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Chitosan Oligosaccharide Suppresses Fibronectin- and
Osteopontin-Associated Malignant Phenotypes in A2058
Melanoma Cells
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Background: While chitosan oligosaccharide (COS) has been reported to exert anti-tumor and immunomodulatory effects, its
functional impact on malignant melanoma remains poorly defined. Herein, we investigated the biological actions of COS in
A2058 human melanoma cells, focusing on malignant behavior.

Methods: COS was prepared from highly deacetylated, low-viscosity chitosan and applied to A2058 cells under conventional
monolayer culture and spheroid formation cultures in fetal bovine serum (FBS)- or growth factor (GF)—supplemented conditions.
Cell viability, migration, spheroid formation, Western blotting for epithelial-mesenchymal transition and aggressiveness were
assessed. Immunohistochemistry was used to evaluate osteopontin expression in human skin cancer tissue microarrays.
Results: Although COS exhibited limited direct cytotoxicity in A2058 melanoma cells, it suppressed spheroid formation. Fi-
bronectin, upregulated during spheroid formation, was reversed by COS in a concentration-dependent manner, whereas other
epithelial-mesenchymal markers were less consistently affected. COS significantly downregulated osteopontin in monolayer and
spheroids in GF-supplemented conditions. While exogenous recombinant osteopontin enhanced migration in a dose-dependent
manner, low-dose COS (50 pg/mL) abolished this pro-migratory effect. In tissue microarrays, osteopontin immunostaining was
higher in normal skin than in melanoma and tended to decrease with stage advancement. While COS did not alter the secretory
fraction of osteopontin, it reduced exogenous osteopontin levels.

Conclusions: COS selectively suppresses malignant phenotype by reducing fibronectin, and attenuates osteopontin expression
and its functional contribution to migration in melanoma. This suggests that COS may serve as an adjuvant or preventive strategy
to restrain melanoma progression and metastatic dissemination.
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Introduction ery carrier, vary according to molecular weight (or degree
of polymerization), degree of deacetylation, and net charge.
Nevertheless, these activities fundamentally relate to the
structurally uniform backbone of COS, which is composed

of repeating, positively charged d-glucosamine units [5].

Skin cancer is one of the most common malignancies
worldwide, and despite extensive preventive efforts, its in-
cidence continues to rise [1]. Melanoma, also known as

cutaneous malignant melanoma, arises from dysregulated,
abnormally proliferating melanocytes [2]. Germline or so-
matic mutations in genes and chronic exposure to ultraviolet
radiation are well-established contributors to melanoma de-
velopment [3]. Melanoma accounts for only a minority of
skin cancers, but is responsible for most skin cancer—related
deaths [4], emphasizing the need for continued mechanistic
and translational research.

The biological activities of chitosan oligosaccharide
(COS) and its related derivatives have received extensive
research interest. The biological effects of COS on skin,
including anti-tumor activity and its utility as a drug deliv-

Research since the late 2010s has increasingly emphasized
chemistry and polymer science, whereas oncology-focused
biological studies remain relatively scarce [6]. However,
the combination of positive charge and immunomodula-
tory activity has made COS an attractive candidate for anti-
cancer strategies [7]. Work that specifically focuses on skin
cancer—and melanoma in particular—remains limited. Al-
though it is known that low-molecular-weight chitosan may
be more effective than high-molecular-weight forms, the
specific contribution of COS has not been rigorously ex-
amined. While the antioxidant activity of COS (<1 kDa)
has been reported in the murine melanoma cell line B16F10
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[8], additional studies in melanoma have not been actively
pursued.

Despite the reports mentioned above, mechanistic
studies that systematically characterize the biological ef-
fects of COS in malignant melanoma are still lacking.
Herein, we sought to delineate the actions of COS in
melanoma progression. Because malignant behavior in
melanoma is closely linked to cell motility, invasion,
and metastatic potential, we focused on these phenotypes.
The spheroid formation assay that evaluates growth un-
der anoikis-resistant conditions is widely used to assess
epithelial-mesenchymal transition (EMT)-related proper-
ties. Notably, the presence or absence of fetal bovine
serum (FBS) or defined growth factors (GF) can modulate
spheroid formation efficiency [9]. Therefore, we investi-
gated whether COS could modulate malignant phenotypes
in A2058 human melanoma cells, including spheroid for-
mation and EMT or aggressiveness-associated marker ex-
pression, and evaluated COS as a candidate to suppress ma-
lignant progression.

Methods

COS Preparation

Dr. Jung Woo Kim kindly provided the lyophilized
water-soluble COS (not-for-sale, KeyAllBio; Namwon,
Jeonbuk, Republic of Korea). Immediately preceding each
experiment, lyophilized COS was dissolved in distilled wa-
ter, as previously described [5,10].

Cell Culture (2 Dimensional (D) Monolayer Culture)

A2058 human melanoma cell line, which have been
authenticated by short tandem repeat (STR) profiling, was
purchased from ATCC (Catalog No. CRL-3601; Manas-
sas, VA, USA) and cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM; Catalog No. 10-013-CV, Corn-
ing Inc., Corning, NY, USA) supplemented with 10% FBS
(Catalog No. 35-015-CV, Corning Inc.) and 1% peni-
cillin/streptomycin (Catalog No. 30-002-CI, Corning Inc.)
in a humidified incubator at 37 °C with 5% CO,. Cell lines
were routinely tested as negative for mycoplasma contami-
nation using Myco-Visible mycoplasma rapid test kit (Cat-
alog No. 3050901; MP Biomedicals, Solon, OH, USA),
according to the manufacturer’s instructions.

Cell Viability Assay

Cells were seeded in 96-well plates at a density of
2 x 10° cells per well. After overnight attachment, cells
were treated first with increasing concentrations of COS
(0, 31.25, 62.5, 125, 250, and 500 pg/mL). After 3 days
(d), cell viability was assessed by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly,
20 pL of MTT solution (Catalog No. M6494, Thermo
Fisher Scientific, Waltham, MA, USA; 5 mg/mL in phos-
phate buffered saline) was added to each well and incu-

bated for an additional 3 h. Formazan crystals were solubi-
lized, and absorbance at 595 nm with 620 nm as background
was measured by VERSAmax microplate reader (Molecu-
lar Devices Korea LLC, Seoul, Republic of Korea). Via-
bility was expressed as fold-change of the absorbance in
vehicle-treated control wells (COS 0 pg/mL = 1).

Cells were then seeded, and treated with recombinant
human osteopontin (OPN; Catalog No. ab281819, Abcam,
Cambridge, MA, USA; 0, 1, 10, 100, and 1000 pg/mL) with
or without COS (50 pg/mL). Cell viability was assessed by
MTT assay, and expressed as previously described.

Wound Healing Assay

Cell migration was evaluated using a scratch assay as
previously described [11]. In brief, three reference lines
were drawn on the back of each well of a 6-well plate.
A2058 cells were seeded at 2 x 10° cells per well and
grown to >90% confluence, followed by serum starvation
overnight. A linear scratch wound was made perpendicular
to the reference lines using a 20 pL pipette tip. Cells were
then treated with COS (0, 1, 10, 50, 100, and 250 pg/mL) in
complete growth medium. Images were captured at base-
line (0 h) and after 24 h using a BX-50 microscope equipped
with DP70 camera (Olympus, Tokyo, Japan). Wound areas
were quantified using ImagelJ software (version 1.38 with
the MRI wound healing tool, http://imagej.net/ij/). Migra-
tion was expressed as: wound area (fold) = wound area at
24 h/ wound area at 0 h.

Cells were seeded and cultured to confluence as de-
scribed above, then treated with OPN (0, 10, 100, 500, and
1000 pg/mL) in the absence or presence of COS (0 or 50
pg/mL) in complete growth medium. Wound closure was
quantified as previously described.

Spheroid Formation Assay (3D Culture)

For round-bottom ultra-low attachment plates (Cat-
alog No. 7007, Corning Inc.), 2 x 10? cells were cul-
tured either in standard 2D culture medium (sphere/FBS
group) or in DMEM/F12 (Catalog No. 10-090-CV, Corning
Inc.) supplemented with 1% B27 (Catalog No. 17504-044,
Thermo Fisher Scientific), 20 ng/mL epidermal growth fac-
tor (EGF; Catalog No. PHGO0311, Gibco, Thermo Fisher
Scientific), and 20 ng/mL basic fibroblast growth factor
(Catalog No. 13256029; Gibco, Thermo Fisher Scien-
tific; sphere/GF group) [9]. COS (0, 62.5, 125, and 250
ug/mL) was added at the indicated concentrations, and cul-
tures were maintained for 7 d.

For flat-bottom ultra-low attachment plates (Catalog
No. 3474, Corning Inc), cells were seeded at 2 x 103 cells
per well in the 3D/FBS group and 5 x 10° cells per well in
the 3D/GF group with COS (0, 1, 10, and 50 pg/mL), then
maintained for 7 d. In addition, cells were seeded at 5 x 103
cells per well in the 3D/GF group with OPN (0, 1, 10, 100,
and 1000 pg/mL), and with cultures maintained for 7 d.
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Table 1. Primary antibodies used for Western Blot analysis.

Name (Catalog No.) Company Dilution
N-cadherin (4061) Cell Signaling Tech (Beverley, 1:1000
MA, USA)
S100p (ab52642) Abcam (Cambridge, MA, USA) 1:2000
E-cadherin (sc-7870) 1:2500
Fibronectin (sc-8422) . 1:1000
Santa Cruz Biotechnology
GAPDH (sc-47724) 1:1000
(Santa Cruz, CA, USA)

SNAII (s¢c-271977) 1:2000
Vimentin (sc-6260) 1:5000
Alpha-smooth ~ muscle Sigma-Aldrich (St. Louis, MO, 1:2500
actin (A5228) USA)

Osteopontin ~ (22952-1-  Proteintech (Rosemont, IL, USA) 1:2000

AP)

Spheroid images were captured by BX-50 microscope
(Olympus; as previously described). Quantification was
performed using iSolution Lite software (for Windows 10;
IMT Inc., Irvine, CA, USA). Spheroids trapped by cell
strainers (70 pm pore; Catalog No. 352350; Corning) were
used in subsequent experiments [9,12].

Western Blot Analysis

A2058 cells were cultured under 2D conditions for
3 d or under 3D conditions for 7 d in the presence of
COS (0, 1, 10, or 50 pg/mL). Cells and spheroids were
lysed using T-PER™ protein extraction reagent (Catalog No.
78501, Thermo Fisher Scientific) containing 1% protease
inhibitor cocktail (Catalog No. ab201111, Abcam), 0.5%
phosphatase inhibitor cocktail I (Catalog No. ab201112,
Abcam), and 0.5% phosphatase inhibitor cocktail II (Cat-
alog No. ab201113, Abcam), followed by centrifugation at
13,300 rpm for 20 min to remove debris. Protein concen-
trations were determined by BCA assay kit (Catalog No.
23225, Thermo Fisher Scientific), according to the manu-
facturer’s instructions.

Proteins (30 pg per lane) were separated by SDS-
PAGE and transferred to polyvinylidene difluoride mem-
branes (Catalog No. 162-0176, Bio-Rad, Hercules, CA,
USA). Membranes were blocked with 5% skim milk (Cat-
alog No. 232100; BD, Sparks, MD, USA) at room temper-
ature (RT) for 1 h, then incubated overnight at 4 °C with
primary antibodies (Table 1). After washing, membranes
were incubated with appropriate secondary antibodies (Cat-
alog No. PI-2000 and Catalog No. PI-1000, Vector Lab-
oratories, Burlingame, CA, USA) for 1 h at RT. GAPDH
was used as loading controls for cells and spheroids. Bands
were visualized using enhanced chemiluminescence on an
Azure™ c300 system (Azure Biosystems Inc., Dublin, CA,
USA) and quantified with AzureSpot analysis software
(version 14.2) [10].

Supernatants were collected under 2D conditions for
3 d or under 3D conditions for 7 d, in the presence of COS
(0, 1, 10, or 50 pg/mL). In addition, conditioned media

were collected from 2D and 3D/GF cultures supplemented
with exogenous recombinant OPN (0, 1, 10, 100, and 1000
pg/mL) with or without COS (0 or 50 pg/mL). Supernatants
were prepared as described above, and membranes stained
with Ponceau S solution (Catalog No. BP076a; BIOSOLU-
TION, Suwon, Gyeonggi-do, Republic of Korea) according
to the manufacturer’s instructions. Routine immunoblotting
for OPN was subsequently performed. Ponceau S staining
of the Western blot was used as the loading control for su-
pernatants. Recombinant human OPN itself was also used
to confirm the molecular weight of the supernatants.

Immunohistochemistry

Human skin cancer tissue microarrays (Catalog No.
CX2 human skin cancer—normal, and Catalog No. CK2
human malignant melanoma) were purchased from Super-
BioChips Laboratories (Seoul, Republic of Korea). This
study was granted exemption from ethical review by the
Jeju National University Institutional Review Board (Ap-
proval No. JINU-IRB-2025-081), and adhered to the prin-
ciples of the Declaration of Helsinki. The arrays included
normal skin (n=9), melanoma (n = 59), and non-melanoma
skin cancers (n = 40; 5 cores lost). Tumor were further
stratified into early-stage (Stages I-1I; melanoma n = 45,
non-melanoma n = 21) and advanced-stage (Stage I1I-1V;
melanoma n = 14, non-melanoma n = 14).

Sections were blocked with 10% normal horse serum
(Catalog No. MP-7401, Vector Laboratories) for 1 h at RT,
followed by overnight incubation at 4 °C with anti-OPN an-
tibody (Catalog No. 22952-1-AP; Proteintech, Rosemont,
IL, USA; diluted 1:100). After washing, sections were
incubated with secondary antibodies (Catalog No. MP-
7401, Vector Laboratories) for 1 h at RT, developed with
diaminobenzidine, and counterstained with hematoxylin
(Catalog No. H-3404; Vector Laboratories). Images were
captured by BX-51 microscope with DP22 camera (Olym-
pus). Staining intensity was scored negative (0), weak (1+),
moderate (2+), or strong (3+).
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Fig. 1. Effects of chitosan oligosaccharides (COS) on melanoma cell viability and wound healing. (A) A2058 melanoma cells

were treated with vehicle (distilled water, DW) or the indicated concentrations of COS for 3 d. Representative images are shown. Cell

Hokok

viability was assessed by MTT assay (n = 13). Data (fold changes) are shown as the mean + SD. =~ p < 0.001 vs. COS 0 pg/mL. (B)
Changes in wound area following treatment with DW or the indicated concentrations of COS were measured (n = 12), as indicated, with

representative images. Data (fold changes) are presented as the mean = SD. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide; SD, standard deviation.

Statistical Analysis

All experiments were independently repeated at least
three times. Data are presented as the mean + standard devi-
ation (SD). Data was subjected to statistical analysis using
International Business Machines Corporation (IBM) SPSS
Statistics (version 30; IBM Corp., Armonk, NY, USA), em-
ploying the Shapiro—Wilk normality test to assess normal
distribution. For normally distributed data, one-way analy-
sis of variance (ANOVA) and the Bonferroni or Tukey HSD
post hoc test was applied. For non-normally distributed
data, the Kruskal-Wallis H-test and Bonferroni post hoc test
were utilized. Statistical significance between two groups
was determined by independent samples ¢-test. A p-value <
0.05 was considered statistically significant.

Results

Effects of COS on Melanoma Cell Viability and
Wound Healing

COS reduced the viability of A2058 melanoma cells
in a concentration-dependent manner. Viability did not
change significantly up to 250 pg/mL COS (0.95 £ 0.12-
fold), but decreased to 0.79 + 0.10-fold at 500 pg/mL (p <
0.001) as compared to COS 0 pg/mL (Fig. 1A).

In the wound-healing assay, COS at concentrations up
to 250 pug/mL did not significantly affect migration, as re-
flected by the wound area (p = 0.232; Fig. 1B).

Effects of COS on the Spheroid Formation of
Melanoma

Under round-bottom condition (Fig. 2A), spheroid
size in the 3D/FBS group decreased with COS in a
concentration-dependent manner, whereas spheroid forma-
tion in the 3D/GF group was too limited for meaningful
comparison. In the absence of COS, spheroid diameters
were 438.1 + 25.7 um in the 3D/FBS group and 308.7 +
23.4 um in the 3D/GF group, indicating significantly poorer
spheroid formation under GF-supplemented conditions (p
<0.001). Adequate spheroids (>100 pm in diameter) were
not observed in the 3D/GF group, even at 62.5 pg/mL COS.

Spheroid formation was also evaluated using flat-
bottom ultra-low attachment plates (Fig. 2B). In both
FBS- and GF-supplemented conditions, COS increased the
number of spheroids in a concentration-dependent manner,
while mean spheroid size decreased.

Effects of COS on EMT-Related Markers and
Malignant Behavior-Related Protein Expression in
Melanoma

First, environmental factors were compared among
2D, 3D/FBS, and 3D/GF under vehicle-treated condi-
tions (Fig. 3). Of the proteins examined, significant
changes were observed in fibronectin, a-smooth muscle
actin (aSMA), N-cadherin, S100p, and CD44. Fibronectin,
N-cadherin, and CD44 were significantly up-regulated in
spheroids regardless of supplementations as compared to
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Fig. 2. Effects of chitosan oligosaccharides (COS) on the spheroid formation of melanoma. (A) Spheroid formation was induced

in ultra-low attachment round-bottom wells under fetal bovine serum (FBS)- or growth factor (GF)-supplemented conditions. A2058

melanoma cells were treated with vehicle (distilled water, DW), or the indicated concentrations of COS, for 7 d. Representative images

are shown. Spheroid sizes were measured (n = 3) and are expressed as the mean + SD. “p < 0.05, **p < 0.001 vs. COS 0 pg/mL in
3D/FBS; " p < 0.001 vs. 3D/FBS. (B) Spheroid formation was performed in ultra-low attachment flat-bottom wells under FBS- or

GF-supplemented conditions. Cells were treated for 7 d with DW, or the indicated concentrations of COS. Representative images are

shown. Spheroid numbers and sizes were quantified (n = 12) and are presented as the mean = SD. “p < 0.05,

pg/mL.

2D cultured cells. aSMA and S100B showed differential
responses between the 3D microenvironments, disclosing
considerable increase only in the 3D/GF group.

Next, the dose-dependent effects of COS were exam-
ined in the 2D, 3D/FBS, and 3D/GF groups (Fig. 3A).
Among all the proteins evaluated, fibronectin showed the
most consistent and robust suppression by COS specifically
in 3D cultures while exhibiting no significant effect in 2D
monolayer culture. E-cadherin was significantly increased
by COS in 2D and in 3D/FBS groups, but not in the 3D/GF
group. The others showed no significant changes in all ex-
amined conditions.

In 2D or 3D/FBS conditions, OPN expression was not
significantly altered by COS. However, in the 3D/GF cul-
tures, COS at 50 pg/mL produced a significant reduction
in OPN protein levels. In 2D culture, COS significantly in-
creased CD44 expression. However, in 3D/FBS and 3D/GF
conditions, this stimulatory effect was not observed (Fig.
3B).

skok

p <0.001 vs. COS O

Effects of COS on the OPN-Related Responses of
Melanoma

To clarify the functional role of OPN, we treated cells
with exogenous recombinant OPN (Fig. 4A). Exogenous
OPN slightly but significantly increased the viability of
A2058 melanoma cells, especially at 100 pg/mL OPN (p
= 0.048). Under GF-supplemented conditions, exogenous
OPN had no significant effect on spheroid formation (Fig.
4B). In the wound healing assay, OPN increased migration
in a dose-dependent manner. The residual wound area de-
creased from 0.36 + 0.03-fold in control to 0.16 + 0.07-fold
at 1000 pg/mL of OPN (p < 0.001) (Fig. 4C). However, in
the presence of 50 pg/mL COS, the OPN-induced viability
(Fig. 4D) and wound healing (Fig. 4E) were abolished.

OPN Immunostaining in Melanoma as a Marker of
Malignancy

We compared OPN immunostaining in normal skin
and tumor tissues using tissue microarrays (Fig. 5). The
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Fig. 3. Effects of chitosan oligosaccharides (COS) on the malignant behavior of melanoma. (A) A2058 cells were treated with
distilled water (DW; COS 0 pg/mL) or the indicated concentrations of COS for 3 d in two-dimensional (2D) monolayer culture or in 3D
spheroid culture for 7 d. Total protein extracts were subjected to immunoblotting for epithelial-mesenchymal transition-related proteins.
GAPDH served as the loading control (n = 7). Band intensities were quantified using AzureSpot software. Data (fold-change) are
represented as the mean = SD. “p < 0.05, **p < 0.001 vs. COS 0 pg/mL in 2D; *p < 0.05, #p < 0.01 vs. 3D/FBS; $p < 0.05, ¥p <
0.01, ¥¥¥p < 0.001 vs. COS 0 pg/mL group within the same treatment condition. (B) Immunoblotting was performed for the aggressive
markers of melanoma. GAPDH was used as the loading control. p <0.05, ™ p < 0.001 vs. COS 0 pg/mL in 2D; #p <0.01 vs. 3D/FBS;
$p<0.05, ¥p <0.01 vs. COS 0 pg/mL group within the same treatment condition.

mean ages were 64.8 + 8.6 years for normal skin, 61.3 OPN immunoreactivity scores were higher in normal
+ 12.9 years for non-melanoma, and 53.1 £ 15.3 years skin than in non-melanoma and melanoma. As compared
for melanoma, with melanoma patients being significantly =~ with normal skin (2.67 £ 0.50), non-melanoma samples
younger (p = 0.005). showed a significant decrease in Stages I-II (1.76 + 0.70;
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Fig. 4. Effects of exogenous osteopontin (OPN) with or without chitosan oligosaccharides (COS) on melanoma. (A) A2058
melanoma cells were treated with vehicle (distilled water, DW) or the indicated concentrations of exogenous OPN, for 3 d. Cell vi-
ability was assessed using the MTT assay (n = 12). Data (fold changes) are shown as the mean + SD. “p < 0.05 vs. OPN 0 pg/mL.
(B) Spheroid formation was performed in ultra-low attachment flat-bottom wells under growth factor (GF)-supplemented conditions
(3D/GF). Cells were treated with DW, or the indicated concentrations of OPN, for 7 d. Representative images are shown. Spheroid num-
bers and sizes were quantified (n = 10) and are presented as the mean + SD. (C) Changes in wound area following treatment with DW or
the indicated concentrations of OPN were measured (n = 6), as indicated, with representative images. Data (fold changes) are presented
as the mean = SD. *"p < 0.001 vs. OPN 0 pg/mL. (D) A2058 melanoma cells were treated with DW, or the indicated concentrations of
exogenous OPN with 50 ng/mL of COS, for 3 d. Cell viability was assessed using the MTT assay (n = 12). Data (fold changes) are shown
as the mean + SD. (E) Changes in wound area following treatment with DW or the indicated concentrations of OPN with 50 pg/mL of

COS were measured (n = 6), as indicated, with representative images. Data (fold changes) are presented as the mean + SD.

p = 0.002) and in Stages III-IV (1.64 £ 0.63; p = 0.002).
Melanoma showed a significant decrease only at Stages 11—
IV (2.00 £ 0.78; p = 0.035) compared to normal skin, but
with considerable increase in Stages I-II (2.17 £ 0.79; p =
0.034) compared to Stages I-II in non-melanoma.

Effects of COS on the Secretory Fraction of OPN in
Melanoma

Secretory OPN levels in conditioned media from the
2D, 3D/FBS, and 3D/GF groups under vehicle-treated con-

ditions showed a significant decrease in 3D/GF, as com-
pared with both 2D (p <0.001) and 3D/FBS (p <0.001). No
dose-dependent changes with COS were observed in any
condition (Fig. 6A).

Distinct results were observed in the 2D (Fig. 6B) and
3D/GF (Fig. 6C) cultures supplemented with exogenous
OPN. In the presence of COS 50 pg/mL, exogenous OPN
(1 ng/mL) was significantly decreased in the 2D (p = 0.006)
and 3D/GF (p < 0.001) cultures.
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Fig. 5. Osteopontin (OPN) immunostaining in melanoma as a marker of malignancy. Tissue microarrays were immunostained with
OPN antibody and their intensities scored. Data are presented as the mean = SD. “p < 0.05, *"p < 0.01 vs. normal; *p < 0.05, vs. Stages

I-II of non-melanoma.
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Fig. 6. Effects of chitosan oligosaccharides (COS) on the secretory fraction of osteopontin (OPN) and exogenous OPN in
melanoma. (A) A2058 cells were treated with distilled water (DW; COS 0 pg/mL) or the indicated concentrations of COS for 3 d
in two-dimensional (2D) monolayer culture, or for 7 d in 3D spheroid culture. Supernatants were collected and total protein extracts
were subjected to immunoblotting for secretory OPN. Ponceau S staining served as the loading control (n = 7). Band intensities were
quantified using AzureSpot software, and data (fold-change) are represented as the mean + SD. " p < 0.001 vs. 2D; **p < 0.01 vs.
3D/FBS. (B) Exogenous recombinant OPN was added in the 2D cultures for 3 d, with or without COS (50 pg/mL). Supernatants were
used to detect exogenous OPN, as previously described (n = 7). Ponceau S staining of the Western blot was used as the loading control.
The arrow indicates recombinant OPN protein to confirm the molecular weight. Data (fold-change) are represented as the mean + SD.
"p <0.001 vs. OPN 0 pg/mL; #p < 0.01 vs. COS 0 pg/mL. (C) Exogenous recombinant OPN was added in the 3D cultures supple-
mented with growth factors for 7 d, with or without COS (50 pg/mL). Supernatants were used to detect exogenous OPN, as previously
described (n = 7). The arrow indicates recombinant OPN protein. Data (fold-change) are represented as the mean + SD. ™ p < 0.001 vs.
OPN 0 pg/mL; *p < 0.001 vs. COS 0 pg/mL.

Discussion may preferentially affect 3D malignant phenotypes rather
than exerting direct cytotoxicity.

Although the 50% cytotoxicity concentration (CCsg) Consistent with previous findings [9], fibronectin lev-
of COS in colorectal cancer cell lines has been reported  els increased in the spheroid cultures as compared to 2D
to be approximately 500 pg/mL [10], A2058 melanoma  culture, while the 3D/GF group showed decreased expres-
cells are relatively less sensitive to COS in terms of viabil- sion in fibronectin and increased expression in aSMA as
ity. Notably, spheroid formation was inhibited at substan- compared to the 3D/FBS group. While robust changes
tially lower concentrations (50 pg/mL), suggesting COS in E-cadherin-related biology have been reported using
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spheroid formation [9,12], in our melanoma model, E-
cadherin did not show a strong association with spheroid
formation. S100B and OPN are among the most widely used
serum markers linked to melanoma aggressiveness [13]. In
the present study, S100B increased significantly under the
sphere/GF group but was not altered by COS in a dose-
dependent manner. In contrast, OPN was reduced by COS
in 2D and under the sphere/GF groups. While exogenous
recombinant OPN enhanced migration in a dose-dependent
manner, low-dose COS (50 pg/mL) abolished this effect.
Although secretory fraction of OPN was not changed un-
der COS treatment, exogenous OPN was significantly de-
creased in the presence of COS. COS with positive charges
could interact with proteins [14,15], which interaction is
related to the molecular weight, deacetylation degree, etc.
[16,17]. Thus, COS has been proposed as a protein-binding
material [17], with lower molecular weight forming more
stable COS-protein complexes. Collectively, these obser-
vations support a functional role for OPN in melanoma cell
migration and demonstrate that low-dose COS can suppress
OPN-driven migration via suppressing its expression or
binding to the secretory fraction of OPN. While anti-cancer
effects of COS have been reported [18,19], to the best of our
knowledge, comparable functional data in melanoma have
been limited.

The interplay between OPN and fibronectin has been
recognized for decades [20], and is consistent with our find-
ings. Downregulation of E-cadherin and upregulation of
OPN have been implicated in the enhanced invasive po-
tential of melanoma [21]. In our study, OPN, rather than
S100pB, appeared to play a central role in migratory behav-
ior, and COS attenuated OPN expression and its functional
contribution to migration, highlighting a potential mecha-
nism for anti-metastatic activity. Notably, COS has been
reported to modulate OPN levels suppressed by dexametha-
sone in an osteoporosis model [22], an effect in the oppo-
site direction to our findings. Nevertheless, COS may have
utility in CD44 overexpressing triple-negative breast can-
cers [23]. In addition, secreted fraction of OPN can sup-
press the CD8* T cells through CD44 engagement in uveal
melanoma, suggesting an OPN-CD44 axis [24]. In this
study, COS did not affect CD44 expression in 3D culture
conditions, while OPN was decreased in the 3D/GF group.

The relationship between COS and GF signaling is
also noteworthy. COS inhibits EGF receptor (EGFR) and
mitogen-activated protein kinases signaling, thereby sup-
pressing EGF-induced proliferation and EMT-like mor-
phological changes [25]. In melanoma, siRNA-mediated
knockdown of OPN has been shown to inhibit prolifera-
tion and invasion via EGFR-dependent mechanisms [26].
These observations suggest that a COS—OPN-EGFR axis
may be particularly relevant in GF-rich microenvironments.
Future studies using melanoma cell lines with more robust
spheroid formation under GF conditions will help dissect
these interactions in more detail.
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Immunohistochemical analyses of tumor tissues have
yielded inconsistent results. = Melanoma often shows
stronger OPN staining than benign nevi, however, the re-
lationship between OPN expression and metastatic status is
less clear [27]. A recent report suggested that circulating
OPN may promote primary tumor growth without neces-
sarily correlating with spontaneous metastasis [28]. In ad-
dition, specific OPN isoforms, OPNc, have been linked to
invasive behavior [29]. In our tissue microarray analysis,
OPN staining was higher in normal skin than in melanoma
and decreased further with stage advancement. These dis-
crepancies underscore the importance of careful antibody
selection, isoform considerations, and validation strategies
in melanoma immunohistochemistry.

Because melanoma disseminates via lymphatic and
hematogenous routes [30,31], factors influencing tumor-
vascular interactions are particularly relevant. OPN has
been implicated both in EMT, and as a lymphangiogenic
factor that can promote metastatic spread [32]. COS has
also been reported to exert anti-angiogenic activity [33].
Moreover, partially acetylated COS inhibited the adhesion
of hepatocellular carcinoma cells to vascular endothelium,
with low concentration effectively suppressing vascular in-
vasion [18]. These observations support the possibility that
non-cytotoxic COS concentrations may still produce mean-
ingful anti-metastatic effects by modulating the tumor—
vascular interface. In this context, the positively charged
nature of COS warrants further investigation in cancer re-
search [34]. Redox/pH-responsive COS derivatives have
been developed to overcome multidrug resistance [35], and
COS has demonstrated synergistic anti-tumor effects with
other chemotherapeutic agents in a melanoma model [36].
Our previous results [ 10] have also shown that COS can en-
hance the anti-cancer effects of 5-fluorouracil in colorectal
cancers.

This study has limitations. First, our experiments
were performed using only one melanoma cell line; addi-
tional cell lines are needed to generalize the findings. Sec-
ond, prior studies have evaluated OPN-driven invasion at
higher concentrations (e.g., 5 ug/mL) [37]. Here, we tested
OPN up to 1 ng/mL, and cannot exclude potential effects
at higher doses. Although serum OPN levels up to 87.3
ng/mL have been reported in metastatic melanoma [13], in
vitro conditions may not fully recapitulate the in vivo con-
ditions. Third, although exogenous OPN decreased under
COS treatment, the concentration of secretory fraction of
OPN in culture supernatants might be too low to detect via
Western Blotting. Therefore, more sensitive methods to de-
tect low concentration of OPN or molecular docking be-
tween COS and OPN would support these findings. Fourth,
the relationship between EMT and stemness was not fully
examined, although CD44 is considered as an EMT and
stem cell marker [38]. Finally, although we provided tissue
microarray data, further validation in animal models and/or
liquid biopsy specimens would strengthen translational rel-
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evance and enable direct comparisons between tissues and
circulating OPN levels.

Conclusions

This study demonstrates that at relatively low, non-
cytotoxic concentrations, COS selectively suppresses ma-
lignant phenotypes by reducing fibronectin and attenuates
OPN expression or its secretory fraction and its functional
contribution to migration in A2058 melanoma cells. This
finding suggests that COS may have potential as an adju-
vant or preventive strategy to restrain melanoma progres-
sion and metastatic dissemination, and warrants further pre-
clinical and translational investigation.
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