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Abstract: Chitooligosaccharide (COS) and gallic acid (GA) are natural compounds with anti-cancer
properties, and their conjugate (COS—-GA) has several biological activities. Herein, the anti-cancer
activity of COS-GA in SW620 colon cancer cells was investigated. MTT assay was used to evaluate
cell viability after treatment with 62.5, 122, and 250 ug/mL of COS, GA, and COS-GA for 24 and
48 h. The number of apoptotic cells was determined using flow cytometry. Proteomic analysis was
used to explore the mechanisms of action of different compounds. COS-GA and GA showed a
stronger anti-cancer effect than COS by reducing SW620 cell proliferation at 125 and 250 pg/mL
within 24 h. Flow cytometry revealed 20% apoptosis after COS-GA treatment for 24 h. Thus, GA
majorly contributed to the enhanced anti-cancer activity of COS via conjugation. Proteomic analysis
revealed alterations in protein translation and DNA duplication in the COS group and the structural
constituents of the cytoskeleton, intermediate filament organization, the mitochondrial nucleoid,
and glycolytic processes in the COS-GA group. Anti-cancer-activity-related proteins were altered,
including CLTA, HSPA9, HIST2H2BF, KRT18, HINT1, DSP, and VIM. Overall, the COS-GA conjugate
can serve as a potential anti-cancer agent for the safe and effective treatment of colon cancer.

Keywords: chitooligosaccharide; gallic acid; conjugate; anti-cancer activity; proteomics; LC-MS/MS

1. Introduction

Chitooligosaccharide (COS) is derived from chemical or enzymatic chitosan
hydrolysis [1-4]. Generally, COS is defined by a degree of polymerization (DP) ranging
from 2 to 10 monomers of glucosamine, a degree of deacetylation (DD) of more than
90%, and an average molecular weight of <3.9 kDa [5]. COS exhibits various bioac-
tivities, including antioxidant [6], anti-obesity [7], anti-microbial [8], and anti-cancer
activities [9,10], with non-toxic and non-allergenic properties [9,11]. The structure
of COS contains three reactive functional groups, including amino groups, hydroxyl
groups, and a glycosidic bond, which favor COS modification to enhance its bioactivity
via chemical reactions [12]. Currently, modified forms of COS have been synthe-
sized to produce biologically enhanced derivatives by linking the COS backbone with
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other bioactive constituents or chemical groups, such as polyphenols [2], carboxyl
groups [13], aminoethyl groups [14], and sulfate groups [15].

Gallic acid (GA; 3,4,5-trihydroxybenzoic acid) is a bioactive polyphenolic compound
in various plants, fruits, and herbal medicines [16]. GA comprises a benzene ring with three
adjacent hydroxyl groups and one carboxylic group at the 1 position [16]. GA exhibits strong
antioxidant activity [16,17] and possesses anti-cancer, anti-inflammatory, anti-microbial,
and anti-fungal properties [18]. Therefore, the biological and pharmacological properties
of GA have attracted the attention of researchers by attempting to improve its activity
by combining it with other bioactive ingredients. The COS-GA conjugate demonstrates
various pharmacological functions. The COS-GA conjugate displays a higher ability to
suppress the proliferation of human gastric cancer cell lines than COS [19]. Furthermore,
COS-GA inhibits allergic reactions [20]. COS-GA also outperforms COS in free radical
scavenging in mouse macrophage RAW264.7 cells [21]. Although the anti-cancer activity of
COS-GA has been elucidated, its suppressive ability against colon cancer, especially in the
metastatic form, has not been evaluated.

Colon cancer is a leading cause of cancer-related deaths worldwide, ranking third in
incidence and second in mortality rates among men and women [22]. In Thailand, colon
cancer was the fourth-most commonly diagnosed malignancy in 2020, accounting for 11.1%
of all new cancer cases [22]. Surgery, chemotherapy, and targeted therapy are the conven-
tional treatments for colon cancer [23]. However, the occasional toxicity and ineffectiveness
of therapeutic agents in patients with multiple metastases consequently decrease the overall
survival of the patients to a few months [24,25]. Moreover, surgery is not always suitable
for older patients at risk for postoperative complications and mortality [26]. Thus, novel
therapeutic agents, particularly those derived from natural sources, must be developed to
overcome these limitations for cancer treatment.

High-throughput methods, such as proteomic analysis, are considered powerful tools
for understanding the mechanisms underlying cellular biological processes, especially
in oncology research. Various apoptotic induction pathways have been identified using
proteomic analysis. Endoplasmic reticulum stress and reactive oxygen species (ROS)-
mediated pathways have been proposed to trigger apoptosis in human cervical cancer HeLa
cells treated with betulinic acid using 2D gel electrophoresis and mass spectrometry [27].
Furthermore, molecular targets associated with the anti-cancer activity of curcumin were
identified using a curcumin probe (Cur-P) combined with liquid chromatography—tandem
mass spectrometry (LC-MS/MS) analysis. Over 100 proteins have been identified in the
HCT116 colon cancer cell line as curcumin-binding proteins involved in various metabolic
pathways and cellular processes [28]. In addition, activation of the stress response, cell
cycle, and DNA repair pathways promoted apoptosis in a triple-negative MDA-MB-231
breast cancer cell line treated with Lippia origanoides extracts using label-free quantitative
proteomic analysis [29].

Since the proteomic approach has been demonstrated to be a high-impact method
for identifying differentially expressed proteins (DEPs) of the components in biological
processes, this study used this tool to characterize the proteins associated with apoptosis in
the highly metastatic colon cancer cell line, SW620, after treatment with COS and COS-GA.
Candidate proteins and biological pathways were elucidated, highlighting the important
mechanistic regulation of COS-GA in anti-cancer activity.

2. Materials and Methods
2.1. COS and COS-GA Preparation

COS and COS-GA were prepared as previously described [2]. COS was prepared
by hydrolyzing shrimp chitosan by mixing 1% (w/v) chitosan with 2% (v/v) acetic acid
(Merck KGaA, Darmstadt, Germany) for 16-18 h at 25 °C, followed by adjusting the pH
to 5.0 using 6 M NaOH solution (Merck KGaA, Darmstadt, Germany). Subsequently,
2 mL of ascorbic acid (AsA)/H0O, redox pair solution was added to the chitosan solution
(100 mL) and shaken at 60 °C for 2 h before pH adjustment to 7.0 using 6 M NaOH. The
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supernatant containing COS was collected using centrifugation at 10,000 x g for 15 min
at 25 °C (Eppendorf 5424R, Hamburg, Germany). COS-GA was prepared by adjusting
the pH of the COS solution to 5.0 using acetic acid and mixing it with AsA /H0O, redox
pair solution. The mixture was incubated at 25 °C for 1 h with continuous stirring using
a magnetic stirrer. GA (Sigma-Aldrich, Darmstadt, Germany) was added to the solution
at a final concentration of 0.4% (w/v). The mixture was then incubated at 25 °C for 24 h
in the dark. All solutions were dialyzed against 20 volumes of distilled water for 24 h at
4 °C using a 500 Da cut-off dialysis bag and lyophilized (Scanvac, Lynge, Denmark). The
obtained powder was placed in a zip-lock bag and stored at —40 °C in a freezer until use.

2.2. Cell Culture and MTT Assay

SW620 cells were obtained from the American Type Culture Collection (ATCC; Man-
assas, VA, USA). The cells were maintained in Leibovitz’s L-15 Medium (Gibco, Grand
Island, NY, USA) containing 10% fetal bovine serum (Gibco) and 1% antibiotic-antimycotic
(Gibco) at 37 °C in a 5% CO; incubator (BINDER GmbH, Tuttlingen, Germany). For MTT
assay, the cell proliferation kit I (Roche Diagnostics, Basel, Switzerland) was used according
to the manufacturer’s instructions. Briefly, SW620 cells were seeded in a 96-well plate at
1 x 10* cells/well and incubated at 37 °C in a CO, incubator. After 24 h of incubation, the
cells were treated with COS, GAand COS-GA at different concentrations (62.5, 122, and
250 pg/mL) for 24 and 48 h. MTT solution (10 pL) was added to each well, and the cells
were continuously incubated for 4 h in a CO, incubator before adding 100 uL of solubiliza-
tion solution. After 16-18 h of incubation, the absorbance of each well was measured at
570 nm using a FLUOstar® Omega microplate reader (BMG Labtech, Ortenberg, Germany).

2.3. Flow Cytometry of Apoptosis Analysis

SW620 cells were counted and seeded in a 6-well plate at 2 x 10° cells/well in 2 mL of
the completed medium /well before incubation at 37 °C in a CO; incubator for 24 h. The
cells were subsequently treated with COS, GA and COS-GA at varying concentrations
(62.5,122, and 250 pg/mL) for 24 and 48 h. Apoptotic cells were then quantified by staining
the cells with the FITC Annexin V apoptosis detection kit with propidium iodide (PI;
Biolegend, San Diego, CA, USA) according to the manufacturer’s instructions. Briefly, cells
were harvested, washed twice with cell-staining buffer (0.5% bovine serum albumin in
phosphate-buffered saline), and resuspended in Annexin V Binding Buffer. Thereafter,
100 pL of the cell suspension was mixed with 5 uL of FITC Annexin V dye and 10 uL of PI
solution before incubating at 25 °C for 15 min. The volume of the cell suspension was then
adjusted by adding 400 pL of Annexin V Binding Buffer, and the sample was subjected to
flow cytometry analysis using FACSAria II (BD Biosciences, San Jose, CA, USA).

2.4. LC-MS/MS Analysis

Total protein was extracted and determined using the Lowry method. For peptide
preparation, 10 ug of protein was separated using SDS-PAGE before dehydration with
acetonitrile. Proteins were treated with 10 mM DTT (Merck KGaA, Darmstadt, Germany)
at 56 °C for 1 h to reduce the sulfthydryl group and incubated with 100 mM iodoacetamide
(Sigma-Aldrich, St. Louis, MO, USA) in the dark for 45 min for alkylation. The gel was then
dehydrated by incubating in acetonitrile for 5 min before digestion with trypsin (Promega,
Mannheim, Germany) at 37 °C for 16-18 h. The tryptic peptides were then subjected to
dimethyl labeling before loading to the EASY-Spray™ C18, 75 cm x 75 um column (Thermo
Fisher Scientific, Waltham, MA, USA) and separated with the gradient using mobile phase
A (0.1% formic acid in LC-MS-grade water) and mobile phase B (0.1% formic acid in
LC-MS-grade acetonitrile) for 90 min with a flow rate of 300 nL/min. Cellular proteins
were analyzed using LC-MS/MS operated on the EASY-nL.C 1000 liquid chromatography
(Thermo Fisher Scientific) and the Q exactive™ plus hybrid quadrupole-orbitrap™ mass
spectrometer (Thermo Fisher Scientific). Proteins were then identified based on their spectra
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using Proteome Discoverer 2.1 software (Thermo Fisher Scientific) and the human UniProt
database (https:/ /www.uniprot.org/, accessed on 20 October 2022).

2.5. LC-MS/MS Data Analysis

Statistical analysis was performed, and LC-MS/MS data were filtered using Perseus
software v.1.6.0.7 [30]. Term enrichment of Gene Ontology (GO) and biological pathways were
identified using GO analysis tools (http:/ /geneontology.org/, accessed on 5 October 2022) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis (https:/ /www.genome.
jp/kegg/, accessed on 21 October 2022). A heat map was constructed using GraphPad Prism
version 9 (San Diego, CA, USA) based on the abundance scale.

2.6. Statistical Analysis

All statistical analyses were performed using SPSS version 26 (IBM, Armonk, NY,
USA). Analysis of variance (ANOVA) followed by Tukey’s test was used for comparison.
Student’s t-test was performed for pair comparison. Results with a p-value of <0.05 were
considered statistically significant. All experiments were performed in triplicate.

3. Results
3.1. Cytotoxicity of COS, Gallic Acid, and COS—-GA on SW620 Cells

To evaluate the anti-cancer activity of COS, GA, and COS-GA, SW620 cells were
selected as an in vitro model for cytotoxicity testing. At 24 h, more than 50% of cell viability
was observed at all COS concentrations used in comparison with the control (Figure 1A).
However, approximately 50% reduction in cell viability was observed at 250 pg/mL after
48 h of COS treatment (Figure 1B). GA showed strong cytotoxicity (cell viability < 50%)
toward SW620 cells at 250 pg/mL after 24 h (Figure 1A), while its effect toward the cells
was more pronounced even at the concentration of 62.5 ng/mL after 48 h (Figure 2B).
Nonetheless, no data of GA-treated samples were reported at the concentrations of 125 and
250 pg/mL, due to the disturbing color of GA (Figure 2B). GA at high concentrations more
likely underwent oxidation to quinone, causing the darker color, which had an interfering
effect on the assay. COS-GA affected the viability of SW620 cells treated at 125 and
250 pg/mL for both 24 and 48 h (Figure 1A,B). A decrease of approximately 20-50% in
live cells was observed at 125 ng/mL of COS-GA, whereas more than 50% of SW620 cells
lost their viability when the COS-GA concentration increased to 250 ug/mL. Overall, GA
showed a higher cytotoxicity effect on the cells than COS but had a similar impact as the
COS-GA conjugate when the same concentration was used. Thus, GA conjugated with
COS mainly contributed to the augmented cytotoxicity of the resulting conjugate.

When the SW620 cell morphology was examined after COS, GA, and COS-GA treat-
ment, the original shape with an evident cell border and close contact was observed in
untreated SW620 cells at both 24 and 48 h (Figure 1C,D). However, a spherical shape
and a cell—cell fusion cluster with cell detachment from the cell container bottom were
observed when SW620 cells were treated with GA and COS-GA for both 24 and 48 h.
With the same incubation time and dose, COS showed a lower effect on the SW620 cell
morphology and behavior than COS-GA or GA. This result reconfirmed the profound role
in the enhancement of the anti-cancer activity of COS via conjugation with GA.

3.2. Apoptotic Induction Effect of COS and COS—-GA on SW620 Cells

Since it was evident that GA improved the anti-cancer properties of COS, only COS
was used as a control for the rest of the experiments. To evaluate the apoptosis induction
effect of COS and COS-GA on SW620 cells, FITC Annexin V staining and flow cytometry
were used to monitor the apoptotic behavior of the treated cells. Interestingly, COS-
GA treatment induced apoptosis dose dependently, whereas no significant apoptotic cell
death was observed when the cells were incubated with COS (Figure 2). COS-GA caused
late apoptosis in SW620 cells up to 10% and 22% when treated at 125 and 250 ng/mL,
respectively, for 24 h (Figure 2A,B). In particular, a significant difference in apoptotic


https://www.uniprot.org/
http://geneontology.org/
https://www.genome.jp/kegg/
https://www.genome.jp/kegg/

Biomedicines 2023, 11, 1683

50f13

>

Fold change

1.2
1.0
0.8
0.6
0.4
0.2
0.0

induction activity was observed between COS and COS-GA in the dot plot analysis. The
late apoptotic cells indicated by the double positive staining of PI and Annexin V (top
right quadrant) increased from approximately 5% when treated with 250 pg/mL of COS
to approximately 22% when treated with 250 ug/mL of COS-GA for 24 h (Figure 2A). A
similar trend was observed when the cells were treated for 48 h (Figure 2C). However, the
dot plot analysis showed that the proportions of late apoptotic cells were approximately 8%
and 15% in SW620 cells treated with 125 and 250 pg/mL of COS-GA for 48 h, respectively
(Figure 2C,D). Although a small proportion of the cells appeared to increase in the late
apoptotic quadrant after 48 h of 250 ug/mL COS treatment, apoptosis was not significantly
induced in SW620 cells.
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Figure 1. Cell viability after treatment with COS and COS-GA. MTT assay of SW620 cells after
COS, GA, and COS-GA treatment at different concentrations for 24 h (A) and 48 h (B). SW620 cell
morphology after COS, GA, and COS-GA treatment for 24 h (C) and 48 h (D). Data are shown as
means + standard deviations from triplicate experiments. Different lowercase letters on the bars
within the same concentration denote statistically significant differences (p < 0.05).
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Figure 2. Flow cytometry of apoptotic cells. (A) The representative dot plot from flow cytometry
analysis of SW620 cells after treatment with COS and COS-GA at different concentrations for 24 h
(A) and 48 h (C). The percentage of late apoptotic cells after treatment with COS and COS-GA at
different concentrations for 24 h (B) and 48 h (D). Data are shown as means =+ standard deviations
from triplicate experiments, analyzed with one-way ANOVA followed by post hoc Tukey’s tests.
* p < 0.05 indicates statistically significant differences.

3.3. Proteomic Profiling of COS- and COS—GA-Treated SW620 Cells

To investigate the molecular characteristics of COS- and COS-GA-treated SW620
cells, the effective dose of 250 pg/mL was used in comparison with the untreated control,
followed by a proteome profile study using LC-MS/MS-based quantitative proteomics
analysis. The protein abundance in each group is shown using a heat map (Figure 3A)
and Venn diagrams (Figure 3B). Over 700 valid proteins were identified in all groups
(Supplementary Material Table S1). Unsupervised clustering analysis of the quantified
proteins revealed three clusters showing differences in protein expression patterns between
the groups. Cluster 1 comprised upregulated proteins found only in the COS-GA group
compared to the control group, whereas Cluster 3 included less abundant proteins in
the COS-GA group but increased abundance in the COS group compared to the control
group. Proteins without significant changes were categorized into Cluster 2 in the heat
map with a small proportion. To compare the molecular roles of COS and COS-GA in
SW620 cells, the high-abundance and low-abundance proteins of the two groups were
analyzed and expressed in Venn diagrams. In total, 24 proteins were upregulated and
41 were downregulated in both groups (Figure 3B).
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Figure 3. LC-MS/MS analysis of differentially expressed proteins of SW620 cells treated with COS,
COS-GA, and the control for 24 h. Data are represented as heat map protein profiles (A) and Venn
diagrams comparing the number of upregulated proteins and downregulated proteins between COS
and COS-GA groups ((B) left and right panels, respectively).

3.4. Functional Annotation of Altered Proteins in COS- and COS-GA-Treated SW620 Cells

To determine the molecular pathways involved in the COS and COS-GA response to
SW620 cells, functional analysis related to molecular function (MF), cellular components
(CC), and biological processes (BP) was performed. The proteins, both upregulated and
downregulated in both treatments, were annotated using GO enrichment analysis, which
provided the most relevant GO pathways. The most abundant proteins with the most
statistical significance in the COS group were proteins involved in protein folding, the
cytosolic ribosome, and cytoplasmic translation in the MF, CC, and BP groups, respectively
(Figure 4A). The downregulated proteins with more than 200-fold enrichment were related
to the organization and assembly of nucleosomes and telomeres in the COS-treated group,
with a significant —log p-value of —25 to —35 (Figure 4B). GO annotations upregulated
in the COS-GA group included structural constituents of the cytoskeleton, intermediate
filaments, and intermediate filament organization for the MF, CC, and BP groups, respec-
tively (Figure 4C). For downregulated pathways, the highest fold enrichment was found
for the mitochondrial nucleoid, glycolytic process, and chaperone-mediated protein folding
requiring cofactors (Figure 4D).
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Figure 4. Analysis of the functional pathways of the differentially expressed proteins in COS-
and COS-GA-treated SW620 cells. Pathways upregulated (A) and downregulated (B) in the COS
treatment group compared to the control group. Pathways upregulated (C) and downregulated (D) in
the COS-GA treatment group compared to the control group.

3.5. Candidate Proteins Related to the Anti-Cancer Mechanism Based on a Literature Search

To identify proteins that may play a role in cancer cell viability, the significantly
upregulated and downregulated proteins in COS and COS-GA groups with changes of
more than two folds were subjected to a scientific literature search using the keywords

“protein name”, “cancer”, and “apoptosis” compared to those of the control group. Proteins
reported in >2 articles for their effect on cancer biology and expression trends were
consistent with the current findings as the key proteins for SW620 inhibition. Interestingly,
only one protein (CLTA) was associated with anti-cancer activity in the COS group in an
increased expression manner (Table 1). However, six proteins influenced cancer cell survival
in the COS-GA group in previous studies, with downregulated HSPA9 and HIST2H2BF
and upregulated KRT18, HINT1, DSP, and VIM proteins. Among other viability-associated
proteins, KRT18 showed the highest levels of expression, with an average log?2 ratio of
2.71 in the COS-GA /control group, whereas HSPA9 was the most downregulated protein,
with a —2.02 average log2 ratio. CLTA upregulation found in COS-treated SW620 cells
demonstrated the lowest upregulation levels, with a 1.21 average log2 ratio compared to
the control group.
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Table 1. List of literature-based viability-associated proteins found in SW620 cells.
Accession/Expression Description Gene Name Average log2 Ratio Oncogenic Role Ref.
CcOos
Upregulation
Isoform non-brain of . .
P09496-2 clathrin light chain A CLTA 1.21 Anti-tumorigenic [31]
COS-G
Downregulation
P38646 Stress-70 protein, mitochondrial HSPA9 —2.02 Pro-tumorigenic [32-34]
Q5QNW6-2 Isoform 2 of histone H2B type 2-F HIST2H2BF —-1.93 Pro-tumorigenic [35,36]
Upregulation
P05783 Keratin, type I cytoskeletal 18 KRT18 2.71 Anti-tumorigenic [37,38]
Histidine triad . N
P49773 nucleotide-binding protein 1 HINT1 1.90 Anti-tumorigenic [39-41]
P15924 Desmoplakin DSP 1.35 Anti-tumorigenic [42,43]
P08670 Vimentin VIM 1.25 Anti-tumorigenic [44,45]

4. Discussion

COS is a chitosan-derived molecule with a low molecular weight and high water
solubility [46]. Several biological activities of COS have been reported, including anti-
cancer capability [47]; however, this effect is dependent on the COS size. COS containing
3-5 monomers showed stronger anti-cancer activity than high-molecular-weight chitosan
and hetero-COS (COS with 6-15 monomers) when tested in human PC3 (prostate), A549
(lung), and HepG2 (liver) cancer cells [48]. Over 75% of all cancer cell types were inhibited
when 50 pg/mL of COS was used. In this study, COS exhibited a negligible effect on
cancer cell inhibition, even when 250 pug/mL was used. This may be due to the different
characteristics of the COS samples. COS had an average molecular weight of 0.7 kDa, with
2-8 DP and 91% DD [2]. This is supported by another previous study showing that higher
doses (1-5 mg/mL) and longer treatment times (72 h) are required for anti-cancer activity
when 1-2 kDa of COS is used [49].

Interestingly, COS-GA conjugation enhanced the cancer inhibitory effect by promoting
apoptosis at 125 and 250 pg/mL. The cytotoxicity of COS-GA was higher than that of
COS at the same concentration, but no significant difference was observed between GA
and COS-GA in the MTT assay. Since the number of GA molecules in COS-GA was
more likely lower than that in purified GA based on the same weight, it implied that the
anti-cancer activity found in COS-GA was from the synergy between COS and GA. This
augmented anti-cancer phenomenon may be caused by a combination of the anti-cancer
mechanisms of both GA and COS. GA is an anti-tumorigenic agent with antioxidant and
anti-inflammatory activities [50]. The anticarcinogenic mechanisms of GA may induce ROS-
dependent mitochondrial apoptosis [51] and cell lipid peroxidation [52]. In contrast, the
cationic charge of COS, which has been postulated to facilitate the binding of its molecule
to glycoproteins and charged residues on the tumor cell membrane, might lead to cell
permeability loss [53]. YKL-40 glycoprotein, which is overexpressed on the cell membranes
of various cancers, is a COS-binding target [47]. YKL-40 also functions as an anti-apoptotic
protein and an angiogenic factor that promotes cancer progression [54,55] and increases
in patients with colorectal cancer [56]. Therefore, the COS in COS-GA may selectively
bind to colon cancer cells. In addition to cell membrane disruption mechanism, COS might
function as a carrier to facilitate the exposure of cancer cells to GA, resulting in an increase
in the number of apoptotic cells compared to COS treatment alone. This result is consistent
with the findings of Ryu et al. [19], who demonstrated that GA-grafted COS augments the
anti-cancer activity of COS when tested in AGS human gastric cancer cells.

In this study, a proteomic approach was used to identify the proteins involved in the
responsive mechanism of SW620 cells to COS and COS-GA compared to the control group.
Different protein profiles in each treated group implied the different pathways in COS-
and COS-GA-treated SW620 cells. No significant apoptosis was found in the COS-treated
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cells. COS likely altered the processes of the ribonucleoprotein complex, cytoplasmic
translation, and nucleosome assembly, all of which are related to the alteration of protein
translation and DNA duplication. It has been suggested that a longer treatment period and
a higher COS dose are required to significantly inhibit cancer cell growth. In the COS-GA
group, DEPs with more than two-fold changes indicated molecular pathways involved
in some biological functions, including intermediate filament organization and structural
constituents of the cytoskeleton, which increased in COS-GA-treated cells. Interestingly,
intermediate filament reorganization is normally associated with the formation of an apop-
totic microtubule network during the execution phase of the apoptotic pathway [57]. Our
study reported similar results of the increasing apoptotic trend in this group. Furthermore,
the glycolytic process was downregulated in COS-GA-treated SW620 cells, which is related
to caspase-dependent inhibition of glycolysis during apoptosis [58]. Moreover, the decrease
in pathways associated with both the nuclear matrix and the mitochondrial nucleoid has
been considered a scenario that could be observed in apoptotic cells [59-61].

Many proteins in SW620 cells were differentially expressed after COS-GA treatment,
and some were associated with cancer cell viability. For example, the HSPA9 protein,
which was significantly downregulated by approximately four folds in the COS-GA group,
exhibited anti-apoptotic effects on tumor cells by decreasing the levels of TP53 tumor
suppressor protein [32]. However, the depletion of this protein alters the polarization of
the mitochondrial membrane, changes cell metabolism and environmental acidification,
and results in higher oxidative stress, leading to cell death [34]. Another significantly
downregulated protein in COS-GA-treated SW620 cells, HIST2H2BF, is a core component of
the nucleosome and plays an important role in colon cancer stemness, migration, invasion,
and metastasis [35].

Among the upregulated proteins, keratin 18 expression significantly increased in the
COS-GA group. Keratin 18 controls the expression of apoptotic proteins, such as FAS,
FADD, and caspase 8 [38]. Increasing keratin 18 levels promote apoptosis by inducing
pro-apoptotic protein expression. In addition, keratin 18 enhances the expression of cell
adhesion molecules and reduces cancer aggressiveness in vivo [37]. HINT1, a highly upreg-
ulated protein in the COS-GA group, suppresses tumors by inhibiting the expression of the
cell cycle regulatory protein, cyclin D1, promoting the expression of pro-apoptotic factors,
such as Bax and TP53, and alleviating metastatic capability by altering the girdin and AKT
signaling pathways [39-41]. Although vimentin promotes cancer metastasis, its antitu-
morigenic role has been recently reported. Silencing the vimentin protein in cancer cells
activates AKT and 3-catenin signaling and prevents AMPK-mediated autophagy [44]. The
Wnt/ 3-catenin signaling cascade is the initiating driver for colon cancer tumorigenesis [62].
Vimentin plays an important role in suppressing intestinal inflammation involved in colon
cancer development [45].

Although the molecular mechanism of COS-GA in cancer inhibition was not thor-
oughly investigated in this study, the proteomic approach revealed some biological pro-
cesses associated with apoptosis. Nevertheless, previous studies with similar mechanisms
of COS, GA, and COS-GA as in this study have been performed. For example, GA inhibits
colon cancer cell growth by limiting glycolysis, inducing apoptosis, and promoting cell cy-
cle arrest [63]. COS treatment reduces cell proliferation and induces cell apoptosis through
the TP53/mTOR signaling pathway [9]. These findings indicate that the combination of
COS and GA enhances the cells’ inhibitory activity against cancer progression.

5. Conclusions

COS-GA showed a superior anti-cancer effect on SW620 cells via the induction of
cancer cell apoptosis. Alterations in the levels of some proteins in the COS-GA group, such
as HSPA9, HIST2H2BE, keratin 18, HINT1, and vimentin, were proposed as anti-cancer
mechanisms in this study. Our findings may help in the development of alternative treat-
ments for colon cancer, although the underlying mechanisms require further investigation.
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Nevertheless, Western blotting or RT-qPCR studies should be conducted to validate the
key up-/downregulated protein candidates.
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