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Nucleotide-binding oligomerization domain 2 (NOD2) is an immune sensor crucial for eliciting the innate immune responses.
Nevertheless, discrepancies exist regarding the effect of NOD2 on different types of cancer. This study aimed to investigate these
function of NOD2 in melanoma and its underlying mechanisms. We have validated the tumor suppressor effect of NOD2 in
melanoma. NOD2 inhibited the proliferation of melanoma cells, hindering their migration and invasion while promoting the onset
of apoptosis. Our study showed that NOD2 expression is closely related to pyrimidine and folate metabolism. NOD2 inhibits
thymidylate synthase (TYMS) expression by promoting K48-type ubiquitination modification of TYMS, thereby decreasing the
resistance of melanoma cells to 5-fluorouracil (5-FU) and capecitabine (CAP). TYMS was identified to form a complex with Polo-like
Kinase 1 (PLK1) and activate the PLK1 signaling pathway. Furthermore, we revealed that the combination of the PLK1 inhibitor
volasertib (BI6727) with 5-FU or CAP had a synergistic effect repressing the proliferation, migration, and autophagy of melanoma
cells. Overall, our research highlights the protective role of NOD2 in melanoma and suggests that targeting NOD2 and the TYMS/
PLK1 signaling axis is a high-profile therapy that could be a prospect for melanoma treatment.
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INTRODUCTION

Melanoma is one of the ten most dangerous tumors, with rapid
progression, easy metastasis, and a poor prognosis. It is expected
that by 2024, there will be 100,640 new cases of cutaneous
melanoma and 8290 deaths worldwide [1]. Although BRAF/MEK
inhibitors and anti-PD-1 immunotherapies have improved efficacy
to some extent, toxicity and drug resistance remain unresolved
effectively [2-4]. Several studies have shown that combination
therapy effectively reduces drug resistance and improves anti-
tumor efficacy [5-7]. Therefore, exploring the molecular mechan-
isms of melanoma and the impact of combination therapy would
help develop new therapeutic strategies.

Nucleotide-binding oligomerization domain 2 (NOD2) is an
intracellular pattern recognition receptor in the immune response
[8]. Reported studies have clarified the critical function of NOD2 in
controlling inflammatory diseases and invasion of host micro-
organisms, like Crohn’s disease [9], colitis [10], Blau syndrome [11],
and meningitis [12]. Recent investigations have pointed out that
aberrant NOD2 expression is tied to cancer progression. NOD2
inhibited the proliferation of esophageal adenocarcinoma cells via
autophagy [13], whereas its deficiency promoted colorectal
tumorigenesis [14]. Upregulation of NOD2 enhanced the pro-
liferation, invasion, and migration of cervical squamous cell
carcinoma [15]. NOD2 also promoted hepatocellular carcinoma
development through DNA damage-induced autophagy

mechanism [16]. These findings reveal that NOD2 plays a complex
role in cancer and that specific manifestations may exist across
different tissues. In addition, NOD2 agonists or antagonists exert
adjuvant effects in immune checkpoint inhibitor therapy. Combin-
ing NOD2 agonists with PD-1/PD-L1 immune checkpoint inhibitors
for Alzheimer's disease has revealed their synergistic impact [17].
Covalently coupled NOD2 and toll-like receptor 7 (TLR7) agonists
showed potent immunostimulatory activity on immune cells [18].
Coupling of NOD2 antagonist and paclitaxel (PTX) enhanced the
growth inhibitory effect of PTX on Lewis lung carcinoma (LLC)-
loaded mice [19]. Although NOD2 exhibits biological functions
and therapeutic potential in various diseases, its specific role and
mechanism in melanoma require further investigation.
Thymidylate synthase (TYMS) has been spotlighted as an
essential target for tumor chemotherapeutic agents [20-22]. TYMS
maintains the stability of the thymidine-5-prime monophosphate
(dTMP) pool, a key dTMP in DNA replication and repair, by
catalyzing the methylation of deoxyuridylate to deoxythymidylate
using N5, N10-methylenetetrahydrofolate (methylene-THF) as a
cofactor [23]. In addition, TYMS is the site of action of
chemotherapeutic agents such as 5-fluorouracil (5-FU), 5-fluoro-
2-prime-deoxyuridine (FAUMP) and certain folate analogs [24-26].
Thus, TYMS is believed to play a central part in cancer
development. Initial studies have indicated that reducing TYMS
expression may increase sensitivity to 5-FU chemotherapy in
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colorectal cancer patients [27, 28]. Conversely, increased expres-
sion of TYMS in hepatocellular carcinoma cells and patient
samples was associated with hepatocellular carcinoma progres-
sion and resistance to 5-FU [29]. Furthermore, the in vivo decrease
of TYMS expression lowered tumor occurrence, slowed tumor
progression, and extended survival time in mice [30]. However,
the reasons for the dysregulation of TYMS in melanoma and its
underlying mechanisms remain unclear.

In this work, we observed that NOD2 expression was decreased
in melanoma cells. By upregulating NOD2 expression, we
successfully inhibited melanoma growth and confirmed that
NOD2 diminished melanoma ability to resist chemotherapeutic
drugs by reducing TYMS level and activity. Further studies
revealed that NOD2 affects the proteasomal degradation pathway
of TYMS, subsequently increasing the K48-linked ubiquitination
and reducing the K63-linked ubiquitination of TYMS, thereby
downregulating TYMS expression. Altered TYMS expression and
activity affect Polo-like Kinase 1 (PLK1) expression and activity, and
this regulatory relationship occurs through a direct binding
interaction of TYMS with PLK1. PLK1 is a critical cell cycle
regulatory protein of the serine/threonine kinase family, closely
related to melanoma development and growth [31, 32
NOD2 suppresses melanoma development by inhibiting the
TYMS/PLK1 signaling axis. The results of this study offer clues
that unravel the mechanisms of melanoma progression and
chemoresistance. Also, the significance of implementing NOD2
and the TYMS/PLK1 signaling axis was evaluated as targets for
therapeutic intervention in melanoma.

MATERIALS AND METHODS

Cell culture and transfection

Human melanoma cell lines A875, A375, SK-MEL-28, and SK-MEL-110 were
obtained from the Cell Resource Center, Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences. HEM is a normal human epidermal
melanocyte obtained from the Cell Bank of the Chinese Academy of
Sciences. All cell lines were cultured in high-glucose DMEM medium
supplemented with 10% fetal bovine serum at 37 °C with 5% CO2. Using
NOD2 (sh-NOD2-1, 5’-GGGCAAGACTTCCAGGAATTT-3’; sh-NOD2-2, 5'-
GTGCTTCTTTGCCGCGTTCTA-3’; sh-NOD2-3, 5-GGACTACAACTCTGTGGG
TGA-3') and its control (CON313) and NOD2 overexpression and its control
(CON335) lentiviruses infected A875 and SK-MEL-110 cells. These viruses
were obtained from GeneChem Co., Ltd. (Shanghai, China). After 48 h of
transfection, the cell transfection efficiency was observed under a
fluorescence microscope, and the cells were continuously screened by
puromycin (Solarbio, #P8230) pressurization until the infection rate
reached more than 95%. Real-time PCR and Western blot assessed the
effect of gene transfection.

Real-time PCR

TRIzol reagent (Takara, #9109) was used to extract total RNA from cells and
tumor tissues. Synthesize cDNA by reverse transcription of mRNA following
the instructions of the Reverse Transcription Kit (Thermo Scientific,
#K1622). cDNA was analyzed by Real-time PCR using SYBR Green Master
mix (Roche, #04913914001); U6 served as an internal reference gene. The
specific primer sequences are detailed in Supplementary Table S1.

Western blot

Cells and tissues can be effectively lysed using a RIPA lysis buffer (Solarbio,
#R0020) containing protease and phosphatase (Solarbio, #P0100) inhibi-
tors. Proteins were quantified by BCA, separated via SDS-PAGE gel
electrophoresis, and transferred onto PVDF membranes (Millipore,
#IPVH00010), sealed with 5% skimmed milk or 5% BSA (Bio Froxx,
#4240GR500) for two hours then incubated overnight with TBST (Solarbio,
#T1085) diluted primary antibody according to the instructions at 4 °C. The
next day, the secondary antibody of the same genus was used and
incubated at room temperature for two hours. ELC chemiluminescence
was performed to observe the target bands, and ImageJ software was used
to scan the gray values. The primary antibody and secondary antibody are
shown in Supplementary Table S2.
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Cell proliferation assay (MTS, colony formation, and EdU
staining)

To determine cell viability by MTS assay, cells with NOD2 overexpression
and knockdown of A875 and SK-MEL-110 were cultured in 96-well plates
(1000 cells/well). MTS (Promega, #CTB169) working solution formulated
according to 5:1 (DMEM: MTS) was added at different time points. The
absorbance value was detected at 490 nm after one hour of dark culture.

Cells were inoculated into six-well plates (800 cells/well), and fresh
medium was replaced every three days. Discontinue the culture when cell
colony formation was observed. Cells were washed with PBS, fixed in
paraformaldehyde, stained with 0.5% crystal violet for 20 min each, and
photographed for counting.

In the EdU incorporation determination, cells were first grown in 24-well
plates (3x10* cells/well), and the next day, an EdU Kit (Beyotime, #
C0078S) was used to stain the cells. Hoechst 33342 was utilized for nuclear
staining. Collect fluorescence images of EdU (excitation 590 nm, emission
617 nm) and Hoechst (excitation 350 nm, emission 461 nm) under a 20x
objective using a fluorescence microscope (Leica, # DM4B). Randomly
select three fields of view and use Image) software to evaluate the
proportion of EdU-positive cells to the total number of cells in the
collected images.

IC50 assay

Cells were inoculated in 96-well plates at 5000 cells/well density. The next
day, cells were exposed to various fluorouracil (5-FU) (MCE, #HY-90006)
and capecitabine (CAP) (MCE, #HY-B0016) treatment concentrations. The
IC50 was calculated by detecting the absorbance values at 490 nm
obtained in the MTS assay described above after 48-h exposure.

Wound healing assay

Cells were inoculated into a six-well plate (1 x 10° cells/well) and incubated
to reach confluence after overnight incubation with serum-free DMEM.
Further, treated with 10 pg/mL Mitomycin C (MCE, # HY-13316) for 2 h, the
cells were scratched with the tip of a 200-uL pipette, washed using PBS,
and cultured with serum-free DMEM. Images were taken under an inverted
microscope (4x objective) at 0 and 24 h after wounding. Calculate the
wound closure area as follows: wound closure area (fold) = (initial wound
area - unhealed wound area 24 h after scratching)/initial wound area.

Transwell migration and invasion assays

Cells treated with 10 pg/mL Mitomycin C (MCE, # HY-13316) for 2h
were digested with trypsin, and concentration (1000 cells/100 ul) was
adjusted to be suspended in DMEM. When performing Transwell
invasion experiments, 40 ul of matrix gel (BD, #356234) diluted 1:3
(matrix gel: DMEM) was applied to the upper chamber of the Transwell
chamber 2 h in advance, then, cultured the cell suspension (Transwell
migration: 100 ul, Transwell invasion: 200 pl) into the top chamber of
Transwell chamber (Corning, #3524). Inject 600 uL of medium contain-
ing 10% fetal bovine serum into the lower chamber of the Transwell,
and cells that had migrated and invaded the bottom of the Transwell
were removed after 24 or 48 h. Finally, the migrating and invading cells
are fixed and stained with crystal violet, then observed under a
microscope (40x objective). Choose random fields of view to take
pictures and count.

Flow cytometry

Cell cycle assays are performed by inoculating cells into a 6-well plate,
digesting, and centrifuging. Then, they were slowly added dropwise to
75% pre-cooled ethanol and fixed at 4 °C for 24 h. Cells were collected by
centrifugation the next day, stained with a cycle kit (4 A Biotech,
#FXP0211), and subjected to flow cytometry detection (BD, BD FACSCe-
lesta™ flow cytometry) and analyzed using FlowJo software.

In apoptosis analysis, cells were inoculated in 6-well plates and treated
for apoptosis induction. After staining with Annexin V, 633/PI Staining Kit
(Dojindo, #AD11) according to the manufacturer’s instructions, assessed
apoptic content through flow cytometry (BD, BD FACSCelesta™ flow
cytometer) and analyzed using FlowJo software.

Co-immunoprecipitation (CO-IP)

The cells were lysed for 30 min on a shaker at 4 °C using weak RIPA lysis
buffer (Beyotime, #P0013D), adding protease and protease phosphatase
(Solarbio, #P0100) inhibitors. Following centrifugation, the supernatant was

Cell Death and Disease (2024)15:720



divided into three parts. The input tube was frozen at minus 20 °C, and the
corresponding primary antibody was mixed in the IgG and IP tubes. After
incubation on a shaking table at low temperatures for 8 h, protein A/G-
Agarose beads (Roche, #11243233001) were added and gently shaken at
4°C overnight. After centrifugation, the liquid above the sediment was
removed, and the sample was subsequently rinsed thrice with PBS. Finally,
PBS and protein loading buffer were added, followed by boiling and
eluting the combined protein. Western blot analysis was performed using
SDS-PAGE.

Cellular immunofluorescence (IF)

After inoculating the cells in a slide culture, they were removed and fixed
in 4% paraformaldehyde for 15 min, followed by exposure to 0.3% Triton
X-100 for 20 min. Next, blocking with BSA (Bio Froxx, #4240GR500) for 2 h,
followed by the addition of the primary antibody for overnight incubation
at 4 °C. Samples with a fluorescent secondary antibody were incubated in
the dark for one hour, and the slide was sealed with an anti-fluorescence
quencher containing DAPI (Sigma, #F6057). Fluorescent images of TYMS
(Alexa Fluor 594: red), PLK1 (Alexa Fluor 488: green), and nucleus (DAPI:
blue) were collected using a confocal microscope (OLYMPUS, #SpinSR10)
under a 100x oil immersion objective. The following fluorescent secondary
antibodies were utilized: 594 (Proteintech, #SA00013-4) and 488 (Protein-
tech, #SA00013-1).

GST Pull-down assay

The fusion gens of GST-TYMS and myc-PLK1 were separately cloned into
the expression vectors pGEX-4T-1 and pET28a (+), then expressed
individually in E. coli TOP10. The expression vectors and E. coli TOP10
were purchased from Wuhan Jinkai Rui Biological. For the in vitro pull-
down assay, performed according to the illustrated procedure (Fitgene,
#F188807), after the bacteria were broken by ultrasonication in lysis buffer,
the protein samples of 2 mg of GST (control) or GST-TYMS (experimental)
were incubated with 50 pl of glutathione agarose resin for 5 h at 4 °C. The
samples were washed with a rinse buffer three times, and then 2 mg of
myc-PLK1 protein was mixed into each control and experimental group
and incubated overnight at 4 °C. Then, the samples from both groups were
centrifuged, washed three times with rinse buffer, and eluted by adding
elution buffer for 15 min. Add protein loading buffer to the eluted proteins
and heat at 95°C for 10 min. Finally, the samples were analyzed by
immunoblotting.

TYMS activity assay

The total protein was extracted with RIPA lysis buffer, and the
concentration was determined using the BCA method. Following guide-
lines provided by the manufacturer, TYMS activity was assayed using the
TYMS Activity ELISA Kit (MEIMIAN, #MM-0328H1).

Hematoxylin-eosin (HE) staining and immunohistochemistry
(IHC) analysis

Animal tumors were fixed in 4% paraformaldehyde, embedded in paraffin,
cut into 5-um sections, and stored after baking at 65 °C for three hours. HE
staining was performed per the manufacturer’'s established protocol
(Solarbio, #G1120).

For IHC, antigen repair was performed under high pressure using citrate
buffer. The endogenous peroxidase activity was inactivated with 3% H202,
and 5% BSA was blocked, followed by the addition of the primary antibody
and overnight incubation at 4°C. Staining Sections using the DAB
Substrate Kit (Biosharp, #BL732A) and hematoxylin staining solution
(Biosharp, #517-28-2). Sections were dehydrated again, cleared by a
gradient of ethanol and xylene, sealed with neutral glue, and photo-
graphed under the microscope (Teksqgray, #5SQS-1000).

Bioinformatics analysis

Data mining. Mining was conducted for data normalization, and computa-
tional analysis was performed of the NOD2 gene expression values obtained
from the Gene Expression Omnibus (GEO) database (https:/
www.ncbi.nlm.nih.gov/geo) for the mRNA expression dataset GSE15605, as
well as for normal and primary melanoma tissues and metastatic melanoma
tissues in the TCGA database (https://portal.gdc.cancer.gov/). The GEPIA
database (http://gepia2.cancer-pku.cn/) was used for the differential analysis
of the NOD2, TYMS, and PLK1 genes in melanoma and normal tissues, as well
as the correlation between TYMS and PLK1 in melanoma patients. The
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UALCAN database (https://ualcan.path.uab.edu/) was used for survival
prognosis analysis of NOD2 expression and melanoma patients.

For transcriptome sequencing (RNA-seq), SK-MEL-110 cells with NOD2
overexpression and control were collected for RNA-seq by Zhongke New Life
in Shanghai, China. After analyzing the high-throughput sequencing data,
we identified differentially expressed genes (DEGs) based on the screening
criteria: | log2FC | > 1 and Padj < 0.05. Subsequently, Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed
on these DEGs to reveal their biological significance.

Animal models

Six-week-old female BALB/c nude mice were obtained from the Department of
Laboratory Animals, Kunming Medical University, and randomly divided into
groups. For the no administration of chemotherapeutic drugs treatment group,
1x10” of NOD2 overexpression and knockdown A875 cells and their
respective control cells were implanted subcutaneously on both sides of nude
mice. For the group treated with chemotherapeutic drugs, 1x 10" A875 cells
were implanted into the axilla of nude mice. After two weeks, the nude mice
were randomly divided and injected intraperitoneally with saline or
chemotherapeutic drugs 5-FU (25 mg/kg) and BI6727 (10 mg/kg) every three
days. The diameter of the tumors was measured using vernier calipers every
five days during the treatment period. The tumor volume was calculated using
the formula: volume = 1/2 X long diameter X wide diameter x wide diameter.
In the final stage of the tumor experiment, we euthanized the nude mice and
removed tumors for subsequent experiments.

Statistical analysis

Data were analyzed using GraphPad Prism 2 software. All data were shown
as means +standard deviation (SD) of at least three independent
experiments. Before conducting independent samples t-tests and one-
way analysis of variance (ANOVA), the homogeneity of variance among the
groups was assessed. Independent-sample t-tests were used to compare
differences between two specific groups, and ANOVA was employed to
compare differences among multiple groups. P < 0.05 was considered to
indicate statistically significant differences in the results.

RESULTS

NOD2 expression is downregulated in human melanoma, and
low expression is associated with poor prognosis for
melanoma patients

The GEPIA and TCGA databases were used to analyze the role of
NOD2 in the development of melanoma, and it was found that the
expression of NOD2 was significantly downregulated in melanoma
compared to normal tissue, especially in metastatic melanoma
patients with lower expression levels (Fig. 1A, B). Moreover, low
expression of NOD2 predicts a poor prognosis in melanoma
patients (Fig. 1C). Then, we examined NOD2 expression in Human
Epidermal Melanocytes (HEM) and four melanoma cell lines. The
experimental results revealed a significant decrease in the mRNA
expression (Fig. 1D) and protein expression (Fig. 1E) of NOD2 in
A375, A875, SK-MEL-28, and SK-MEL-110 cell lines. To further
explore the NOD2 function, we successfully constructed stably
transfected cell lines with NOD2 knockdown and overexpression
in A875 and SK-MEL-110 cells (Fig. 1F-H), with the sh-NOD2-3
sequence having the best knockdown efficiency. Therefore, we
used this knockdown sequence cell line in our subsequent
experiments and named it sh-NOD2.

NOD2 inhibits the proliferation of human melanoma cells

in vitro

We verified the anti-tumor effects of NOD2 in melanoma cells.
Overexpression of NOD2 in melanoma inhibited cell proliferative
viability, colony-forming ability, and DNA synthesis rate,
whereas the opposite effect was observed with NOD2 knock-
down (Fig. 2A-C).

We further explored the mechanism of NOD2 role in melanoma
cell proliferation. Flow cytometry analysis revealed that NOD2
overexpression in A875 cells led to an increase in GO/G1-phase
cells and a decrease in S-phase and G2/M-phase cells. Meanwhile,
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Fig. 1

NOD2 is lowly expressed in melanoma and suggests a poor prognosis for melanoma patients. A GEPIA database analysis of NOD2

mRNA expression levels in normal and melanoma tissues. B TCGA database analysis of NOD2 mRNA expression levels in normal, primary, and
metastatic melanoma tissues. C Correlation between NOD2 expression in the UALCAN database and prognosis of melanoma patients.
D, E mRNA of NOD2 in human melanocytes HEM and melanoma cells A375, A875, SK-MEL-28, and SK-MEL-110 was detected by real-time PCR
(D), and the protein expression level was detected by Western blot (E). F-H Construction of stably transfected cells with NOD2 knockdown
and overexpression in A875 and SK-MEL-110. Protein expression levels were detected by Western blot (F, G), and mRNA expression levels were
detected by real-time PCR (H). Data are expressed as the mean +SD. Student’s t-test and one-way ANOVA were used to compare the

differences. *P < 0.05, **P < 0.01, ***P < 0.001. ns not significant.

in SK-MEL-110 cells, NOD2 overexpression also caused an increase
in GO/G1-phase cells and decreased G2/M-phase cells, while the
number of S-phase cells remained unchanged (Fig. 2D). The
results of real-time PCR and Western blot for mRNA (Fig. 2E) and
protein (Fig. 2F) expression levels of cell cycle-related factors
showed that in melanoma cells with NOD2 overexpression, Cyclin
E1/D1 and CDK2/4 expression levels were downregulated while
promoting P27 expression. There is an opposite trend in NOD2
knockdown melanoma cells. All of the data obtained further
highlight the critical role of NOD2 in inhibiting the proliferation of
human melanoma cells.

NOD2 promotes the apoptosis of melanoma cells

In investigating the effect of NOD2 on apoptosis in melanoma
cells, flow cytometry assays demonstrated that NOD2 over-
expression increased the apoptosis rate, while NOD2 knock-
down decreased it (Fig. 3A). Further analysis revealed a
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significant increase in the levels of pro-apoptotic factors Bax
and Caspase 3, along with the activated form of Caspase 3 (Cl-
Caspase 3), following NOD2 overexpression. Conversely, the
anti-apoptotic protein Bcl2 and its activated form p-Bcl2 levels
were reduced. NOD2 knockdown promotes apoptosis in
melanoma cells (Fig. 3B, C).

NOD2 inhibits the migration and invasion of human
melanoma cells

We studied the influence of NOD2 on the migration and invasion
ability in human melanoma cells. Scratch and Transwell migration
assays were employed to assess cell migration ability, and a
Transwell invasion assay was used to evaluate cell invasion ability.
The findings indicated that NOD2 overexpression suppressed
melanoma cell migration (Fig. 4A, B) and invasion (Fig. 4Q),
whereas NOD2 knockdown increased these abilities. In addition,
Western blot analyzed the implications of NOD2 in the Epithelial-
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Fig. 2 NOD2 inhibits the proliferation of melanoma cells. A-F Demonstrate the impact of NOD2 overexpression and knockdown on
proliferation, colony formation ability, DNA synthesis rate, cell cycle distribution, and expression of mRNA and protein-related cyclins in A875
and SK-MEL-110 cells as determined by different experimental methods. These experimental methods included MTS assay for cell proliferation
rate (A), colony formation assay for colony size (B), and EdU staining for DNA synthesis rate (C) (scale bar = 75 pm). The distribution of the cell
cycle phase was detected by flow cytometry (D). Cyclin expression levels were detected using real-time PCR (E) and Western blot (F). Data are
expressed as the mean =+ SD. Student’s t-test and one-way ANOVA were used to compare the differences. *P < 0.05, **P < 0.01, ***P < 0.001. ns

not significant.
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Fig. 3 NOD2 promotes apoptosis in human melanoma cells. A Apoptosis after overexpression and knockdown of NOD2 in A875 and SK-
MEL-110 cells was determined by flow cytometry. B, C Real-time PCR (B) and Western blot (C) assays were used to determine the mRNA and
protein expression of the apoptotic and anti-apoptotic protein after NOD2 overexpression and knockdown in A875 and SK-MEL-110 cells.
Data are expressed as the mean +SD. Student’s t-test and one-way ANOVA were used to compare the differences. *P < 0.05, **P <0.01,
***¥P < 0.001.
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Fig. 4 NOD2 inhibits melanoma cell migration and invasion. A Scratch assay was used to determine wound healing at 0 h and 24 h after
NOD?2 overexpression and knockdown in A875 and SK-MEL-110 cells. Scale bar =300 pm. B, C Transwell migration assay was used to assess
the migration ability of cells, and an invasive assay was used to evaluate the invasive ability of cells. A875 and SK-MEL-110 cells were
divided into NOD2 overexpression and knockdown groups, and the number of cells in the lower section was tallied at 24 h. Scale
bar =50 pm. D Western blot was used to determine the expression level of EMT protein in NOD2 overexpression and knockdown cells. Data

are expressed as the mean +SD. Student’s t-test and one-way ANOVA were used to compare the differences. *P < 0.05, **P<0.01,
***P < 0.001.
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Mesenchymal Transition process. The results revealed that NOD2
overexpression decreased MMP2, MMP9, N-cadherin, and vimen-
tin while increasing E-cadherin expression. The opposite result
was obtained after NOD2 knockdown (Fig. 4D).

NOD2 inhibits human melanoma growth in vivo

To verify if targeting NOD2 inhibited melanoma development
in vivo, we implanted A875 cells with NOD2 overexpression,
knockdown, and its control group subcutaneously in nude mice
to observe tumor formation. In contrast to the control group, the
implanted NOD2 overexpression cell group more effectively
suppressed the tumor growth rate and size (Fig. 5A-C). In
contrast, accelerated proliferation and larger tumor growth were
measured in the tumors implanted into the NOD2 knockdown
group of cells (Fig. 5D-F). We also used another NOD2 knock-
down sequence (sh-NOD2-1) of A875 cells injected subcuta-
neously into nude mice to reconfirm the promotional effect of
NOD2 knockdown on melanoma cell growth in vivo (Supple-
mentary Fig. 1A-C). Additionally, Western blot analysis was
performed to determine NOD2 expression and its associated
cyclin proteins in the tumor tissues of both groups. As depicted
in Fig. 5G, the NOD2 overexpression group exhibited significantly
higher levels of NOD2 expression in the tumor bodies compared
to the control group. A downregulation of Cyclin E1, CDK2, Cyclin
D1, and CDK4 accompanied this elevated NOD2 expression. The
knockdown group displayed the opposite results. Also, the tumor
was stained with Hematoxylin-eosin (HE) and immunohisto-
chemical (IHC) (Fig. 5H).

Inhibition of TYMS and PLK1 expression and activity is critical
for the role of NOD2 in melanoma

To investigate the biological function and mechanism of action of
NOD2 in melanoma, we performed transcriptome sequencing of
NOD?2 overexpressing SK-MEL-110 melanoma cells. We identified
1583 differentially expressed genes, including 914 upregulated
and 669 downregulated (Fig. 6A). We performed GO analysis on
the top 30 downregulated genes (Fig. 6B) and KEGG enrichment
analysis on the top 20 genes (Fig. 6C), with particular attention to
the processes of the cell cycle, pyrimidine metabolism, antifolate
resistance, and one-carbon pool by folate. PLK1 is a critical gene in
the cell cycle [33], whereas TYMS plays essential roles in
pyrimidine metabolism [34], antifolate resistance, and one-
carbon pool by folate.

Using the GEPIA database, we found that the expression of
TYMS and PLK1 were significantly upregulated in melanoma
(Fig. 6D, E). Real-time PCR and Western blot results showed that
NOD2 overexpression suppressed the mRNA and protein
expression of TYMS and PLK1 (Fig. 6F, G). In addition, NOD2
overexpression decreased the expression of p-PLK1, the
activated form of PLK1, whereas NOD2 knockdown increased
p-PLK1 expression (Fig. 6G). Melanoma cells and an in vivo
model of sh-NOD2-1, we reconfirmed that NOD2 knockdown
upregulated the protein levels of TYMS, PLK1, and p-PLK1
(Supplementary Fig. 1D, E). Detection of the enzymatic activity
of TYMS revealed that NOD2 overexpression inhibited its
activity, whereas NOD2 knockdown enhanced its activity
(Fig. 6H). NOD2 may function in melanoma by regulating the
expression and activities of TYMS and PLK1.

NOD2 negatively regulates TYMS protein abundance by
promoting the K48-linked ubiquitination of TYMS

Our results (Fig. 6) showed that NOD2 regulates TYMS expression
at the mRNA level and significantly affects its protein level. To
explore the regulatory mechanism of NOD2 on TYMS degrada-
tion, we treated A875 and SK-MEL-110 cells with cycloheximide
(CHX) under NOD2 knockdown and overexpression. We intro-
duced the proteasome inhibitor MG-132 and the autophagy
inhibitor chloroquine (CQ). The results showed that NOD2

SPRINGER NATURE

overexpression accelerated TYMS degradation, whereas NOD2
knockdown significantly slowed the degradation (Fig. 7A). CHX
reversed the degradation effect in combination with MG-132
treatment (Fig. 7B), but this change was not seen with CQ
treatment (Fig. 7C), suggesting that NOD2 facilitates TYMS
degradation through the proteasome pathway.

In addition, NOD2 overexpression increased the ubiquitination
level of TYMS, while NOD2 knockdown decreased it (Fig. 7D).
Lysine 48 (K48)-linked polyubiquitination usually leads to
proteasome-mediated degradation, whereas lysine 63 (K63)-linked
polyubiquitination has been associated with cell signaling and
DNA repair. Our study found that NOD2 predominantly increased
K48-linked ubiquitin chains on TYMS (Fig. 7E) while decreasing
K63-linked ubiquitin chains (Fig. 7F). These findings suggest that
the ubiquitination of TYMS is a complex and inconsistent process.
Previous studies have also indicated that K48 and K63 ubiquitin
chains can coexist and competitively attach to downstream
proteins to regulate their stability [35]. In conclusion, NOD2
negatively regulates the protein abundance of TYMS mainly by
increasing K48-linked ubiquitin chains on TYMS.

TYMS regulates PLK1 expression and activation through
interaction with PLK1

NOD2 may affect the biological behavior of melanoma cells by
regulating the expression and activation status of TYMS and PLK1.
Since PLK1 is a direct cell cycle checkpoint, we hypothesized that
the regulation of melanoma cell behavior by NOD2 depends on
changes in PLK1. Through GEPIA database analysis, we found a
positive correlation between TYMS and PLK1 (Fig. 8A) and
subsequently validated it. After using the TYMS inhibitor 5-FU
[24], we observed a decrease in TYMS activity at 4 and 24 h.
However, it was elevated again after 48 h (Fig. 8B), possibly due to
an increased cellular resistance to 5-FU. 5-FU treatment resulted in
two forms of TYMS [36]: most of it was captured in an inactive
form by its metabolite 5-fluorodeoxyuridine monophosphate
(FAUMP) (FAUMP-TYMS) and a small amount of free-TYMS in an
active form (Free-TYMS). With the prolongation of 5-FU treatment,
FAUMP-TYMS gradually increased, while Free-TYMS significantly
decreased before 48h and then increased after 48 h. The
expression of PLK1 and p-PLK1 was also downregulated after
5-FU treatment (Fig. 8C), suggesting that PLK1 is a downstream
effector molecule of TYMS, and TYMS positively regulates the
expression and activity of PLK1.

Cellular  immunofluorescence  (IF)  staining and co-
immunoprecipitation (CO-IP) assays displayed that TYMS and
PLK1 co-localized in the cytoplasm (Fig. 8D) and interacted with
each other (Fig. 8E). GST Pull-down assays verified their direct
interactions (Fig. 8F). IHC assays confirmed that in NOD2
overexpression or knockdown tumors, TYMS and p-PLK1 expres-
sion were negatively regulated by NOD2 (Fig. 8G). These results
suggest that TYMS and PLK1 form a signaling axis in a direct
reciprocal manner, and NOD2 exerts biological functions by
regulating this signaling axis.

NOD2 reduces chemoresistance targeting TYMS in melanoma
TYMS is an essential target of 5-FU [24] and some folate analogs
[37], and its expression correlates with tumor chemoresistance.
We hypothesized that NOD2 may influence chemoresistance in
melanoma through the TYMS/PLK1 signaling axis. In NOD2
overexpressed A875 and SK-MEL-110 cells, the IC50 values of
5-FU and CAP were reduced, whereas in NOD2 knockdown
cells, the IC50 values were elevated (Fig. 9A, B). NOD2
overexpressed cells exhibited more potent inhibition of cell
proliferation in response to 5-FU or CAP treatment, whereas
NOD2 knockdown cells were attenuated (Fig. 9C, D). In
addition, NOD2 overexpression enhanced the inhibitory effect
of 5-FU or CAP on cell migration (Fig. 9E), while NOD2
knockdown reversed this effect (Fig. 9F).
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Fig. 5 NOD2 inhibits human melanoma growth in vivo. A-C 1 x 107 of A875 cells with NOD2 overexpression and control (OE-NC) were
injected into the left (OE-NC) and right (OE-NOD?2) sides of BALB/c nude mice (n =4 per group). After tumor formation, mice were
euthanized, and photographs of the tumors were taken (A). Tumor volume was monitored, and growth curves were plotted (B). Tumor
weight was measured (C). D-F 1 x 107 of A875 cells with NOD2 knockdown and control (sh-NC) were injected into the left (sh-NC) and
right (sh-NOD2) sides of BALB/c nude mice (n =4 per group). After tumor formation, mice were euthanized, and photographs of the
tumors were taken (D). Tumor volume was monitored, and growth curves were plotted (E). Tumor weight was measured (F). G NOD2
expression and related cyclins were detected by Western blot. H HE staining and IHC staining of the tumor. Scale bar = 50 pm. Data are
expressed as the mean+SD. Student’s t-test and one-way ANOVA were used to compare the differences. *P<0.05, **P<0.01,
**¥P < 0.001.

Combination therapy targeting inhibition of TYMS and PLK1 Previous studies proposed that 5-FU [38] and CAP [39] affect
suppresses melanoma progression autophagic flux, and PLK1 regulates autophagy [40]. Therefore, we
Melanoma is complex and prone to drug resistance, limiting the examined the protein levels of the core autophagy proteins,
efficacy of monotherapy. We evaluated the effectiveness of Autophagy-related protein 7 (ATG7), Sequestosome 1 (SQSTM1/
using TYMS and PLK1 as therapeutic targets using the PLK1 p62), BCL2 interacting protein 3 (BNIP3), and Microtubule-associated
inhibitor volasertib (BI6727), 5-FU, CAP alone, and BI6727 protein 1 light chain 3B (LC3B) to assess the changes in autophagic
combined with 5-FU or CAP treated A875 and SK-MEL-110 cells. fluxes in those above cellular and animal models. The results
Results showed that BI6727 combined with 5-FU or CAP showed that treatment with 5-FU, CAP, and BI6727 alone or in
treatment exerted a synergistic inhibitory effect on cell combination significantly downregulated ATG7 and upregulated
proliferation (Fig. 10A) and. migration (Fig. 10B). In the nude SQSTM1/p62, BNIP3, and LC3Il levels (Supplementary Fig. 2A). In
mouse model, the tumor was significantly reduced in the group addition, the autophagy inhibitor Chloroquine (CQ) effectively
treated with 5-FU or BI6727, and the reduction was even more inhibited proliferation (Supplementary Fig. 2B) and migration
significant in the group treated with the combination of 5-FU (Supplementary Fig. 2C) of A875 and SK-MEL-110 cells. NOD2
and BI6727 (Fig. 10C-E). overexpression combined with CQ reduced the proliferation
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Fig. 6 NOD2 negatively regulates the expression and activities of TYMS and PLK1. A Volcano plot of differential gene distribution after
NOD?2 overexpression in SK-MEL-110 melanoma cells. B, C GO analysis of the top 30 downregulated genes (B) and KEGG analysis of the top 20
downregulated genes (C) in NOD2 overexpressing SK-MEL-110 melanoma cells. D, E GEPIA database analysis of mRNA expression of TYMS
and PLK1 in melanoma and normal tissues. F, G Real-time PCR determination of mRNA expression of TYMS, PLK1 after NOD2 overexpression
and knockdown in A875 and SK-MEL-110 cells (F) and Western blot determination of protein levels of TYMS, PLK1, and p-PLK1 (G). H ELISA kit
evaluates TYMS activity after NOD2 overexpression and knockdown in A875 and SK-MEL-110 cells. Data are expressed as the mean + SD.
Student’s t-test and one-way ANOVA were used to compare the differences. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 7 NOD2 negatively regulates TYMS protein abundance by promoting the K48-linked ubiquitination of TYMS. A-C Western blot
detection of protein levels of TYMS in stably transfected A875 and SK-MEL-110 cells treated with cycloheximide (CHX) (100 pg/mL) with or
without MG-132 (10 pg/mL) and CQ (20 pM) for O, 3, 6, and 9 h. D CO-IP assay detected the ubiquitination expression level of TYMS in stably
transfected A875 and SK-MEL-110 cells. E, F CO-IP assay detected the K48-linked (E) and K63-linked (F) ubiquitination expression levels of
TYMS in stably transfected A875 and SK-MEL-110 cells. Data are expressed as the mean + SD. Student’s t-test and one-way ANOVA were used

to compare the differences, ***P < 0.001.

(Supplementary Fig. 2D) and migration (Supplementary Fig. 2E) of
cells to a greater extent, inhibiting melanoma cell progression.

In summary, combination therapy for melanoma cell progres-
sion is an effective therapeutic strategy that can enhance the
therapeutic effect by targeting NOD2, TYMS, and PLKI1.

Cell Death and Disease (2024)15:720

DISCUSSION

The role of NOD2 in immune response [41] and inflammation
[42, 43] has been extensively studied, but its role in tumors is
unclear. Previous research has revealed that NOD2 functions as an
immunosurveillance factor in certain types of cancers, such as
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Scale = 10 pm. E CO-IP assay to detect the interaction between TYMS and PLK1 in A875 and SK-MEL-110 cells. F GST Pull-down assay detects
direct interaction between TYMS and PLK1. G IHC staining of TYMS and p-PLK1 in NOD2 overexpression and knockdown tumors.
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***¥P < 0.001.

colorectal [14] and esophageal adenocarcinomas [13], where it is
considered protective. Conversely, aberrant activation of NOD2
promotes tumor progression in hepatocellular [16] and cervical
[15] cancers. In this study, we investigated the role of NOD2 in
melanoma, and the results showed that NOD2 has a protective
function. The upregulation of NOD2 inhibited melanoma cell
proliferation and migratory invasion while promoting apoptosis.
Moreover, NOD2 upregulation reduced chemoresistance, enhan-
cing its effectiveness in combating melanoma cells.

To understand the role of NOD2 in melanoma, we identified
TYMS as a critical gene regulated by NOD2. TYMS is involved in
DNA synthesis and cell proliferation processes [23]. Some
chemotherapeutic agents targeting TYMS, such as 5-FU and
CAP, treat tumors by inhibiting the biosynthetic activity of TYMS.
TYMS expression and activity are associated with the malignant

SPRINGER NATURE

progression of tumors and resistance to chemotherapeutic drugs
[29, 44-46]. Therefore, reducing TYMS expression and activity may
inhibit melanoma malignant progression and reduce resistance to
chemotherapeutic agents. TYMS expression is affected by multiple
regulatory mechanisms. For example, the transcription factor
FOXM1 can directly promote the transcription of TYMS, which can
lead to the resistance of hepatocellular carcinoma cells to
chemotherapeutic agents such as 5-FU [29]. Non-coding RNAs,
such as miRNAs and IncRNAs, are also involved in the regulation of
TYMS. MiR-330-5p [44] and miR-140-3p [45] inhibited tumor
proliferation by suppressing TYMS expression. The long non-
coding RNA SNHG15 promotes TYMS expression, leading to
colorectal cancer resistance to 5-FU chemotherapeutic agents [46].
In addition, TYMS inhibits the growth of human hepatocellular
carcinoma cells and triggers DNA damage through proteasome-

Cell Death and Disease (2024)15:720
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dependent pathway degradation [47], but its ubiquitination site
and type are mainly unknown.

In this study, we found that NOD2 negatively regulated TYMS
expression and activity in melanoma and promoted its K48-linked
ubiquitination, thereby enhancing the degradation of TYMS through
the ubiquitin-proteasome system. Meanwhile, NOD2 inhibited the
K63-linked ubiquitination of TYMS, probably due to the competition
between the formation of K48 and K63 chains on TYMS during the

SPRINGER NATURE

dynamic assembly of ubiquitin chains [48]. However, the decrease in
TYMS K63-linked ubiquitination was less significant than the change
in its K48-linked ubiquitination, making the K48 type the main factor
in stabilizing TYMS protein, while the K63 type also contributed to
some extent. The study provided new insights into the regulatory
mechanisms of TYMS, and further identification of specific
proteasomal and ubiquitination sites that bind to TYMS is needed
in the future. Our results indicate that overexpression of NOD2 could
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reduce the TYMS level and thus inhibit melanoma cell resistance to
chemotherapeutic drugs. Moreover, activation of NOD2 combined
with 5-FU or CAP synergistically inhibits melanoma proliferation and
migration in vitro.

Understanding the regulatory mechanisms of TYMS and its
interactions with other factors contributes to a deeper under-
standing of tumor biology. Our research showed that TYMS
binding to PLK1 to form a complex directly regulates PLK1
expression and activity. The significance of this finding lies in the
well-documented role of PLK1 in cell cycle regulation, mitosis [49],
and tumorigenesis [50]. PLK1 is a driver protein in tumor DNA
repair [51], cell death pathways [52], and epithelial-to-
mesenchymal transition [53]. By disrupting cell cycle progression
and inducing DNA damage, TYMS may alter PLK1 expression and
activity, affecting processes such as proliferation, apoptosis, and
EMT in melanoma. Although TYMS and PLK1 have been
recognized as prognostic markers for certain tumors [54, 55], their
specific roles and mechanisms of interaction remain unclear. Our
study provides the first evidence that TYMS has a direct positive
regulatory effect on PLK1 expression and activity.

PLK1 is an attractive target for overcoming chemoresistance
and immune checkpoints in clinical cancer therapy [56, 571.
Studies have shown that PLK1 inhibitors, combined with radio-
therapy and chemotherapeutic agents, exhibit excellent antic-
ancer effects [58-61]. For instance, targeted inhibition of PLK1 has
significantly hindered esophageal squamous cell carcinoma (ESCC)
progression and reduced the resistance to doxorubicin, a
chemotherapeutic drug [59]. Similarly, targeted inhibition of
PLK1 inhibited the proliferation of laryngeal squamous cell
carcinoma and decreased resistance to cisplatin [60]. To further
explore the potential of the TYMS/PLK1 signaling axis in
combination therapy, we have investigated the effects of
combining a PLK1 inhibitor (BI6727) with 5-FU or CAP in
melanoma. The results showed that the combination treatment
significantly suppressed melanoma proliferation and migration
in vitro and inhibited melanoma growth in vivo compared to the
individual treatments of 5-FU, CAP, and BI6727. Given the intimate
connection among autophagy, tumor progression, and che-
motherapy resistance [62, 63], our research indicates that the
combined treatment with 5-FU, CAP, and BI6727 suppresses
autophagy in vitro and in vivo. Employing autophagy inhibitors or
NOD2 overexpression in conjunction with autophagy inhibitors
effectively curtailed melanoma progression, potentially serving as
a mechanism by which TYMS and PLK1 influence melanoma.
These findings highlight the effectiveness of inhibiting TYMS and
PLK1 in impeding melanoma progression and reducing chemore-
sistance, suggesting that combination therapy has the potential to
improve survival and overall outcomes for melanoma patients.

We elucidated the role of NOD2 in inhibiting melanoma
progression and reducing chemoresistance. Our findings are
consistent with previous studies, which reported that a combina-
tion of NOD2 agonists with interferon [64] and tumor micro-
particle vaccine [65] activated NOD?2 signaling, generated an anti-
tumor immune response, and inhibited melanoma growth. While
most of the previous studies focused on the immunomodulatory
role of NOD2, the present study analyzed its protective role in
melanoma from a genetic perspective. NOD2 exhibits different
mechanisms of action in various diseases. NOD2 inhibits
inflammation by activating NF-kB and MAPK signaling pathways
[14, 16]. In hepatocellular carcinoma, NOD2 activates AMPK, MAPK,
NF-kB, STAT3, and ERK pathways and induces nuclear autophagy
directly through Lamin A/C [16, 66, 67]. NOD2 acts by regulating
the TYMS/PLK1 signaling axis in melanoma. NOD2 negatively
regulates TYMS activity and maintains its protein stability by
regulating K48 and K63 ubiquitination of TYMS. When TYMS
expression and activity are altered, it affects PLK1 expression and
activity by directly binding to PLK1. Furthermore, NOD2 over-
expression in combination with TYMS inhibition and combination
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therapy targeting TYMS and PLK1 showed synergistic inhibition of
melanoma proliferation and migration. These findings provide
potential avenues for further research and the development of
melanoma treatment strategies. However, the heterogeneity of
NOD2 and its application in other tumors still requires further
research and clinical validation to ensure the safety and efficacy of
combination therapies.
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