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Abstract

Introduction: Drug resistance has become a huge challenge in melanoma.
This study aimed to explore the molecular mechanism by which acetylshiko-
nin (AceS) inhibits melanoma with drug resistance to BRAF inhibitor (BRAFi).
Material and methods: To identify potential targets of AceS in drug-resis-
tant melanoma, we intersected AceS targets predicted by SwissTargetPre-
diction and differentially expressed genes in drug-resistant melanoma iden-
tified from the GSE203545 dataset. Drug-resistant M14 cells were treated
with AceS with or without PLX4720, a BRAFi. Cell proliferation, migration, in-
vasion, and apoptosis were investigated. MMP3 was quantified by gPCR and
immunofluorescence. Extracellular matrix (ECM) was evaluated by MMP1
and MMP9. Also, drug-resistant M14 cells were transfected by MMP3 siRNA.
Moreover, drug-resistant M14 cells with MMP3 overexpression were treated
with AceS. In vivo, a subcutaneous tumor-bearing nude mouse model was
established to validate the effects of AceS in drug-resistant melanoma.
Results: MMP3 was found to be the key target of AceS in drug-resistant mel-
anoma. AceS significantly inhibited proliferation, migration, and invasion
(p < 0.05), and promoted apoptosis (p < 0.05); it could increase the sen-
sitivity of drug-resistant M14 cells to PLX4720 (p < 0.05). MMP3 silencing
contributed to the decreases in proliferation, migration, and invasion, and
the increased apoptosis (p < 0.05). Significantly, MMP3 overexpression re-
versed the effects caused by AceS (p < 0.05). AceS inhibited tumor growth; it
reduced MMP1, MMP3, and MMP9 in vivo. AceS promoted tumor sensitivity
to PLX4720 in vivo.

Conclusions: AceS downregulated MMP3 to modulate ECM remodeling,
thereby inhibiting drug-resistant melanoma, and enhanced the cell response
to BRAFi. Our findings provide intriguing insights into drug-resistant mela-
noma.

Key words: drug resistance, melanoma, acetylshikonin, matrix
metalloproteinase-3.

Introduction

Melanoma, a highly aggressive malignancy arising from melanocytic
transformation, predominantly manifests in cutaneous tissues and ac-
counts for the majority of skin cancer-related mortality. Recent epidemi-
ological data from the GLOBOCAN 2024 database reveal a concerning
global incidence exceeding 330,000 newly diagnosed cases annually, un-
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derscoring its significant public health burden [1].
Characterized by early metastatic dissemination
and resistance to conventional therapies, melano-
ma progression is frequently driven by oncogenic
mutations, among which B-raf proto-oncogene,
serine/threonine kinase (BRAF) mutations serve as
a principal molecular driver [2, 3]. Clinically, BRAF
inhibitors (BRAFi) have transformed therapeutic
paradigms, demonstrating substantial survival
benefits in BRAF-mutant melanoma patients [4].
However, the long-term efficacy of BRAFi is invari-
ably compromised by the emergence of acquired
resistance [5]. Over 50% of patients develop ther-
apeutic resistance within 12 months of BRAFi
monotherapy, highlighting an urgent unmet clin-
ical need [6]. It is crucial to find new methods or
drugs to address the challenges of drug resistance
in melanoma.

Matrix metalloproteinase-3 (MMP3) is a mem-
ber of the matrix metalloproteinase (MMP) family,
consisting of a translocation signal peptide, a pro-
peptide, a catalytic domain, and a hemopexin do-
main [7]. Recently, MMP3 has been determined to
affect many malignant tumors, including cervical
cancer, triple-negative breast cancer, and ovarian
cancer; it can orchestrate tumor progression by
modulating critical biological processes such as
angiogenesis, epithelial-mesenchymal transition
(EMT), and metastatic dissemination [8-11]. In
melanoma, MMP3 upregulation exhibits a robust
correlation with enhanced migratory and invasive
capacities of tumor cells, and pharmacological
inhibition to MMP3 has been found to markedly
attenuate these aggressive phenotypes, under-
scoring its pivotal regulatory role in melanoma
pathogenesis [12]. Extracellular matrix (ECM) re-
modeling, a hallmark of tumor microenvironment
(TME) plasticity, has been implicated in melano-
ma drug resistance development [13]. Mechanis-
tically, ECM degradation disrupts biomechanical
homeostasis within the TME, thereby promoting
tumor cell survival and chemoresistance [14, 15].
Furthermore, MMP3 activation initiates a proteo-
lytic cascade through upregulation of downstream
effectors such as MMP1 and MMP9, collectively
amplifying ECM remodeling to establish a per-
missive niche for metastatic invasion [7, 14, 16].
These findings strongly suggest that MMP3-me-
diated ECM dysregulation serves as a critical mo-
lecular bridge linking TME reprogramming to drug
resistance in melanoma. MMP3 may thus repre-
sent a promising therapeutic target to reverse
ECM-driven chemoresistance in melanoma treat-
ment.

Acetylshikonin (AceS), a bioactive naphthoqui-
none derived from the medicinal plant Lithosper-
mum erythrorhizon, has recently emerged as
a promising anti-cancer agent with multi-target

therapeutic potential [17, 18]. In a recent study,
AceS demonstrated necroptosis-inducing capabili-
ty in non-small cell lung cancer [19]. Its anti-tumor
efficacy in osteosarcoma has been mechanistical-
ly linked to ROS-mediated metabolic reprogram-
ming [20]. Particularly noteworthy are recent find-
ings in melanoma research, where acetylshikonin
exhibited significant suppression of metastatic
behaviors through PI3K/Akt/mTOR pathway mod-
ulation [21]. However, the mechanism by which
AceS inhibits melanoma progression has not yet
been fully investigated.

Based on network pharmacology and mo-
lecular docking, this study investigated the po-
tential targets of AceS and their biofunctions in
BRAF-mutant melanoma and uncovered the bio-
logical relationship between AceS and MMP3 in
the melanoma. We further determined that AceS
was capable of exerting regulatory control over
ECM remodeling processes by directly targeting
MMP3, thereby suppressing the drug-resistant
phenotype in BRAF-mutant melanoma. The find-
ings of this study can provide novel insights into
the dynamic regulatory network in the tumor mi-
croenvironment and targeted therapy in BRAF-mu-
tant melanoma.

Material and methods

Screening of key targets of AceS in drug-
resistant melanoma

In this study, differentially expressed genes
(DEGs) of BRAF-mutant melanoma with drug resis-
tance were screened from the GSE203545 dataset
using the DESeq 2 method, with |log,(foldchange)
> 1 and FDR < 0.05. Potential targets of AceS were
identified by SwissTargetPrediction (http://swis-
stargetprediction.ch/). Then, the intersection of
AceS targets and melanoma DEGs was performed
by Venn analysis. The correlation between in-
tersection targets and survival of patients with
melanoma were verified in the UALCAN database
(https://ualcan.path.uab.edu/index.html).

Animals

BALB/c mice (6-8 weeks, 18-20 g) were housed
at 21°C and 60% relative humidity. After 1-week
habitation, mice were divided into: 1) the control
group without administration of AceS and BRAFi;
2) the AceS group that received an intraperitone-
al injection with AceS at the dose of 50 mg/kg;
3) the BRAFi group that received administration of
PLX4720, a BRAFi, at the dose of 417 mg/kg, using
tube feeding; 4) the AceS + BRAFi group receiving
co-administration of AceS and PLX4720. All mice
underwent subcutaneous injection of drug-re-
sistant M14 cells (2 x 10° cells in the suspen-
sion). The administration was performed when
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the volume of the subcutaneous tumor reached
100 mm3. This study was approved by the Animal
Ethics Committee of the local hospital.

Dose of AceS in vitro

Drug-resistant M14 cells were treated with cell
medium containing AceS at the concentrations of
0,1,2,4,8.16,32,64,128,256,512, 1024 umol/|
for 24 h at 37°C. Cell viability was tested using
a CCK-8 kit (C0037, Beyotime, Shanghai, China).
Cell viability was calculated from the optical den-
sity (OD) measured on a microplate at 450 nm, as

follows: cell viability (%) = (OD,__, ... .cntration ~ O/
(ODo umol/L ODblank) x 100%.
Cells

Drug-resistant M14 cells (ATCC) were es-
tablished by the gradient exposure protocol of
PLX4720 [PMID: 24009868]. Then, drug-resistant
M14 cells were divided into: the blank group with-
out additional treatment, including BRAFi, AceS,
and transfection; the excipient group with excip-
ient treatment; the BRAFi group incubated with
PLX4720-containing medium (1 pumol/l) for 24 h;
the AceS group incubated with AceS-containing
medium for 24 h; the AceS + BRAFi group incubat-
ed with the medium containing AceS and 1 umol/|
PLX4720 for 24 h; the AceS + oe-NC group receiv-
ing transfection of unloaded pcDNA3.1 plasmids
and incubation with AceS-containing medium
48 h after transfection; the AceS + oe-MMP3 group
receiving transfection of the MMP3 overexpres-
sion vector based on pcDNA3.1 and incubation
with AceS-containing medium 48 h after trans-
fection; the si-NC group receiving transfection of
negative control of MMP3 siRNA; the MMP3 group
receiving transfection of MMP3 siRNA.

Cell proliferation detected by CCK-8 assay

A total of 5 x 10° cells were added to 6-well
plates and kept overnight at 37°C. 10 ul of CCK-8
reagent (CO037, Beyotime, Shanghai, China) was
added. Cells were incubated for 1 h at 37°C. The
OD value was read by a microplate (Thermo Fisher,
USA) at 450 nm. Cell proliferation was calculated
as follows: cell viability (%) = (ODtest-ODblank)/
(ODcontrol-ODblank) x 100%.

Cell migration detected by wound healing

Cell migration was investigated by the wound
healing assay. Briefly, cells (5 x 10° cells) were
incubated in 6-well plates overnight at 37°C.
A scratch on the cell monolayer by a clean tip was
made at T = 0 h, and then cells were cultured for
24 h at 37°C. The images of the wounds were ana-
lyzed by Image) software to measure the width of

the wounds at T = 0 and 24 h. Cell migration was
calculated using the following equation: cell mi-
gration (%) = (width,, —width,, )/width_, x 100%.

24 h)

Cell invasion detected by Transwell inserts

The change in cell invasion was detected by
Transwell inserts (diameter: 6.5 mm; pore size:
3.0 um; 3472, Coring, 1 Riverfront Plaza, Corning,
New York, USA). Before invasion assay, the upper
chamber of Transwell inserts was pre-coated with
0.1 mlof 8% Matrigel (356234, Coring, 1 Riverfront
Plaza, Corning, New York, USA) for 1 h at 37°C.
Then, the upper chamber was supplemented with
100 pl of cell suspension containing 1 x 10%/ml,
and the lower chamber contained 600 ul of se-
rum-free DMEM, followed by incubation overnight
at 4°C. The remaining cells in the upper chamber
were removed, and 4% paraformaldehyde was
used to fix cells for 30 min. Subsequently, the in-
vasive cells were stained with 0.1% crystal violet
for 30 min, followed by observation using a micro-
scope (Olympus, Tokyo, Japan).

IF for MMP3

A total of 5 x 10° cells were plated into the
6-well plates and cultured overnight at 37°C. Cells
were fixed with 4% paraformaldehyde for 30 min,
and then washed with PBS 3 times. Cells were in-
cubated with the blocking buffer containing 1%
BSA for 30 min. Subsequently, cells were incubat-
ed with primary antibodies overnight at 4°C, in-
cluding anti-MMP1 (ab137332, dilution: 1/50; Ab-
cam, Massachusetts, USA), anti-MMP3 (ab52915,
dilution: 1/100; Abcam, Massachusetts, USA), and
anti-MMP9 (ab283575, dilution: 1/50; Abcam,
Massachusetts, USA). Next, cells were incubated
with the diluted secondary antibody (ab150077,
dilution: 1/1000; Abcam, Massachusetts, USA) for
1 min, protected from light. Cells were mounted
using Antifade Mounting Medium, and the images
were captured with a fluorescence microscope.

IHC

Subcutaneous tumor sections were incubated
with Antigen Retrieval Buffer for 5 min in a micro-
wave oven after dewaxing and hydration. Then,
the cooled down sections were incubated with 3%
H,0, (88597, Millipore, Darmstadt, Germany) for
10 min at room temperature, and subsequently
incubated with the blocking buffer containing 5%
goat serum (C0265, Beyotime, Shanghai, China)
for 30 min at room temperature. Sections were
incubated with the diluted primary antibodies
overnight at 4°C, followed by the HRP-conjugat-
ed secondary antibody (ab150077, dilution: 1/50;
Abcam, Massachusetts, USA) for 1 h at room tem-
perature. After DAB staining (P0202, Beyotime,
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Shanghai, China), sections were stained with
hematoxylin (C0107, Beyotime, Shanghai, Chi-
na) for 2 min. Dehydration and clarification were
performed, and then the neutral gum-mounted
sections were observed by the microscope. The
primary antibodies included anti-MMP1 (26585-
1-AR dilution: 1/100; Proteintech, Wuhan, Chi-
na), anti-MMP3 (ab52915, dilution: 1/50; Abcam,
Massachusetts, USA), anti-MMP9 (ab283575,
dilution: 1/5000; Abcam, Massachusetts, USA)
and anti-Ki-67 (ab16667, dilution: 1/200; Abcam,
Massachusetts, USA).

Western blot

Cell lysates and tissue homogenate incubat-
ed with RIPA buffer were heated at 100°C for
10 min, and then centrifuged at 12,000 g for 10
min at 4°C. The quantification for protein concen-
tration was performed using a BCA kit. The elec-
trophoretic separation for proteins was performed
by SDS-PAGE, followed by the trans-blotting onto
PVDF membranes using a trans-blotting system
(Bio-Rad, USA). The membranes were blocked by
blocking buffer containing 5% skimmed milk for 1 h
at room temperature. Next, the membranes were
incubated with diluted primary antibodies over-
night at 4°C, followed by incubation with HRP-con-
jugated goat anti rabbit antibody (ab6721, dilution:
1/10000; Abcam, Massachusetts, USA) for 1 h at
room temperature. After being visualized by an ECL
kit in the dark, blots were observed using a gel im-
aging system (Bio-Rad, USA). Primary antibodies in-
cluded MMP1 (ab137332, dilution: 1/3000; Abcam,
Massachusetts, USA), MMP9 (ab283575, dilution:
1/1000; Abcam, Massachusetts, USA) and GAPDH
(ab9485, dilution: 1:2500; Abcam, Massachusetts,
USA). GAPDH was used as a loading control.

qPCR

Total RNA extracted from cell or tissue samples
was quantified by spectrophotometry (NanoDrop
One/One, Thermo Fisher, USA), and then RNA
samples with 0D260/280>1.8 were used for gPCR.
RNA was reverse transcribed to cDNA using a Re-
vertAid RT Kit (K1691, Sangon, Shanghai, China),

Table I. Primer sequences

Primer Sequence

GAPDH forward 5'-GTCTCCTCTGACTTCAACAGCG-3'
primer

GAPDH reverse 5'-ACCACCCTGTTGCTGTAGCCAA-3'
primer

MMP3 forward 5'-CACTCACAGACCTGACTCGGTT-3'
primer

MMP3 reverse 5’-AAGCAGGATCACAGTTGGCTGG-3’
primer

followed by quantification with Talent gPCR Pre-
Mix (SYBR Green; FP209, TianGen, Beijing, China).
Then, normalization was performed following the
244t method. The primers of MMP3 and GAPDH
are listed in Table I. GAPDH was used as a loading
control.

Statistical analysis

All experiments were performed in triplicate.
SPSS 25.0 software was used for the statistical
analysis, and GraphPad 9.0 was used for the vi-
sualization of data. The comparison between two
groups was performed using the independent
t test, and the comparison between multiple groups
(> 3 group) was performed using the one-way
ANOVA test, followed by the post hoc Tukey test.
P < 0.05 was considered statistically significant.

Results

AceS inhibited the proliferation, migration,
and invasion of drug-resistant M14 cells
and promoted their resensitization to
BRAFi

Drug-resistant M14 cells were treated with
AceS at 1-1024 umol/| for 24 h, and then the IC
of AceS was calculated based on cell viability de-
tected by CCK-8 assay. As shown in Figure 1 A, the
IC,, of AceS was 44 umol/l. Then, cells were incu-
bated with AceS-containing medium at 22 umol/I,
44 umol/l, and 88 umol/l. A significant decrease
in cell viability was observed at 22 pmol/|, while
no notable differences were detected at 44 and
88 umol/l compared to the 22 umol/l concentra-
tion. Thus, cells in the subsequent experiments
were treated with 22 umol/l AceS for 24 h. We
found that the drug-resistant M14 cells showed
higher cell proliferation, migration, and invasion
and lower cell apoptosis as compared to M14 cells
without drug resistance; BRAF inhibitor failed to
reverse the changes in malignant behaviors of
drug-resistant M14 cells (Figure 1). However, AceS
treatment inhibited cell proliferation (Figure 1 B),
migration (Figure 1 C), and invasion (Figure 1 D) in
drug-resistant M14 cells and elevated the apop-
totic M14 cells with drug resistance (Figure 1 E);
intriguingly, AceS promoted drug-resistant M14
cells to respond to the BRAF inhibitor, including re-
ductions in proliferation, migration, and invasion,
and an increase in cell apoptosis (Figure 1).

MMP3 was a key target of AceS in drug-
resistant melanoma

We identified 99 targets of AceS using the
SwissTargetPrediction database. Then, DEGs in
drug-resistant M14 cells were screened from the
dataset (GSE203545) recording the gene data of
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BRAF-mutant melanoma with drug resistance. performed using Venn analysis. A total of 5 inter-
There were 363 genes differentially expressed in  section targets were found: MMP1, MMP3, PTGS1,
drug-resistant M14 cells,including 213 upregulated ~ EGFR, and ABCG2 (Figure 2 B). We used the UAL-
genes and 149 downregulated genes (Figure 2 A).  CAN database to analyze the correlation between
Then, intersection of DEGs and AceS targets was  overall survival of melanoma and 5 intersection
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targets. As shown in Figure 2 C, the decreased anoma cells, and the expression of MMP3 (fold
overall survival was significantly correlated with  change: 3.324) was higher than that of MMP1
higher expression of MMP1 and MMP3. Accord-  (fold change: 2.848). Therefore, we choose MMP3

ing to the DEG analysis from GS

E203545, MMP1  as the core target of AceS. MMP3 in drug-resistant
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ent, and AceS group detected by gPCR. G — MMP3 in blank, excipient and AceS group detected by IF. *p < 0.05. All

experiments were performed in triplicate

ures 2 D, E). In drug-resistant cells, we found that
MMP3 was downregulated because of AceS treat-
ment (Figures 2 F, G), indicating that MMP3 might
mediate the mechanism of AceS in BRAF-mutant
melanoma with drug resistance.

Knockdown of MMP3 suppressed the
growth and metastasis of drug-resistant
M14 cells by modulating the extracellular
matrix

Next, the role of MMP3 in regulating drug re-
sistance in BRAF-mutant melanoma was studied.
MMP3 in drug-resistant M14 cells was decreased
by MMP3 specific siRNA (Figures 3 A, B). Down-
regulation of MMP3 contributed to the decreased
proliferation (Figure 3 C) in drug-resistant M14
cells, and it inhibited the migration (Figure 3 D)
and invasion of these cells (Figure 3 E); mean-
while, downregulation of MMP3 resulted in apop-
tosis in drug-resistant M14 cells (Figure 3 F). The
development of drug resistance is involved in
ECM remodeling. MMP3 is capable of regulating
ECM remodeling, leading to decreased MMP1 and
MMP9 expression in drug-resistant M14 cells;
MMP3 silencing led to downregulation MMP1 and
MMP9 (Figure 3 G).

AceS downregulated MMP3 to regulate
the extracellular matrix, thereby inhibiting
drug resistance and malignant behaviors in
drug-resistant M14 cells

Overexpression of MMP3 was performed in
drug-resistant M14 cells receiving AceS treatment
(Figures 4 A, B). Significantly, MMP3 upregulation
reversed the inhibitory role of AceS in drug-resis-
tant M14 cells, observed as increases in prolif-
eration (Figure 4 C), migration (Figure 4 D), and
invasion (Figure 4 E), and a reduction in apoptosis
(Figure 4 F). Moreover, MMP3 upregulation result-
ed in a decrease in MMP1 and MMP9 expression
(Figure 4 G).

Validating the mechanism by which AceS
downregulated MMP3 and suppressed drug
resistance and tumor growth in mice with
drug-resistant melanoma

An in vivo model of BRAF-mutant melanoma
was used to investigate the therapeutic mecha-
nism of AceS in the present study. AceS admin-
istration significantly reduced MMP3 expression
in the subcutaneous tumor, whereas MMP3 did
not respond to the BRAF inhibitor treatment (Fig-
ures 5 A, B). Then, we quantified the growth of
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formed in triplicate

the subcutaneous tumor after treatment. BRAF in-
hibitor failed to inhibit the tumor growth in these
nude mice; however, AceS administration led to
a reduction in both volume and weight of the sub-
cutaneous tumor (Figures 5 C, D). We also found
that AceS led to downregulation of Ki-67, a mark-
er of cancer cell proliferation, and it promoted Ki-
67 downregulation in mice receiving BRAF inhibi-
tor treatment (Figure 5 E). This indicated that AceS
significantly inhibited cell proliferation in the sub-
cutaneous tumor and promoted the drug sensitiv-

ity of the tumor to the BRAF inhibitor. Meanwhile,
we measured MMP1 and MMP9 expression in the
tumor. The AceS group showed reduced MMP1
and MMP9 expression as compared to the model
group (Figure 5 F). There was no difference in ex-
pression of the two MMPs between the model and
BRAF inhibitor groups (Figure 5 F). Nevertheless,
the AceS + BRAF group showed lower expressions
of MMP1 and MMP9 than these levels in the BRAF
group (Figure 5 F).
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Figure 4. AceS downregulated MMP3 to regulate the extracellular matrix, thereby inhibiting drug resistance and
malignant behaviors in drug-resistant M14 cells. A — MMP3 expression detected by gPCR. B — MMP3 detected by
IF. C — Cell proliferation detected by CCK-8 kit. D — Cell migration investigated by wound healing assay. *p < 0.05,
**p < 0.01, **p < 0.001. All experiments were performed in triplicate
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in triplicate

Discussion

Melanoma is correlated with activating muta-
tions in the MAPK pathway such as BRAF. Although
the therapeutic strategies of BRAF-mutant mela-
noma have evolved drastically over the decades,
drug resistance still remains a huge challenge in
the clinic. In fact, many patients with melanoma
who benefited from BRAF inhibitor develop a tu-
mor relapse within 1 year[22]. Thus, there is a lack
of effective drugs to overcome the drug resistance
in melanoma. In this study, we evaluated the an-

ti-tumor effect of AceS in BRAF-mutant melano-
ma, and found that AceS enhanced the response
of BRAF-mutant melanoma to BRAFi treatment.
Also, the molecular mechanism by which AceS in-
hibited drug resistance in BRAF-mutant melanoma
via targeting MMP3-mediated ECM was explored.

AceS is a natural extract derived from Lithosper-
mum erythrorhizon, a plant in the Boraginaceae
family, and exhibits a broad range of pharmaco-
logical effects, including anti-inflammatory, lip-
id-regulating, and anticancer activities [23]. AceS
can act as a non-selective cytochrome P450 inhib-
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itor to modulate the drug metabolism [24]. Evi-
dence indicated that AceS induced apoptosis and
cell cycle arrest in chronic myeloid leukemia K562
cells by targeting the NF-xB pathway and inhibit-
ing BCR-ABL [25]. Furthermore, AceS suppressed
the progression of triple-negative breast cancer
and HER2-positive breast cancer by reducing di-
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hydrofolate reductase activity [26]. Our study
established a BRAFi-resistant melanoma cell line
and demonstrated that AceS treatment induced
apoptosis while inhibiting proliferation, invasion,
and migration, underscoring its potential for clin-
ical application in BRAFi-resistant melanoma. Our
findings also revealed that AceS enhanced cancer
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Figure 5. Validating the mechanism by which AceS downregulated MMP3 and suppressed drug resistance and tu-
mor growth in mice with drug-resistant melanoma. A — MMP3 expression detected by gPCR. B— MMP3 measured
by IHC. C, D — volume (C) and weight (D) of tumor. All experiments were performed in triplicate
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Figure 5. Cont. E - Ki-67 detected by IHC. F— MMP1 and MMP9 detected by IHC. All experiments were performed

in triplicate

cell sensitivity to BRAFi, thereby reversing tumor
drug resistance and amplifying anticancer efficacy.
In vivo experiments further validated the dual an-
titumor and resistance-reversing effects of AceS.
Current scientific understanding of the antican-
cer mechanisms of AceS has remained incomplete.
To address this, we adopted a network pharma-
cology approach to identify potential therapeutic
targets of AceS in melanoma, including MMP1,
MMP3, PTGS1, EGFR, and ABCG2. Analyses of the
GSE203545 dataset and GEPIA database revealed
that MMP3 was significantly upregulated in mela-
noma, with its overexpression strongly correlating
with reduced overall survival in melanoma pa-
tients. MMP3, a matrix metalloproteinase, exhibits
altered expression patterns linked to poor progno-
sis in primary prostate cancer [27], oral squamous
cell carcinoma [28], and esophageal carcinoma
[29]. Mechanisticall, MMP3 suppressed tumor
initiation and progression by inhibiting Erk1/2 and
NF- B pathways, thereby blocking proliferation and
migration [30]. In 3D culture models, MMP3-en-
riched extracellular vesicles robustly promoted
solid tumor growth, whereas MMP3-knockout
vesicles lacked this effect [31]. These abovemen-
tioned findings collectively indicate the critical role
of MMP3 in malignant tumor development. Our
study demonstrated that MMP3 knockdown sig-
nificantly inhibits proliferation, migration, and in-
vasion while inducing apoptosis in drug-resistant
M14 cells, underscoring the essential role of MMP3
in melanoma drug resistance. Aligned with net-

work pharmacology predictions, we observed that
AceS markedly suppressed MMP3 expression, and
its combination with BRAFi further amplified this
suppression. To validate causality, MMP3-overex-
pressing plasmids were transfected to counter-
act the AceS-induced effects. Subsequent assays
showed that MMP3 overexpression effectively re-
versed the antitumor activity of AceS in drug-re-
sistant melanoma. Thus, we proposed that AceS
inhibited BRAFi-resistant melanoma progression
primarily through MMP3 downregulation.

The development of drug resistance in melano-
ma is closely associated with the ECM. The ECM
contains non-cellular components that support
tumor growth and motility. Additionally, cancer
cell-derived ECM components can induce an im-
munosuppressive  microenvironment, thereby
enhancing immune evasion and promoting can-
cer cell survival [32, 33]. In melanoma, structur-
al alterations in the ECM can elevate interstitial
pressure, leading to vascular collapse and com-
promised blood supply, which exacerbates hy-
poxia and drives tumor progression [34]. Notably,
MMP3 played a pivotal role in ECM dynamics. As
a matrix metalloproteinase, MMP3 regulated the
activation of ECM components. It promoted ECM
degradation (e.g., laminin, elastin, fibronectin)
by activating MMP1 and MMP9, thereby driving
ECM remodeling [35-37]. Our study demonstrated
that both MMP3 knockdown and AceS treatment
downregulated MMP1 and MMP9 in drug-resistant
melanoma cells, whereas MMP3 overexpression
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reversed this regulatory effect. Melanoma cells
exhibited heightened sensitivity to ECM remod-
eling. Consequently, altered expression of MMP3,
a central mediator, promoted rapid cellular re-
sponses. This mechanistic cascade explained how
AceS suppressed the drug-resistant phenotype: by
downregulating MMP3, it inhibited MMP1/MMP9
expression, disrupted ECM architecture, and ulti-
mately curtailed melanoma progression.

Collectively, we demonstrated that AceS down-
regulated MMP3 to modulate ECM remodeling,
thereby inhibiting drug-resistant melanoma pro-
gression, and enhanced the cell response to BRAFi.
Our findings provide a novel therapeutic strategy
in BRAF-mutant melanoma, and provide intriguing
insights into the molecular mechanism of AceS in
melanoma.

Our study has the following limitations. First,
although we employed network pharmacology
to identify potential targets and associated sub-
strates of AceS in treating drug-resistant mela-
noma, the downstream signaling pathways me-
diating its anticancer effects remain to be fully
elucidated. Thus, future studies should build upon
the functional enrichment analysis to investigate
specific signaling pathways involved and validate
them through both in vivo and in vitro experi-
ments. Second, while we demonstrated the Ac-
eS-induced enhancement of BRAFi that highlight-
ed the therapeutic potential of their combination
in BRAFi-resistant melanoma, the optimal admin-
istration protocols for this dual therapy remain
unexplored. Therefore, systematic evaluation of
dosing ratios and administration strategies for
AceS-BRAFi combinations using preclinical mod-
els is warranted to establish novel and effective
therapeutic regimens for melanoma. Moreover,
our findings derived from the M14 cell line may
not represent the behavior or responses of other
melanoma cells. Therefore, in subsequent stud-
ies, we will select additional melanoma cell lines
for investigation and examine the mechanism by
which AceS inhibits melanoma drug resistance.
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