL, Pochon, Kyonggi-do, South Korea) and incubated 24 h before treatment. Cells were treated with two concentrations of MS17 [1× EC50 and 2× EC50] at 24, 48 and 72 h. Upon the end of incubation, the cells were washed with PBS and resuspended in 100 μL of ice-cold PBS. A mixture of the fluorescent dye staining solution (1:1), comprising 50 μg/mL of acridine orange (AO) and 50 μg/mL of propidium iodide (PI), was freshly prepared. AO-PI mixture (10 µL) was added to the cell suspension and incubated at room temperature in the dark for 5 min. The freshly stained cell suspension was dropped onto a glass slide and observed under a UV-fluorescence microscope (Olympus BX41) attached with Leica LAS X software version 3.7.6. Fluorescent images were captured using a dual-filter set for FITC (green) and rhodamine (red). Upon completion, a minimum of 200 cells were counted per sample and the percentage of each cell type (viable, apoptotic, and necrotic cells) from each population was calculated based on the following equation:


  P e r c e n t a g e   o f   c e l l s   ( % ) =   N u m b e r   o f   c e l l s   ( v i a b l e / a p o p t o t i c / n e c r o t i c )   T o t a l   t a r g e t   c e l l s   × 100  











The different morphological criteria were used to clarify healthy live cells, early or late apoptotic and necrotic cells based on reference protocols as previously described [63,268].




4.6. Measurement of Caspase-3 Activity in MS17-Treated SW480 and SW620 Colon Cancer Cells


Caspase-3 activity in MS17-treated SW480 and SW620 cells was evaluated using the Caspase-3 Colorimetric Assay Kit (Raybiotech Inc., Peachtree Corners, GA, USA) based on the manufacturer protocol. Firstly, the cancer cells were seeded in T75 flasks (Nunc) and grown for 24 h. The cells were exposed to MS17 treatment (1× and 2× EC50 concentrations) for 24, 48 and 72 h. Following treatment, cells were washed with PBS and resuspended in 50 µL of ice-cold lysis buffer. The cell lysate and lysis buffer mixture were incubated for 10 min on ice. After incubation, the cells were spun at 10,000× g for 1 min. Protein concentration was measured using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Next, 200 µg of protein lysate was diluted to 50 µL of cell lysis buffer for each replicate. Then, 50 µL of 2× reaction buffer followed by 5 µL of 4 mM DEVD-pNA substrate were added into each assay. The assay was incubated at 37 °C for 2 h. The intensity of the color development was measured at 405 nm using a microplate spectrophotometer (BioTek™ EON™ Microplate Spectrophotometers, Fisher Scientific, Waltham, MA, USA). Caspase-3 activity was presented in the fold change of absorbance from treated cells against absorbance from untreated cells (control):


Fold Change = Absorbance of Treated Cells/Absorbance of Untreated Cells












4.7. Quantification of Bcl-2 Protein Concentration in MS17-Treated SW480 and SW620 Colon Cancer Cells


Bcl-2 cellular protein concentration was quantified using the Bcl-2 ELISA kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s protocol. Each well of the supplied microtiter was pre-coated with anti-human Bcl-2 antibody. The cells were seeded in T75 flasks (Nunc) and incubated for 24 h before treated with two MS17 concentrations (1× and 2× EC50) for 24 and 48 h. Upon the end of treatment, the cells were washed with PBS and resuspended in lysis buffer. The protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). Firstly, standards and samples were added to the wells, followed by the loading of biotin conjugate. The plate was incubated under room temperature on a microplate shaker for 2 h. After that, the wells were washed to remove unbound material. Streptavidin–HRP was added into each well and continued with 1 h incubation at room temperature. Then, the wells were washed again to remove unbound material. TMB substrate was added into each well to react with the HRP enzyme, resulting in color development. Finally, stop solution was added to terminate the color development, and the color intensity was measured at 450 nm using a microplate spectrophotometer (BioTek™ EON™ Microplate Spectrophotometers, Fisher Scientific, Waltham, MA, USA). Data was presented in the fold change of absorbance from treated cells against absorbance from untreated cells (control).




4.8. MS17 Treatment for Proteomic Analysis


Both SW480 and SW620 cells were seeded at a density of 1 × 106 cells in T-75 flasks and incubated overnight to allow cell attachment at 37 °C in a humidified incubator. After that, the cells were incubated with fresh media containing MS17 of 2× EC50 concentrations (SW480, 8.20 μM; SW620, 5 μM) for 24 h. Meanwhile, the untreated cells received fresh media with 0.2% DMSO. Upon the end of treatment, the cells were harvested by pre-warmed Accutase® Cell Detachment Solution (Innovative Cell Technologies, San Diego, CA, USA), washed with 2 mL of 1× PBS (Cornihng®, Corning, NY, USA) and centrifuged twice to obtain a fresh, clean pellet. The fresh pellet was subjected to total protein extraction using ice-cold RIPA buffer (Nacalai Tesque Inc., Kyoto, Japan) supplemented with EDTA-free Halt™ protease and phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). The protein concentration was quantified using the Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). The experiment was performed in three biological replicates.




4.9. In-Solution Digestion and Cleanup


For each sample, 100 μg of protein lysate was subjected to in-solution digestion. First, 25 μL of 100 mM ammonium bicarbonate (ABC) (MD Millipore, Darmstadt, Germany), 25 μL of tetrafluoroethylene (TFE) (Millipore, Darmstadt, Germany), and 1 μL of 200 mM dithiothreitol (DTT) (EMD Millipore, Darmstadt, Germany) were added to each protein sample. The sample mixture was vortexed and heated at 90 °C for an hour. The sample was left to cool to room temperature, followed by adding 4 μL of 200 mM iodoacetamide (IAM) (GE Healthcare, Buckinghamshire, UK) to the mixture. The sample was incubated in the dark at room temperature for 1 h. After that, 1 μL of DTT was added to the sample mixture, vortexed to mix well, and incubated in the dark at room temperature for 1 h to quench excess IAM in the sample mixture. The sample mixture was diluted by adding 300 μL of MilliQ water and 100 μL of ABC. Then, 1 μL of MS Grade Pierce Trypsin Protease (Thermo Fisher Scientific, Waltham, MA, USA) was added to the mixture, and the samples were incubated at 37 °C for 18 h. Later, 1 μL of formic acid was added to stop the trypsin reaction. The sample was dried using centrifugal evaporator CVE-3100 (Eyela, Tokyo, Japan) and desalted through a C18 spin column (Pierce Biotechnology, Thermo Fisher Scientific, Rockford, IL, USA) according to the manufacturer’s protocol.




4.10. Liquid Chromatography–Tandem Mass Spectrometry (LCMS/MS) Analysis


The dried, desalted peptide samples were reconstituted with 20 μL of 0.1% formic acid prior to being analyzed on nano-ESI-QTOF (Agilent, 65000 iFunnel Q-TOF LC/MS) equipped with Agilent Large Capacity Chip (G4240-62010 300Å-C18) that was equilibrated with 0.1% formic acid (solution A). 10 μL of peptide sample was injected and eluted from the column at a flow rate of 500 nL/min with an increase in 5 to 70% of solution B (acetonitrile in water with 0.1% formic acid) for 60 min. The QTOF polarity was positive, while the capillary and fragmenter voltages were 1900 V and 360 V, respectively. The drying gas flowed through the column at 325 °C with a flow rate of 5.0 L/min. The spectra were acquired in auto MS/MS mode in a mass range of 110–3000 (m/z) for the MS scan and 50–3000 (m/z) for the MS/MS scan. The spectra were then analyzed using PEAKS X+ software (Bioinformatics Solutions Inc., Waterloo, ON, Canada).




4.11. Total Protein Identification and Label-Free Quantification


Protein identification in both control and treated samples was performed via automated de novo sequencing using PEAKS X+ software. The peptide spectra were matched against in silico-digested Homo sapiens database downloaded from UniProt (https://www.uniprot.org/) [release 2023_04, accessed on 26 April 2023]. A mass shift of 57.02 Da (carbamidomethylation), fragment mass tolerance of 0.1 Da, monoisotopic precursor, and false-discovery rate (FDR) less than 1.0% were set as the search criterion and trypsin as the digestion enzyme. The mass error tolerance was 20 ppm, and the retention time shift tolerance was 6 min. At FDR less than 1.0%, proteins that passed through significance (−10logP) = 13 or equivalent to a p-value of less than 0.05, with at least one unique peptide, and a ratio less than 0.90 or more than 1.10 were selected as query terms for subsequent bioinformatics analysis. Label-free quantification (LFQ) was performed on the PEAKS Q module embedded in PEAKS X+ software version 10.5 to determine the protein expression profile of each sample. The ratio is defined as the protein intensity of the treated sample vs. the control sample.




4.12. Bioinformatic Analysis


All DEPs obtained from the LFQ analysis were classified into their respective PANTHER protein classes (http://www.pantherdb.org/) [version 17.0, accessed on 11 July 2023] Subsequently, statistical enrichment analysis for the biological process, molecular function, and cellular component of the DEP against the gene ontology (GO) consortium database (http://geneontology.org/) [version 2023-06-11, accessed on 20 July 2023] was performed using the BiNGO plugin (3.0.3) in Cytoscape (3.9.1) environment. The enriched GO terms were filtered from FDR ≤ 0.05 as the statistically significant cutoff upon the right-sided hypergeometric multiple correction testing with the Benjamini–Hochberg option. The protein–protein interaction (PPI) network of all DEPs was constructed from STRING (Search Tool for the Retrieval of INteracting Genes/Proteins) [https://string-db.org/] [version 12, accessed on 28 July 2023], which maps the DEPs against the Homo sapiens database at high confidence score (0.70). To further identify highly connected protein clusters within the network, k-means clustering analysis was performed. The DEPs identified were mapped to the Reactome pathways (https://reactome.org/) [version 85.0, accessed on 27 July 2023], in which an overrepresentation test at FDR < 0.05 as the criterion was performed to select the associated enriched Reactome pathways.




4.13. Statistical Analysis


All experiments were conducted in triplicate. Data are presented as means ± standard error of the mean (SEM) from three biological replicates. Comparison between the datasets was performed using one-way and two-way analysis of variance (ANOVA) followed by Dunnett’s multiple-group comparison test. Statistically significant differences between groups were set at p ≤ 0.05. All statistical analysis was performed using GraphPad Prism Version 9.3 (GraphPad Software Inc., La Jolla, CA, USA).





5. Conclusions


MS17 as a synthetic analogue is comparable to the parent compound, curcumin to demonstrate a higher cytotoxicity and anti-proliferative effect in SW480 and SW620 colon cancer cells. Our morphological analysis indicated that MS17 induced apoptotic changes in both cell lines in time- and dose-dependent effects while there was no significance in caspase-3 activity or downregulation of Bcl-2 protein. Further analysis of the DEPs regulated by MS17 suggests that MS17 has a higher potency than curcumin to target multiple molecular pathways in SW480 and SW620 cells. Based on proteomic profiling, we identified several DEPs associated with the top enriched molecular pathways that could play an important role in inducing apoptosis and anti-cancer effects in SW480 and SW620 cells upon MS17 treatment. Selected DEPs, such as RPL and RPS ribosomal proteins, heat shock proteins (HSPs) and ubiquitin–protein ligases (UBB and UBC) which were significantly associated with “Cellular responses to stress” may facilitate the cytotoxicity, anti-proliferative and apoptotic activities of MS17 in SW480 and SW620 cells. Further investigation is essential to determine the alternative apoptotic mechanisms of MS17 that are independent of caspase-3 activity and Bcl-2 protein expression in SW480 and SW620 cells. MS17 could be a potential anti-cancer agent in primary and metastatic colon cancer cells.
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Figure 1. Chemical structure of MS17 and curcumin. 
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Figure 2. Cytotoxicity assays using different concentrations of MS17 treated on (A) SW480 cells and (B) SW620 cells and curcumin on (C) SW480 cells and (D) SW620 cells. All the experiments were performed in triplicate, and results were compared between three independent experiments. Statistically significant differences between the means of values obtained with treated vs. untreated are represented by * for p ≤ 0.05, ** for p ≤ 0.01, and **** for p ≤ 0.0001. Data are presented as means ± SEM. 
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Figure 3. The anti-proliferative effect of MS17 in (A) SW480 and (B) SW620 cells and curcumin in (C) SW480 and (D) SW620 cells at 24, 48 and 72 h, in which (E) 0.2% of DMSO treatment (vehicle only) in the control wells of both cell lines did not induce anti-proliferative effects. All the experiments were performed in triplicate, and results were compared between three independent experiments. Statistically significant differences between the means of values obtained with treated vs. untreated are represented by * for p ≤ 0.05, ** for p ≤ 0.01, *** for p ≤ 0.001 and **** for p ≤ 0.0001. Data are presented as means ± SEM. 
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Figure 4. Morphological and quantitative analysis of apoptotic cells by acridine orange–propidium iodide (AO/PI) in SW480 cells upon MS17 treatment for 24, 48 and 72 h. Untreated viable cells emit uniformly green fluorescence (white arrow), while early apoptotic cells emit dense, bright-green fluorescence with membrane blebbing and chromatin condensation (blue arrow). Late apoptotic cells appear bright orange–red with yellow beads (yellow arrow). Necrotic cells showed a red appearance (purple arrow). Magnification 100×. 
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Figure 5. Morphological and quantitative analysis of apoptotic cells by acridine orange–propidium iodide (AO/PI) in SW620 cells upon MS17 treatment for 24, 48 and 72 h. Untreated viable cells emit uniformly green fluorescence (white arrow), while early apoptotic cells emit dense, bright-green fluorescence with membrane blebbing and chromatin condensation (blue arrow). Late apoptotic cells appear bright orange–red with yellow beads (yellow arrow). Necrotic cells showed a red appearance (purple arrow). Magnification 100×. 
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Figure 6. Percentage of cell population in (A) SW480 and (B) SW620 cells treated with MS17 for 24, 48, and 72 h. Results are expressed as means ± SEM from three independent experiments and comparison between data sets was performed using ANOVA. Statistically significant differences between the means of values obtained with treated vs. untreated cells are represented by * for p ≤ 0.05, ** for p ≤ 0.01, *** for p ≤ 0.001 and **** for p ≤ 0.0001. 
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Figure 7. Investigation of relative caspase-3 activity in (A) SW480 and (B) SW620 cells and the Bcl-2 protein expression in (C) SW480 and (D) SW620 cells upon MS17 treatment for 24, 48 and 72 h. The fold change of protein expression in each treatment group was normalized against the untreated control. Results are expressed as means ± SEM from three independent experiments and comparison between data sets was performed using ANOVA. 
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Figure 8. Percentage (%) of DEPs identified in MS17-treated (A) SW480 and (B) SW620 cells annotated to each statistically enriched GO term for functional categories “Molecular function”, “Cellular component” and “Biological process”. The number above each bar represents the percentage of protein of the respective GO terms, while the asterisks indicate the false-discovery rate (FDR) of each GO term upon multiple correction statistical tests using the Benjamini–Hochberg procedure (** p < 0.01, *** p < 0.001 and **** p < 0.0001). 
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Figure 9. Protein–protein interaction (PPI) network of all differentially expressed proteins (DEPs) identified in MS17-treated SW480. The nodes represent proteins, wherein the nodes in the same cluster are demonstrated by the same color. The lines connecting the nodes indicate the association between the proteins. The thicker the line, the higher the confidence in the interaction prediction. Dashed lines represent inter-clusters between the highly connected clusters. 






Figure 9. Protein–protein interaction (PPI) network of all differentially expressed proteins (DEPs) identified in MS17-treated SW480. The nodes represent proteins, wherein the nodes in the same cluster are demonstrated by the same color. The lines connecting the nodes indicate the association between the proteins. The thicker the line, the higher the confidence in the interaction prediction. Dashed lines represent inter-clusters between the highly connected clusters.



[image: Ijms 25 03503 g009]







[image: Ijms 25 03503 g010] 





Figure 10. Protein–protein interaction (PPI) network of all differentially expressed proteins (DEPs) identified in MS17-treated SW620. The nodes represent proteins, wherein the nodes in the same cluster are demonstrated by the same color. The lines connecting the nodes indicate the association between the proteins. The thicker the line, the higher the confidence in the interaction prediction. Dashed lines represent inter-clusters between the highly connected clusters. 
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Table 1. Enriched Reactome pathways mapped by all DEPs identified in MS17-treated SW480 cells upon 8.20 µM of MS17 treatment for 24 h.
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Pathway Identifier

	
Pathway Name

	
Entities FDR

	
Submitted Entities Found

	
Protein Class

	
Cluster






	
R-HSA-2262752

	
Cellular responses to stress

	
1.23 × 10−14

	
HSP90AA1, HSPA5, HSPA1B, HSPA1A

	
Chaperone

	
Cluster 1




	
RPL7A, RPS27A, UBA52

	
Ribosomal protein

	
Cluster 2




	
UBB, UBC

	
Ubiquitin–protein ligase




	
R-HSA-8948747

	
Regulation of PTEN localization

	
1.35 × 10−6

	
RPS27A, UBA52

	
Ribosomal protein

	
Cluster 2




	
UBB, UBC

	
Ubiquitin–protein ligase




	
R-HSA-1253288

	
Downregulation of ERBB4 signaling

	
1.55 × 10−6

	
RPS27A, UBA52

	
Ribosomal protein

	
Cluster 2




	
R-HSA-1643713

	
Signaling by EGFR in Cancer

	
1.60 × 10−6

	
HSP90AA1

	
Chaperone

	
Cluster 1




	
RPS27A, UBA52

	
Ribosomal protein

	
Cluster 2




	
UBB, UBC

	
Ubiquitin–protein ligase




	
R-HSA-8863795

	
Downregulation of ERBB2 signaling

	
2.06 × 10−6

	
HSP90AA1

	
Chaperone

	
Cluster 1




	
RPS27A, UBA52

	
Ribosomal protein

	
Cluster 2




	
UBB, UBC

	
Ubiquitin–protein ligase




	
R-HSA-2691230

	
Signaling by NOTCH1 HD Domain mutants in Cancer

	
2.41 × 10−6

	
RPS27A, UBA52

	
Ribosomal protein

	
Cluster 2




	
UBB, UBC

	
Ubiquitin–protein ligase











 





Table 2. Enriched Reactome pathways mapped by all DEPs identified in MS17-treated SW620 cells upon 5 µM of MS17 treatment for 24 h.
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Pathway Identifier

	
Pathway Name

	
Entities FDR

	
Submitted Entities Found

	
Protein Class

	
Cluster






	
R-HSA-2262752

	
Cellular responses to stress

	
2.78 × 10−15

	
RPS9, RPS6, RPS27L, RPS3A, RPL10A, RPL8, RPL6, RPS15, RPL7A, RPS28, RPS27, RPLP2, RPS20, RPL26, RPS11, RPS10, RPL26L1, RPS12

	
Ribosomal protein

	
Cluster 1




	
CALR, DNAJA1, HSP90AB1, HSPA1A, HSPA1B, HSPA9, HSPH1

	
Chaperone

	
Cluster 2




	
VCP

	
Transport protein




	
PSMA1, PSMD13,

	
Ubiquitin–protein ligase




	
H1-3, H1-2,

	
Chromatin-regulatory

	
Cluster 3




	
MSN

	
Cytoskeletal protein

	
Cluster 4




	
DYNC1H1

	
DNA binding protein




	
PRDX2, TALDO1, TKT

	
Metabolic enzyme

	
Cluster 5




	
R-HSA-156842

	
Eukaryotic Translation Elongation

	
2.78 × 10−15

	
RPS9, RPS6, RPS27L, RPS3A, RPL10A, RPL8, RPL6, RPS15, RPL7A, RPS28, RPS27, RPLP2, RPS20, RPL26, RPS11, RPS10, RPL26L1, RPS12

	
Ribosomal protein

	
Cluster 1




	
EEF1G

	
RNA-binding protein

	
Cluster 2




	
R-HSA-927802

	
Nonsense-Mediated Decay (NMD)

	
2.78 × 10−15

	
RPS9, RPS6, RPS27L, RPS3A, RPL10A, RPL8, RPL6, RPS15, RPL7A, RPS28, RPS27, RPLP2, RPS20, RPL26, RPS11, RPS10, RPL26L1, RPS12

	
Ribosomal protein

	
Cluster 1




	
R-HSA-9010553

	
Regulation of expression of SLITs and ROBOs

	
2.78 × 10−15

	
RPS9, RPS6, RPS27L, RPS3A, RPL10A, RPL8, RPL6, RPS15, RPL7A, RPS28, RPS27, RPLP2, RPS20, RPL26, RPS11, RPS10, RPL26L1, RPS12

	
Ribosomal protein

	
Cluster 1




	
PSMA1, PSMD13

	
Ubiquitin–protein ligase

	
Cluster 2




	
R-HSA-71291

	
Metabolism of amino acids and derivatives

	
4.78 × 10−8

	
RPS9, RPS6, RPS27L, RPS3A, RPL10A, RPL8, RPL6, RPS15, RPL7A, RPS28, RPS27, RPLP2, RPS20, RPL26, RPS11, RPS10, RPL26L1, RPS12

	
Ribosomal protein

	
Cluster 1




	
GOT2

	
Metabolic enzyme

	
Cluster 5




	
PSMA1, PSMD13

	
Ubiquitin–protein ligase

	
Cluster 2




	
R-HSA-8950505

	
Gene and protein expression by JAK-STAT signaling after Interleukin-12 stimulation

	
2.27 × 10−6

	
HSPA9

	
Chaperone

	
Cluster 2




	
LCP1, MSN

	
Cytoskeletal protein

	
Cluster 4




	
TALDO1

	
Metabolic enzyme

	
Cluster 5
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