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Thrombospondin 2 drives liver metastasis in skin cutaneous
melanoma via regulation of angiogenesis and extracellular

matrix remodeling

Li-Ping Zhang?, Zhen-Guo Zhangg, Jian Guan2 and Li-Qun Lib

To explore the functional role of thrombospondin

2 (THBS2) in the metastasis of skin cutaneous
melanoma (SKCM), with a focus on its regulation of
angiogenesis and extracellular matrix (ECM) remodeling.
THBS2 expression was assessed in normal melanocytes
and SKCM cell lines with varying metastatic potential.
Functional analyses were conducted after THBS2
knockdown in A375 cells and overexpression in G-361
cells. Effects on migration, invasion, endothelial tube
formation, and angiogenesis- and ECM-related factors
were evaluated. Tumor IMmune Estimation Resource
database was used for correlation analyses in SKCM
samples. A liver metastasis model was established by
intrasplenic injection of B16-F10 cells into Thbs2 knockout
and wild-type mice, followed by quantification of hepatic
metastases and molecular analysis of peritumoral

liver tissue. THBS2 was highly expressed in invasive
melanoma cell lines and was positively associated with
VEGFA, PECAM1, and MMPs in both databases and
experimental models. Knockdown of THBS2 significantly
suppressed VEGFA, PECAM1, FGF2, FLT1, MMP2, MMP9,
and ECM components (LAMA4, COL1A1, and COL4A1)
at mRNA and protein levels, inhibited melanoma cell

Introduction

Skin cancer is the most frequently diagnosed malignancy
worldwide, with melanoma accounting for approximately
20% of all skin cancer cases and an estimated 325 000
new diagnoses globally in 2020 [1]. First introduced
by René Laennec in 1812, the term ‘melanoma’ refers
to a malignancy originating from melanocytes, most
commonly occurring in the skin cutancous melanoma
(SKCM), but also arising in noncutancous sites such as
the uvea, gastrointestinal tract, genitalia, urinary tract,
and meninges [2]. The development of SKCM is influ-
enced by a range of intrinsic and extrinsic risk factors,
including skin phototype, genetic susceptibility, immune
status, ultraviolet radiation exposure, and sunburn his-
tory [2]. While early-stage melanoma can often be effec-
tively managed by surgical resection, advanced disease is
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migration and invasion, and reduced tube formation in
human umbilical vein endothelial cells. Overexpression
had opposite effects. In vivo, Thbs2 knockout mice
exhibited significantly fewer hepatic metastases and
reduced metastatic area compared with wild-type controls.
Expression of Lama4, Pecam1, Vegfa, Mmp2, and Mmp9
was markedly lower in peritumoral liver tissue of knockout
mice. THBS2 promotes SKCM metastasis by enhancing
angiogenesis and ECM remodeling. Targeting THBS2 may
represent a promising strategy for inhibiting melanoma
progression and distant organ colonization. Melanoma Res
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characterized by frequent distant metastases — particu-
larly to visceral organs such as the liver [3]. Melanoma
metastasis involves complex interactions between tumor
cells and their microenvironment, including angiogene-
sis, extracellular matrix (KCM) remodeling, and immune
modulation [4-6]; however, the molecular mechanisms
governing hepatic colonization remain incompletely
understood.

Thrombospondin 2 (THBS2), encoded by the THBSZ2
gene (MIM 188061), is a secreted trimeric matricellular
glycoprotein involved in regulating ECM architecture
and vascular remodeling [7]. Structurally, THBS2 con-
tains a procollagen-like domain and multiple thrombos-
pondin repeats (T'SR1-3), enabling it to interact with
both matrix components and cell surface receptors [8].
Its biological roles are context-dependent, spanning
normal tissue remodeling to pathological fibrosis, and
tumor progression. In dermatological conditions, THBS2
has been implicated in wound repair and fibroblast acti-
vation. For example, Song e7 a/. [9] demonstrated that
"THBS2 promotes fibroblast proliferation and migration
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in hypertrophic scars through activation of the trans-
forming growth factor beta 1 (TGF-B1)/phosphorylated
SMAD?2 and SMAD3 signaling pathway, suggesting a
role in aberrant ECM accumulation. Conversely, Giunta
et al. [10] excluded THBS2 as a causal gene in classical
Ehlers—Danlos syndrome, indicating that its role in con-
nective tissue disorders may be limited or secondary.
Accumulating evidence points to a significant role of
"THBS2 in cancer biology, particularly through its ability
to modulate ECM composition and angiogenic signal-
ing. Mutations in 7HBSZ can act in a dominant-negative
manner, disrupting ECM homeostasis and promoting
tumor cell dissemination [7]. THBS2 has been shown to
regulate prometastatic traits such as invasion, migration,
and angiogenesis across various solid tumors, including
colorectal cancer [11], intrahepatic cholangiocarcinoma
[8], and mucinous ovarian carcinoma [12]; however,
despite its established involvement in these malig-
nancies, the specific function of THBS2 in melanoma
metastasis — especially in the hepatic microenvironment
— remains poorly defined.

In this study, we aimed to elucidate the functional role of
THBSZ in melanoma metastasis. By combining in-vitro
cellular assays, transcriptomic profiling, and an in-vivo
liver metastasis model using 7/bs2-deficient mice, we
demonstrate that THBS2 promotes melanoma cell inva-
sion, angiogenesis, and ECM remodeling. Our findings
reveal that THBS2 facilitates liver colonization by cre-
ating a prometastatic niche and identify it as a poten-
tial therapeutic target in the management of advanced
melanoma.

Materials and methods

Ethics statement

All animal experiments were approved by the Ethics
Committee of our hospital and conducted in accordance
with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals [13].

Tumor IMmune Estimation Resource database analysis
To investigate the differential expression of THBS2
between primary and metastatic melanoma, we utilized
the Tumor IMmune Estimation Resource (TIMER)
database, https://cistrome.shinyapps.io/timer/), a web
server for comprehensive analysis of tumor-infiltrating
immune cells [14]. The SKCM dataset was selected,
and THBS2 mRNA expression levels were compared
between primary tumor samples (7 = 103) and metastatic
tumor samples (7 = 368).

Cell culture

Primary adult human epidermal melanocytes (HEMa;
PCS-200-013) were cultured in dermal cell basal medium
supplemented with the Adult Melanocyte Growth Kit
(PCS-200-042). Human melanoma cell lines, including
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Roswell Park Memorial Institute (RPMI)-7951 (H'TB-
66), SK-MEL-28 (HTB-72), and MeWo (HTB-65), were
maintained in Eagle's minimum essential medium (30-
2003) with 10% fetal bovine serum (FBS; 30-2020). A375
(CRL-1619) and B16-F10 (CRL-6475) cells were cul-
tured in Dulbecco' s modified Eagle' s medium (DMEM,
30-2002) with 10% FBS, and G-361 (CRL-1424) cells
were maintained in McCoy’s 5a medium modified (30-
2007) supplemented with 10% FBS. Human umbilical
vein endothelial cells ( HUVECs; PCS-100-013) were cul-
tured in vascular cell basal medium (PCS-100-030) sup-
plemented with the Endothelial Cell Growth Kit-BBE
(PCS-100-040). The final complete medium contained
2% FBS, 0.2% bovine brain extract, 5ng/ml epidermal
growth factor , 10 mM L-glutamine, 0.75 U/ml heparin,
1 pg/ml hydrocortisone hemisuccinate, and 50 pg/ml
ascorbic acid. All cells (from ATCC, Manassas, Virginia,
USA) were maintained at 37 °C in a humidified incubator
with 5% CO,, and the medium was changed every 2-3
days.

Cell grouping and transfection

Cells were divided into two experimental groups.
Group 1 (A375 cells): A375-mock, A375-shCtrl, and
A375-sh'THBS2. THBS2 knockdown was achieved
using THBS2 short hairpin RNA (shRNA) plasmid
(sc-37031-SH; Santa Cruz Biotechnology, Dallas, Texas,
USA) with corresponding plasmid transfection reagent
(sc-108061) and transfection medium (sc-108062). A
nontargeting control shRNA plasmid (shCerl, sc-108060)
was used as a negative control. Group 2 (G-361 cells):
G-361-mock, G-361-vector, and G-361-"THBS2. THBS2
overexpression was performed using THBS2 lentivi-
ral activation particles (sc-401207-LLAC; Santa Cruz
Biotechnology), with corresponding control lentiviral
activation particles (control vector, sc-437282). Cells
were incubated for 48 h posttransfection or infection
before quantitative real-time PCR (qRT-PCR) and west-
ern blot analyses.

Cell invasion assay

Cells (A375 and G-361) were cultured to approximately
70-80% confluence before invasion assays. Corning
BioCoat Matrigel invasion chambers (24-well format)
were thawed at room temperature for approximately 1 h.
Upper and lower chambers were rehydrated with 500 pl
serum-free RPMI medium for 2 h at 37 °C. Subsequently,
cells were seeded at 5 x 103 cells/ml in the upper cham-
ber (500 pl), while 20% FBS-containing RPMI medium
was added to the lower chamber as a chemoattractant.
After incubation at 37 °C for 24 h, noninvasive cells
were gently removed from the upper membrane surface.
Cells invading through the membrane were fixed and
stained with 0.25% crystal violet solution. After washing,
stained cells were dissolved with dimethyl sulfoxide, and
absorbance was measured at 560 nm. Each experimental
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Table 1 Primer sequences used in quantitative real-time PCR

Genes Species Forward primer (5"'—3’) Reverse primer (6'—3’)
VEGFA Human AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA
FGF2 Human AGAAGAGCGACCCTCACATCA CGGTTAGCACACACTCCTTTG
PECAM1 Human AACAGTGTTGACATGAAGAGCC TGTAAAACAGCACGTCATCCTT
FLT1 Human TTTGCCTGAAATGGTGAGTAAGG TGGTTTGCTTGAGCTGTGTTC
FN1 Human CGGTGGCTGTCAGTCAAAG AAACCTCGGCTTCCTCCATAA
LAMA4 Human GCAGTGGAAATTCAGATCCCA TAACCGCAGGTCATCAGTCAG
COL1A1 Human GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC
COL4A1 Human GGACTACCTGGAACAAAAGGG GCCAAGTATCTCACCTGGATCA
MMP2 Human TACAGGATCATTGGCTACACACC GGTCACATCGCTCCAGACT
MMP9 Human TGTACCGCTATGGTTACACTCG GGCAGGGACAGTTGCTTCT
GAPDH Human GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
Lama4 Mouse ATGAGCTGCAAGGAAAACTATCC CTGTTTCGTTGGCTTCACTGA
Pecam1 Mouse CTGCCAGTCCGAAAATGGAAC CTTCATCCACCGGGGCTATC
Vegfa Mouse GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACAAGGCT
Mmp2 Mouse CAAGTTCCCCGGCGATGTC TTCTGGTCAAGGTCACCTGTC
Mmp9 Mouse CTGGACAGCCAGACACTAAAG CTCGCGGCAAGTCTTCAGAG
Gapdh Mouse AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

COL1A1, collagen type | alpha 1 chain; COL4A1, collagen type IV alpha 1 chain; FGF2, fibroblast growth factor 2; FLT1, fms-related tyrosine kinase 1 (VEGFR1); FN1,
fibronectin 1; GAPDH/Gapdh, glyceraldehyde-3-phosphate dehydrogenase); LAMA4, laminin subunit alpha 4; MMP2, matrix metallopeptidase 2; MMP9, matrix metal-

lopeptidase 9; PECAM1, platelet/endothelial cell adhesion molecule 1 (also known as CD31); VEGFA, vascular endothelial growth factor A.

condition was repeated three times independently, and
data were expressed as relative absorbance normalized to
the mock group.

Wound healing assay

Cells (A375 and G-361) were seeded into 24-well plates
and cultured until 70-80% confluence. The cell mon-
olayer was gently scratched using a sterile 1-ml pipette
tip to create a cross-shaped wound. After carefully wash-
ing twice with medium to remove detached cells, fresh
medium was added. Cells were further cultured for 48 h.
Cells were fixed in 3.7% paraformaldehyde (30 min),
stained with 1% crystal violet (in 2% ethanol) for 30 min,
and photographed using an inverted microscope. Image
] software was used to quantitatively assess the extent
of wound closure. The percentage of wound closure was
calculated by comparing the area of the wound at 24 h
with the initial area at 0 h. Experiments were performed
in triplicate.

In-vitro human umbilical vein endothelial cell tube-
formation assay

A375 and G-361 cells were cultured until 30-40% con-
fluent, switched to serum-free DMEM, and cultured
for an additional 24 h to generate conditioned media,
which were stored at =80 °C. HUVECs were cultured in
medium 200PRF supplemented with low serum growth
supplement until 70-80% confluent, then starved for
3-6 h. Growth factor-reduced Matrigel (50 pl) was added
to precooled 96-well plates and polymerized at room
temperature for 1 h. HUVECGs (4 x 10° cells/ml) were
then suspended in the collected conditioned media
supplemented with 1% FBS and seeded onto Matrigel-
coated wells (100 pl/well). After 12 h incubation at 37 °C,
capillary-like structures were photographed under an
inverted microscope, and tube length was analyzed using
imaging software. The number of tubes was quantified

and compared across experimental groups. Experiments
were performed in triplicate.

Animals

Thbs2 knockout (Strain #: 006238) and wild-type (Strain
# 000664) female mice, both on a C57BL/6] back-
ground, were obtained from The Jackson Laboratory
(Bar Harbor, Maine, USA). At 11 weeks of age, mice
were administered intrasplenic injections of B16-F10
melanoma cells (1.5 x 10° cells/mouse). Two weeks later,
animals were ecuthanized, and livers were harvested for
metastasis evaluation. The number of macroscopically
visible liver metastases was recorded. Peritumoral liver
tissues were collected, snap-frozen in liquid nitrogen,
and stored at —80 °C for subsequent qRT-PCR and west-
ern blot analyses. Expression levels of angiogenesis- and
matrix remodeling-related genes and proteins — includ-
ing Lama4, Pecam1 (CD31), Vegfa, Mmp2, and Mmp9

— were measured.

Quantitative real-time PCR

Total RNA was extracted from cultured cells or tissue
samples using TRIzol Reagent (Invitrogen, Carlsbad,
California, USA) according to the manufacturer’s
instructions. RNA concentration and purity were
assessed using a NanoDrop spectrophotometer. Real-
time quantitative RT-PCR was performed using the
SuperScript ITT Platinum SYBR Green One-Step qRT-
PCR Kit (Invitrogen). Reaction mixtures (50 pl) were
prepared on ice containing 25 pl 2X SYBR Green reac-
tion mix, 1 pl SuperScript III RT/Platinum Taq mix,
1 pl each of forward and reverse primers (10 pM), 0.1 pl
6-carboxy-x-rhodamine reference dye, RNA template,
and diethyl pyrocarbonate -treated water. qRT-PCR
was performed on an ABI 7500 Fast real-time PCR sys-
tem with the following cycling conditions: reverse tran-
scription at 50 °C for 5 min, initial denaturation at 95 °C



for 2 min, followed by 40 cycles of 95 °C for 3s and 60

°C for 30s. Primer sequences were listed in Table 1.

GAPDH was used as an internal control for normaliza-
tion. All experiments were performed in triplicate, and
results were analyzed using appropriate software.

Western blotting

"Total protein was extracted from cells and tissues using
radio-immunoprecipitation assay lysis buffer (sc-24948)
containing protease inhibitors. Liysates were sonicated
and centrifuged at high speed (14 000 rpm) at 4 °C to
remove insoluble materials. Protein concentration was
determined using a bicinchoninic acid assay. Protein
samples were boiled at 95-100 °C in loading buffer
containing dithiothreitol for 10 min, separated by SDS-
PAGE, and transferred to an activated polyvinylidene
fluoride membrane (sc-3723). Membranes were blocked
with 5% skim milk or BSA for 1 h at room temperature
and incubated overnight at 4 °C with primary antibodies.
Membranes were then incubated for 1 h at room tem-
perature with horse-radish peroxidase-conjugated sec-
ondary antibodies. Protein bands were visualized using
enhanced chemiluminescence and quantified by imaging
software. All experiments were independently repeated
three times.

Statistical analysis

All data are presented as mean = SD. Statistical signifi-
cance was assessed using unpaired two-tailed Student’s
7 test for comparisons between two groups, and one-way
analysis of variance (ANOVA) followed by Holm-Sidak’s
multiple comparisons test for comparisons among multi-
ple groups. A P value less than 0.05 was considered statis-
tically significant. All statistical analyses were performed
using GraphPad Prism software.

Results

Differential expression of thrombospondin 2 in
melanoma cell lines and its association with metastasis
Previous research employing a reconstructed human
melanoma-in-skin model demonstrated varying inva-
sive capabilities among melanoma cell lines, where A375
showed the highest invasive phenotype; SK-MEL-28,
G361, and MeWo displayed moderate invasion; and
RPMI-7951 exhibited minimal invasive potential [15].
To investigate the potential involvement of THBS2
in melanoma invasion and metastasis, we assessed
THBS2 mRNA and protein expression in normal mel-
anocytes (HEMa) and melanoma cell lines (RPMI-7951,
SK-MEL-28, G-361, MeWo, and A375). Quantitative
RT-PCR revealed significantly higher THBSZ mRNA
levels in RPMI-7951 (P =0.030), G-361 (P =0.007),
MeWo (P <0.001), SK-MEL-28 (P <0.001), and A375
(P <0.001), relative to HEMa (Fig. 1a). Western blot
analysis confirmed this trend at the protein level, with
marked upregulation in RPMI-7951 (P =0.010), G-361
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(P =0.008), MeWo (P < 0.001), SK-MEL-28 (P < 0.001),
and A375 (P < 0.001), compared with HEMa (Fig. 1b and
¢). The two cell lines with the highest invasive potential
(A375 and SK-MEL-28) exhibited the greatest THBS2
expression at both mRNA and protein levels, with-
out statistically significant differences between them
(P > 0.05). Similarly, G-361 and RPMI-7951, character-
ized by moderate or lower invasive potential, displayed
intermediate THBS2 expression levels that did not differ
significantly (P > 0.05). In addition, analysis of melanoma
expression data from the TIMER database indicated a
significant upregulation of THBS2 in metastatic mela-
noma samples (7 = 368) compared with primary melano-
mas (7 = 103) (P < 0.001, Fig. 1d). On the basis of these
data, we selected A375 cells (high THBS2 expression)
for gene knockdown (Fig. le—g) and G-361 cells (mod-
erate THBS2 expression) for overexpression studies
(Fig. 1h—j). THBS2 knockdown significantly reduced
THBS2 levels in A375-shTHBS2 cells (P < 0.001),
whereas THBS2 overexpression markedly increased its
levels in G-361-"-THBS2 cells (P < 0.001), demonstrating
successful genetic manipulation.

Thrombospondin 2 promotes melanoma angiogenesis
through upregulation of angiogenesis-related factors
Correlation analysis using the TIMER database demon-
strated significant positive correlations between THBS2
and angiogenesis-associated genes VEGFA, FGF2,
PECAM]1, and FLT1 in both primary (7 = 103, Fig. 2a)
and metastatic melanoma samples (7 = 369, Fig. 2b).
Specifically, in primary melanoma, THBS2 expression
positively correlated with VEGFA (= 0.217, P < 0.001),
FGF2 (r=0.383, P<0.001), PECAM1 (r=0.420,
P <0.001), and FLT1 (»=0.489, P <0.001). Similar
trends were observed in metastatic melanoma tissues,
with significant positive correlations between THBS2
and VEGFA (r=0.208, P<0.001), FGF2 (r=0.399,
P <0.001), PECAM1 (r=0.421, P<0.001), and FLT1
(r=0.503, P <0.001). To experimentally validate these
correlations, we performed qRT-PCR and western blot-
ting analysis and found that knockdown of THBS2
significantly decreased expression levels of VEGFA,
FGF2,PECAMI1, and FLT'1 in A375-sh'THBS2 cells (all
P <0.05, Fig. 2c and d). Conversely, THBSZ overexpres-
sion markedly enhanced the levels of these angiogenesis-
related factors in G-361-THBS2 cells (all P < 0.05;
Fig. 2¢ and f). To further assess the functional relevance,
tube formation assays were performed using conditioned
media from genetically manipulated melanoma cells
(Fig. 2g and h). The conditioned medium from A375-
shTHBS2 cells led to a significant reduction in the num-
ber of tubes formed by HUVECs compared with controls
(P < 0.05), whereas medium from G-361-THBS2 cells
significantly promoted tube formation (P < 0.05). These
results collectively suggest that THBS2 promotes mela-
noma angiogenesis by modulating the expression of key
proangiogenic factors.
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THBS2 expression profiles in melanoma cell lines and genetic manipulation validation. (a) qRT-PCR analysis of THBS2 mRNA levels in normal mel-
anocytes (HEMa) and melanoma cell lines (RPMI-7951, SK-MEL-28, G-361, MeWo, and A375). (b and c) Western blotting images and quantifica-
tion of THBS2 protein expression normalized to (3-actin. Data are shown as mean * SD; *P< 0.05, **P <0.01, **P <0.005, ****P < 0.001 versus
HEMa cells. (d) Analysis of THBS2 expression data from the TIMER database shows significantly higher levels in metastatic melanomas (n = 368)
compared with primary melanomas (n= 103), indicating a correlation with metastasis. (e—g) THBS2 knockdown in A375 cells confirmed by qRT-
PCR (e) and western blotting analysis (f and g); ****P <0.001 versus A375-mock control. (h—j) THBS2 overexpression in G-361 cells validated
by gRT-PCR (h) and western blot analysis (i and j); ****P < 0.001 versus G-361-mock control. Data represent mean £ SD from three independent
experiments. HEMa, human epidermal melanocyte; gRT-PCR, quantitative real-time PCR; RPMI, Roswell Park Memorial Institute; THBS2, throm-

bospondin 2; TIMER, Tumor Immune Estimation Resource.

Thrombospondin 2 promotes melanoma cell invasion
and migration via extracellular matrix remodeling and
matrix metallopeptidase regulation

Previous transcriptomic profiling of murine melanoma
models with distinct hepatic metastatic capacities identi-
fied THBS2 as one of the most significantly upregulated
genes in highly metastatic lines, closely associated with
ECM remodeling and MMPs activity [16]. In our study,

Transwell invasion assays demonstrated that THBS2
knockdown significantly reduced the invasive capacity
of A375 cells compared with controls (P < 0.05), whereas
THBS2 overexpression in G-361 cells significantly
enhanced invasion (P < 0.01, Fig. 3a and d). Similarly,
wound healing assays showed that THBS2 silencing in
A375 led to reduced migratory ability at 24 h (P < 0.01),
while THBS2 overexpression promoted G-361 cell
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THBS2 enhanced angiogenesis in melanoma through upregulation of angiogenesis-related factors. (a and b) Correlation analysis of THBS2 with
angiogenesis-associated genes VEGFA, FGF2, PECAM1, and FLT1 in primary melanoma (a) and metastatic melanoma (b) using the TIMER data-
base. (c—f) Relative mMRNA and protein expression of VEGFA, FGF2, PECAM1, and FLT1 in A375 cells with THBS2 knockdown (c and d) and
G-361 cells with THBS2 overexpression (e and f), assessed by qRT-PCR and western blotting. (g and h) Representative images (g) and quantifi-
cation (h) of tube formation in HUVECs cultured in conditioned media derived from melanoma cells with altered THBS2 expression. Data represent
mean * SD from three independent experiments. FGF2, fibroblast growth factor 2; FLT1, Fms-related tyrosine kinase 1; HUVECs, human umbilical
vein endothelial cells; PECAM1, platelet and endothelial cell adhesion molecule 1; gRT-PCR, quantitative real-time PCR; THBS2, thrombospondin
2; TIMER, Tumor Immune Estimation Resource; VEGFA, vascular endothelial growth factor A.
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Fig. 3
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migration (P < 0.05; Fig. 3b, ¢, and ¢). To further explore
the molecular mechanisms involved, we analyzed the
correlation between THBSZ and key ECM-related
genes and MMPs using the TIMER database. In pri-
mary melanoma samples, THBS2 expression was sig-
nificantly positively correlated with LAMA4 (7= 0.278,

P =0.005), COL1A1l (r=0.414, P<0.001), COL4A1
(r=0.371, P <0.001), and MMP2 (r=0.258, P =0.009)
but not with FN1 or MMP9 (P > 0.05) (Fig. 4a). In met-
astatic samples (7 = 369), THBS2 exhibited significant
positive correlations with all six genes examined, includ-
ing FN1, LAMA4, COLI1A1, COL4A1, MMP2, and
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THBS2 was associated with ECM-related gene expression and MMP activity in melanoma. (a and b) Correlation analysis between THBS2 and
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MMP9 (all P < 0.001, Fig.4b). Consistently, qRT-PCR
(Fig. 4c andd) and western blotting (Fig. 4¢) analysis con-
firmed that knockdown of THBS2 in A375 cells signif-
icantly decreased the expression of these ECM-related

molecules and MMPs (P < 0.05), whereas THBS2 over-
expression in G-361 cells led to their marked upregu-
lation (P < 0.05). Together, these findings suggest that
THBSZ may promote melanoma invasion and metastasis
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by enhancing ECM remodeling and MMP-mediated
matrix degradation.

Thrombospondin 2 deficiency reduces hepatic
metastasis and inhibits angiogenesis and extracellular
matrix remodeling

To confirm whether the prometastatic effects of
"THBS2 observed iz vitro are recapitulated iz vivo, we
utilized a splenic injection model in Thbs2 knockout
mice. Consistent with the in-vitro findings, Thbs2
knockout mice exhibited significantly reduced hepatic
metastatic burden compared with wild-type controls,
as evidenced by a lower number of visible liver meta-
static nodules and a decreased percentage of liver area

occupied by metastases (both P < 0.05; Fig. 5a—c). To
further elucidate the molecular changes associated with
Thbs2 deficiency, qRT-PCR analysis of peritumoral
liver tissue revealed significantly decreased mRNA
levels of Lama4, Pecaml, Vegfa, MmpZ2, and Mmp9 in
knockout mice compared with wild-type (all P < 0.05;
Fig. 5d). These reductions were also observed at the
protein level by western blotting, which showed mark-
edly decreased expression of L.ama4, Pecaml1, Vegfa,
Mmp2, and Mmp9 in the knockout group (all P < 0.05;
Fig. 5e and f). Together, these data suggest that Thbs2
facilitates melanoma liver metastasis by promoting
angiogenesis and ECM remodeling within the tumor
microenvironment.



Discussion

This study identified THBS2 as a key promoter of mel-
anoma metastasis. We found that THBS2 expression
was elevated in highly invasive melanoma cell lines
and metastatic tissues. Functional analyses revealed
that THBS2 enhances melanoma cell migration,
invasion, and angiogenesis through the regulation of
ECM remodeling and proangiogenic factors. In vivo,
Thbs2 deficiency significantly reduced liver metasta-
ses and suppressed the expression of genes involved
in angiogenesis and matrix remodeling, highlight-
ing its critical role in shaping a prometastatic tumor
microenvironment.

The observed upregulation of THBS2 in aggressive mel-
anoma cell lines such as A375 and SK-MEL-28, and its
enrichment in metastatic melanoma tissues, supports its
association with tumor progression. Our findings align
with Liu and Ma [17], who reported that THBS2 pro-
motes proliferation and metastasis in uveal melanoma
via activation of the phosphoinositide 3-kinase/protein
kinase B pathway, thereby enhancing cell invasiveness.
Similarly, Wohlfeil ez a/. [16] identified THBS2 among
the most upregulated genes in highly liver-metastatic
murine melanoma models, suggesting its contribution
to hepatic colonization. These studies, together with our
own, highlight the broader relevance of THBS2 in mela-
noma aggressiveness and metastatic potential.

Mechanistically, we demonstrated that THBS2 promotes
angiogenesis in melanoma cells. This was supported by
its positive correlation with key angiogenesis-related
genes (VEGFA, FGF2, PECAM1/CD31, FLLT'1) and by
tube formation assays in HUVEGs. These findings are
consistent with those in other cancers. For example, Kim
et al. [18] reported that THBS2 was positively associated
with CXCL16-mediated angiogenesis in papillary thyroid
cancer. Liu ez a/. [19] showed that THBS2 promotes angi-
ogenesis in colorectal cancer through the HIF1A/lactic
acid/GPR132 pathway, enhancing immune suppression
and tumor progression. In contrast, Carpino ez a/. [20] and
Corbella ez al. [8] demonstrated that THBS2, alongside
"THBS1 and PEDFE inhibited angiogenesis but promoted
tumor-associated lymphangiogenesis in intrahepatic
cholangiocarcinoma. Moreover, Maiti ¢z a/. [21] found that
HDAC inhibitor-induced re-expression of THBS2 sup-
pressed vasculogenic mimicry in triple-negative breast
cancer, highlighting its context-dependent role. Taken
together, these findings suggest that the angiogenic func-
tion of THBS2 is highly tumor-type specific. In the case
of melanoma, our data support a proangiogenic role.

In addition to angiogenesis, our data implicate THBS2
as a regulator of ECM remodeling. We observed positive
correlations between THBS2 and genes encoding ECM
structural proteins (LAMA4, COL1A1, and COL4A1)
and MMPs (MMP2 and MMP9), with functional assays
confirming that THBS2 promotes cell migration and
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invasion. This is supported by Abed Kahnamouei ¢z
al. [22], who found that THBS2 is upregulated during
TGF-B-induced epithelial-mesenchymal transition in
gastric cancer. Lee ez a/. [23] further identified THBS2
as a desmoplastic fibroblast-derived ECM protein associ-
ated with poor prognosis in the mesenchymal subtype of
colorectal cancer. Barani ¢z a/. [24] highlighted THBS2’s
involvement in ECM-receptor interaction pathways in
gastric cancer. Our study expands on these findings by
establishing a direct functional link between THBS2
and melanoma invasion through ECM degradation and
remodeling, mediated by MMPs.

Our in-vivo experiments provide further validation of
THBS2’s prometastatic function. Thbs2 knockout mice
displayed significantly fewer and smaller hepatic metas-
tases compared with wild-type mice. Furthermore, gene
and protein expression analyses in peritumoral liver tis-
sue revealed downregulation of LLama4, Pecam1, Vegfa,
Mmp2, and Mmp9 in knockout mice. These changes
indicate that THBS2 contributes to creating a liver
microenvironment conducive to melanoma cell engraft-
ment, growth, and dissemination. The liver’s unique
sinusoidal vascular structure and dependence on ECM
cues may further potentiate THBS2-mediated metastatic
colonization.

Despite the robustness of our findings, several limi-
tations warrant mention. First, while both gain- and
loss-of-function approaches were used, the absence of
rescue experiments (e.g. re-expression of THBS2 in
knockout settings) limits definitive causal conclusions.
Second, although gene and protein expression were
assessed in peritumoral liver tissue, we did not eval-
uate tumor-intrinsic changes such as intracellular sig-
naling cascades or tumor—-immune interactions. Third,
this study relied solely on the B16-F10 murine mela-
noma model. Whether these findings can be extrapo-
lated to other metastatic organs or to human melanoma
remains to be tested. Lastly, our focus on angiogenesis
and ECM remodeling does not preclude the involve-
ment of additional THBS2-mediated processes such
as immune suppression, exosomal communication, or
metabolic reprogramming — all of which merit further
investigation.

Conclusion

In summary, our findings reveal that THBS2 plays a crit-
ical role in melanoma progression by enhancing angio-
genesis and ECM remodeling, both 7z vitro and in vivo.
These results position THBS2 as a potential biomarker
of metastasis and a candidate target for therapeutic inter-
vention in metastatic melanoma.
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