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Neddylation signaling inactivation by tetracaine
hydrochloride suppresses cell proliferation and alleviates
vemurafenib-resistance of melanoma
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Abstract Tetracaine, a local anesthetic, exhibits
potent cytotoxic effects on multiple cancer; however,
the precise underlying mechanisms of its anti-cancer
activity remain uncertain. The anti-cancer activity of
tetracaine was found to be the most effective among
commonly used local anesthetics in this study. After
tetracaine treatment, the differentially expressed genes
in melanoma cells were identified by the RNAseq tech-
nique and enriched in the lysosome signaling pathway,
cullin family protein binding, and proteasome signal-
ing pathway through Kyoto Encyclopedia of Genes
and Genomes. Additionally, the ubiquitin-like ned-
dylation signaling pathway, which is hyperactivated in
melanoma, could be abrogated due to decreased NAE2
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expression after tetracaine treatment. The neddylation
of the pro-oncogenic Survivin, which enhances its sta-
bility, was significantly reduced following treatment
with tetracaine. The activation of neddylation signaling
by NEDDS overexpression could reduce the antitumor
efficacy of tetracaine in vivo and in vitro. Furthermore,
vemurafenib-resistant melanoma cells showed higher
level of neddylation, and potential substrate proteins
undergoing neddylation modification were identified
through immunoprecipitation and mass spectrometry.
The tetracaine treatment could reduce drug resistance
via neddylation signaling pathway inactivation in mela-
noma cells. These findings demonstrate that tetracaine
effectively inhibits cell proliferation and alleviates
vemurafenib resistance in melanoma by suppressing the
neddylation signaling pathway, providing a promising
avenue for controlling cancer progression.
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Abbreviations

A375R  Vemurafenib-resistant A375
BCA Bicinchoninic acid

CAFs Cancer-associated fibroblasts
CHX Cycloheximide

ColP Coimmunoprecipitation

DEGs Differentially expressed genes

GSEA  Gene set enrichment analysis

IC50 Half-maximal inhibitory concentration

IHC Immunohistochemistry

KEGG Kyoto Encyclopedia of Genes and
Genomes

NAE NEDD8-activating enzyme

NS Normal saline

0OS Overall survival

RFS Relapse-free survival

SABC  Strept avidin—biotin complex
SD Standard deviation
TAA Tumor-associated antigen

TTC Tetracaine hydrochloride

UBA3  Ubiquitin like modifier activating enzyme
3
Introduction

Melanoma is the most deadly kind of skin cancer,
with a 5-year relative survival rate of only 32% for
individuals diagnosed with stage IV (Markus et al.
2024). A retrospective study has suggested that
patients may benefit from local anesthetics adminis-
tered during cancer surgery (Tedore 2015). Through
interactions with cancer cells, local anesthetics affect
a variety of processes, including cell death pathways
and epigenetics (Xuan et al. 2015). Tetracaine hydro-
chloride (TTC) has been shown to be safe and effec-
tive when used during eye surgery or skin laceration
healing (Harman et al. 2013; Soltani et al. 2009). In
addition to its analgesic effect, TTC also exhibits anti-
tumor activity. For example, Yoon et al. have showed
that TTC prevented the aggregation and reattach-
ment of breast cancer cells by preventing the elonga-
tion of tubulin microtentacles (Yoon et al. 2011). Our
previous research showed that TTC downregulates
hnRNAP1 and thus disrupts cell cycle progression
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in melanoma (Huang et al. 2022). Patients with
advanced melanoma may be accompanied by sig-
nificant cancer pain in the course of conventional
treatment, which seriously affects the quality of life.
Hence, TTC can be considered as an adjuvant thera-
peutic strategy, exerting effective tumor-suppressive
effect along with analgesia. However, this adjuvant
therapeutic strategy needs further validation in clini-
cal trials.

Ubquitinylation is a common post-translational
modification that leads to the degradation of proteins
in the proteasome. Several additional ubiquitin-like
modifications, including neddylation and sumoyla-
tion, are generally involved in the onset and progres-
sion of cancer (Rong et al. 2013; Sanoj et al. 2020).
Recently, researchers have discovered that neddyla-
tion effects protein function by binding NEDDS
(a ubiquitin-like protein) to the substrate protein
(Vijayasimha and BP 2021). Adenylation initiates
the neddylation cascade, which is then followed by
activation of mature NEDD8 by NEDDS-activating
enzyme (NAE), a complex made up of the subunits
of UBA3 and NAEI1. Thereafter, activated NEDDS
is transferred by a trans-thiolation process to either
UBC12 or UBE2F. (Walden et al. 2003). Ultimately,
the E3 ligase covalently attaches the NEDDS to lysine
residue on the substrate protein and thus completes
the neddylation process (Gai et al. 2021). Recent
studies demonstrated that the neddylation pathway
considerably influences the functions of macrophages
(Chang et al. 2012; Li et al. 2013), cancer-associated
fibroblasts (CAFs) (Zhou et al. 2019), and tumor
angiogenesis (Yao et al. 2014), eventually regulat-
ing tumorigenesis and the metastasis of tumor cells.
Considering the vital role of the neddylation in cancer
progression, suppressing this process may become a
feasible therapeutic option for cancer. Our previous
study indicated that the TTC-induced downregulation
of hnRNPA1 might be associated with ubiquitination-
like modifications of hnRNPA1. Thus, TTC might
affect the neddylation signaling in melanoma cells.
However, little relevant attention by researchers to
studying the relationship between TTC and neddyla-
tion signaling has been paid to date.

Survivin is poorly expressed (barely detectable)
in most normal tissues. However, it is remarkably
increased in the majority of human cancers (Beate
et al. 2022; Tianyou et al. 2017; Wenmei et al. 2019)
and melanoma (Haixia et al. 2020), indicating that
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Survivin can be a tumor-associated antigen (TAA).
Previous research has demonstrated that Survivin
promoted the progression of UV-induced mela-
noma in vivo (Thomas et al. 2007) and enhanced the
migration and invasion of melanoma cells probably
through the modulation of Akt-dependent oS integ-
rin (McKenzie et al. 2010). Moreover, previous study
has showed that MLLN4924, a small molecule inhibi-
tor of NAE, reduces Survivin expression, suggesting
the neddylation signaling may be involved in regu-
lating Survivin stability (Jin et al. 2018). However,
more research is needed to elucidate the relationship
between neddylation signaling and Survivin.

In recent years, BRAF inhibitors have demon-
strated promising efficacy in melanoma patients
(Chapman et al. 2011). However, about half of mela-
noma patients receiving BRAF inhibitor therapy have
disease progression six to seven months after starting
treatment. Moreover, intrinsic or acquired resistance
to BRAF inhibitors limits their therapeutic utility (Fla-
herty et al. 2012; Sosman et al. 2012). Therefore, the
investigation of the mechanisms underlying resistance
to BRAF inhibitors, as well as the potential of drug
combination strategies in BRAF-inhibitor-resistant
melanoma is essential to improve patient outcomes.

Herein, TTC was demonstrated to exhibit the
highest potential in suppressing melanoma prolifera-
tion. TTC could effectively inhibit the expression of
NEDDS8, which is overexpressed in melanoma and
involved in the posttranslational modification of Sur-
vivin. Further experimental results also confirmed
that the NEDDS8 overexpression blocked the anti-
tumor activity of TTC. Moreover, we studied the
inhibitory effect of TTC on vemurafenib-resistant
A375 (A375R) cells and investigated whether the
combination of TTC and vemurafenib resulted in
synergistic inhibition. The results indicated that TTC
might be an efficient adjuvant agent in melanoma
therapy.

Materials and methods
Cell culture

B16 cells (RRID: CVCL_F936) and A375 cells
(RRID: CVCL_0132) were purchased from the Stem
Cell Bank (Shanghai, China). Normal human epider-
mal melanocytes cells NHEM (RRID: CVCL_B447),

A2058 cells (RRID: CVCL_1059), and SK-MEL-28
cells (RRID: CVCL_0526) were acquired from Pro-
cell Life Science & Technology Co., Ltd. (Wuhan,
China). These cells were grown in RPMI-1640 or
DMEM media (Hyclone, China) with 1% antibiot-
ics (Beyotime, China) and 10% fetal bovine serum
(PEAK SERUM, US) added as supplements. Paren-
tal A375 cells received treatment with successively
increasing concentrations of vemurafenib (MCE,
USA) from 0.1 to 2.0 pM in order to generate A375R
cells.

Viability assay, immunostaining, and colony
formation assay

Viability assay, immunostaining, and colony forma-
tion assay were conducted as previously described
(Huang et al. 2022).

Immunohistochemistry (IHC)

Cutaneous melanoma and melanoma adjacent nor-
mal skin tissue array were obtained from US Biomax
(ME241b). Sections were heated to induce epitope
retrieval using antigen repair solution (Beyotime,
Shanghai, China) after deparaffinization and rehydra-
tion. After that, the sections were treated overnight
at 4 °C with primary antibodies (NEDDS, 1:100,
Cell Signaling Technology). The sections were then
allowed to react with streptavidin—biotin complex
(SABC) after being treated for 30 min at 37 °C with
biotin-labeled goat anti-rabbit IgG antibody. Color
was developed using DAB substrate followed by
hematoxylin counterstaining.

Western blot and qRT-PCR

Melanoma cells were treated with TTC (200 or 400
pM) or MLN4924 (0.1 pM) for 24 h. Western blot-
ting and qRT-PCR were performed to detect the
protein expression and mRNA expression as previ-
ously described (Huang et al. 2022). Main antibod-
ies were as follows: fB-actin (1:5000, catalog 4967,
Cell Signaling Technology), NEDDS8 (1:1000,
catalog 2754, Cell Signaling Technology), NAEI
(1:1000, catalog 14,321, Cell Signaling Technol-
ogy), UBA3 (1:500, catalog sc-377272, Santa Cruz
Biotechnology), UBC12 (1:1000, catalog 14,520-1-
AP, proteintech), cullinl (1:1000, catalog R24008,
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Zen-Bioscience), and Survivin (1:1000, catalog
R381056, Zen-Bioscience). Primer sequences were
as follows: survivin (F: GAGGCTGGCTTCATC
CACTG, R: ATGCTCCTCTATCGGGTTGTCOC);
p-actin (F: GGCTGTATTCCCCTCCATCG, R:
CCAGTTGGTAACAATGCCATGT).

Sequencing of RNA

A375 cells were treated with 400 pM TTC or vehi-
cle for 24 h. According to manufacturer instructions,
TRIzol reagent (Invitrogen, USA) was used to extract
total RNA of A375 cells. The RNA was sequenced
using the DNBseq platform in BGI (Shenzhen,
China). Raw data was uploaded to GEO database
(accession number: GSE273497).

Immunoprecipitation

The fragments of survivin (UniProt: O15392-1, 142
amino acids) were PCR-amplified with high-fidelity
DNA polymerase (NEB, UK) using the cDNA from
A375 cells as the template. Thereafter, the ampli-
fied gene was cloned into pcDNA3.1-Flag vector to
construct recombinant plasmids pcDNA3.1-survivin-
Flag, which were further confirmed by sequencing
(Beijing Genomics Institute, China). A375 cells were
transfected with recombinant plasmids pcDNA3.1-
survivin-Flag until 70-80% confluence. After 2 days,
the transfected cells were collected and lysed in iced
NP40 lysis buffer with 1 mM PMSF. The NEDDS§
primary antibody was added into the lysates for
incubation at 4 °C overnight, and then for another
4 h incubation on a rotator with 50 pL protein A/G
magnetic beads (Beyotime, China, P2108) addition
to each sample. Beads were washed thrice with steri-
lized PBS buffer. Then the expression of survivin was
detected using Western blot.

Lentiviral-mediated NEDD8 overexpression in
melanoma cells

The NEDDS8 gene was subjected to reverse-PCR
amplification and inserted into the pLVX-DsRed-
Monomer-N1 plasmid with BamH1 and Xbal
enzyme sites. Thus, the recombinant lentivirus plas-
mid pLVX-NEDDS8 was generated, which was con-
firmed by sequencing (Beijing Genomics Institute,
China). The lentiviral plasmid pLVX-NEDDS or
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the control vector pLVX-DsRed-Monomer-N1 was
co-transfected with packaging vectors pCMV-VSV-
G (Addgene, USA, 8454) and pCMV-dR8.2 dvpr
(Addgene, USA, 8455) into HEK293T cells for len-
tivirus production using Effectene Transfection Rea-
gent (Qiagen, USA, 301,427). The lentivirus super-
natant was then applied for melanoma cell infection.
Melanoma cells were screened using 2 ug/mL puro-
mycin (Beyotime, China, ST551) for 7 days. Mela-
noma cells with stable NEDDS8 overexpression were
validated by Western blot.

Establishment of melanoma subcutaneous tumor
model

4-week-old C57BL/6 male mice were purchased
from Chengdu Dossy Experimental Animals Co., Ltd
and housed at the Animal Experimental Center of
Southwest Medical University. The melanoma sub-
cutaneous tumor model was constructed following
the method described in our previous report (Huang
et al. 2022). Briefly, melanoma cells (1x10°%) were
subcutaneously injected into C57BL/6 mice. When
the tumor volume reaches approximately 30 mm?,
TTC (10 mg/kg), MLN4924 (30 mg/kg), or the same
dose of normal saline (NS) was administered by intra-
peritoneal injection once a day. After continuously
observing the growth of the subcutaneous tumor for
seven days, the mice were euthanized with pento-
barbital sodium and subcutaneous melanoma were
removed.

Mass spectrometry

A375 and A375R cell lysates were homogenized
and incubated with the NEDDS primary antibody
overnight at 4 °C, followed by immunoprecipitation
with protein A/G magnetic beads (Beyotime, China,
P2108) for 4 h at 4 °C. After three washes with sterile
PBS. Coimmunoprecipitates were resolved by SDS-
PAGE and immunoblotted through Western blot-
ting. The gels were silver-stained (Beyotime, China,
P0017S) and bands with significant differences were
precisely excised for mass spectrometry. In-gel tryp-
tic digestion was performed before analysis by ion
trap mass spectrometry (Applied Protein Technol-
ogy China). Tandem mass spectrometry coupled with
database searching was used to determine the amino
acid sequences of precipitated proteins.
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Statistics

The statistical analysis was performed using
GraphPad Prism 8.0. The data are expressed as
mean +standard  deviation (SD). Comparisons
between the two groups were performed by an
unpaired two-tailed student’s t-test. Comparisons
among multiple groups were performed using a one-
way analysis of variance (ANOVA). Post-hoc analysis
was performed by using Tukey’s post-hoc test follow-
ing ANOVA. The statistical significance level was set
at P<0.05.

Results

TTC exerted a potent anti-cancer effect in melanoma
among common local anesthetics

To test the anti-cancer effect of local anesthetics (tet-
racaine, procaine, lidocaine, bupivacaine, and ropiv-
acaine) on melanoma cell viability, B16, and A375
cells were exposed to different local anesthetics at
indicated concentrations and their viability was esti-
mated by CCK-8 assay. Local anesthetics inhibited
the cell viability of A375 and B16 cells in a dose-
dependent manner (Fig. 1A and B). In addition, the
results demonstrated that TTC exhibited the most
prominent inhibitory effect on the viability of mela-
noma cells compared to other local anesthetics. Con-
sistent with the results of CCKS, colony formation
assays also demonstrated TTC was the most potent
anti-cancer agent among common local anesthetics
(Fig. 1C and D; Fig. S1).

Neddylation signaling pathway inactivation was
involved in the anti-tumor activity of TTC according
to RNAseq data

To understand the plausible mechanism of the anti-
cancer activity of TTC and identify potential func-
tional targets, A375 cells were treated in triplicate for
24 h with 400 pM TTC or vehicle. Then total RNA of
A375 cells was isolated and sequenced. 841 upregu-
lated and 287 downregulated genes were identified in
the TTC group compared to the control group using
the limma R package (Fig. 2A and Table. S1). These
differentially expressed genes (DEGs) were mainly
enriched in the lysosome signaling pathway (Fig. 2B).

Lysosomes are acidic degradative organelles that play
an important role in protein degradation and recy-
cling. The KEGG analysis indicated that TTC might
affect the degradation process of proteins. Addition-
ally, further GSEA revealed that the cullin family
protein binding and proteasome signaling pathway
were enriched (Fig. 2C and D). The cullin family
protein are the most common substrates of neddyla-
tion. Neddylation is a ubiquitination-like process in
which NEDDS is conjugated to particular substrates,
and this process regulates the stability of proteins.
Because of the close relationships between the ned-
dylation signaling pathway and the three enriched
biological processes or aforementioned pathways, the
neddylation signaling pathway was probably involved
in the anti-tumor activity of TTC.

Neddylation signaling is highly activated in
melanoma

Neddylation is a crucial post-translational modifi-
cation that is over-activated in multiple cancers and
has been validated as an attractive therapeutic target
for anti-cancer strategies (Daniel et al. 2023; Gai
et al. 2021; Jin et al. 2018). To evaluate the role of
NEDDS8 in melanoma tumorigenesis, the NEDDS§
expression level in cutaneous melanoma and adjacent
areas of cutaneous melanoma was measured. Immu-
nohistochemical staining confirms that the NEDDS§
expression level is significantly higher in cutane-
ous melanoma than in the adjacent normal skin tis-
sue (Fig. 3A). Furthermore, the expression level of
NEDDS8-conjugated proteins in different melanoma
cell lines (B16, A375, SK-MEL-28, A2058) and nor-
mal melanocytes was detected (Fig. 3B). The western
blot analysis (Fig. 3C) indicates an increased expres-
sion of NEDD8-conjugated proteins in melanoma cell
lines compared to normal human melanocytes. Com-
prehensively, these results encourage efforts to treat
human melanoma by pharmacological inhibition of
the neddylation pathway.

TTC inhibited neddylation in melanoma cells

Based on the findings of the high throughput tran-
scriptome sequencing and the correlation between
NEDDS8 and melanoma malignant progression,
the effect of TTC on the neddylation pathway was
investigated. MLN4924, a well-identified specific
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Fig. 1 Tetracaine hydrochloride (TTC) exhibited the most
pronounced potential to suppress melanoma proliferation mela-
noma. A, B Melanoma cells (B16 and A375 cells) were treated
with different local anesthetic drugs (tetracaine, procaine,
lidocaine, bupivacaine, and ropivacaine) for 24 h and cell
viability was normalized against the vehicle control group and
expressed in percentage. Cell viability (%)= 100 X (absorbance

inhibitor of the enzymatic action of NAE, served
as the positive control in the subsequent experi-
ments. First, the post-TTC treatment expression
levels of the NEDDS8-conjugated proteins were
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measured. As shown in Fig. 4A, TTC reduced the
expression of NEDD8-conjugated proteins in both
B16 and A375 cells. Neddylation occurs through
a ubiquitylation-like enzymatic cascade in which
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NEDDS is activated by NAE and is subsequently
transferred to the UBC12. Therefore, the effect of
TTC on NAEI1, UBA3, and UBCI12 in both B16
and A375 cells was analyzed (Fig. 4B and C). Our
experimental results demonstrated that TTC down-
regulated the UBA3 expression but had no effect
on NAE1 and UBC12 expressions (Fig. 4D and E).
In addition, the neddylation level of cullinl, one
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analysis was performed by the R package clusterProfiler. C, D
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based on our transcript RNA high-throughput sequencing

of the most typical target proteins for neddylation,
significantly decreased in B16 and A375 cells after
TTC treatment (Fig. 4D and E). These results com-
prehensively indicate that TTC downregulates the
neddylation signaling pathway by inhibiting UBA3
expression. Additionally, both MLN4924 and TTC
exhibited significant anti-tumor activity in Vivo
(Fig. 4F and G).
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(n=6). Data are expressed as the mean + SD. Statistical differ-
ences were determined using one-way ANOVA, followed by
posthoc Tukey’s test, *P<0.05, **P <0.01, and ***P <0.001
vs. control group
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TTC treatment, the colony-forming ability of B16 cells with
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TTC exerts anti-tumor activity by downregulating the
neddylation signaling pathway in melanoma

To further investigate the effects of neddylation sign-
aling pathway activation on the TTC-induced inhibi-
tion of melanoma, NEDDS8 was overexpressed via the
recombinant lentivirus approach to increase the ratio
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of free NEDDS in B16 cells and activate the neddyla-
tion signaling pathway as previously reported (Hjerpe
et al. 2012). The cell lines stably overexpressing GFP
served as a control group. Both the cell viability
and colony number of B16 cells stably overexpress-
ing NEDDS8 were higher compared to the control
group (Fig. SA-C). Moreover, the anti-tumor activity
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of TTC is partially weakened by overexpression of
NEDDS8 (Fig. 5A-C). Similar result was obtained
when cell proliferation was measured by immuno-
fluorescence staining for Ki67 and EDU staining
assay (Fig. S2 and Fig. S3). Thereafter, the expres-
sion of NEDDS8-conjugated proteins and Survivin
were detected by immunoblotting assay. The results
indicated a significantly higher expression level of
NEDDS8-conjugated proteins in the LV-NEDDS group
than that in the LV-GFP group (Fig. 5D), validating
the overexpression of NEDDS§ in the LV-NEDDS§
group. However, there was no significant difference
in Survivin expression between LV-NEDDS8 and LV-
GFP groups (Fig. SE). Moreover, NEDDS overex-
pression was found to diminish the effects of TTC on
downregulating Survivin expression (Fig. SE). These
finds suggest that neddylation plays a crucial role in
mediating the anti-tumor effect of TTC on melanoma.

TTC decreased the stability of Survivin

Survivin, a member of inhibitor of apoptosis protein
(IAP) family, is upregulated in human melanoma and
contributes to the onset and progression of melanoma
(Dallaglio et al. 2012). Its degradation is mediated
by Fbxl7 via ubiquitylation (Yuan et al. 2015). The
neddylation is capable of antagonizing ubiquitylation
and enhances protein stability (Junhong et al. 2017;
Tingting et al. 2014). Furthermore, X-linked inhibi-
tor of apoptosis protein (XIAP), another member of
IAP family, can undergo neddylation modification
(Taiki et al. 2012). Therefore, our focus lies on elu-
cidating the role of the Survivin and its neddylation
in melanoma. Herein, whether TTC regulates Sur-
vivin expression was determined. TTC significantly
downregulated the protein expression level of Sur-
vivin (Fig. 6A and B) and slightly reduced the mRNA
expression level of Survivin (Fig. 6C), indicating that
TTC treatment mainly influences the expression of
Survivin at the protein level. To further explore the
role of TTC in regulating Survivin expression, the
expression of Survivin in melanoma cells treated with
the protein synthesis inhibitor cycloheximide (CHX)
and TTC was measured (Fig. 6D). The results showed
that TTC enhanced the degradation of Survivin in
B16 and A375 cells (Fig. 6E and G). Furthermore,
TTC-induced Survivin degradation could be partially
blocked by MG132, suggesting that proteasome deg-
radation plays a critical role in modulating Survivin

stability (Fig. 6F and H). Considering the regula-
tory role of TTC in the neddylation pathway, we next
investigated whether TTC modulates the stability of
Survivin by regulating its neddylation. The results of
the coimmunoprecipitation (Co-IP) demonstrated the
interaction between Survivin and NEDDS (Fig. 6]),
supporting the hypothesis that TTC decreased Sur-
vivin level via promoting the degradation of Survivin.

Activating the neddylation signaling pathway
alleviated TTC-induced melanoma growth
suppression in the mouse subcutaneous tumor model

The macroscopic appearance shows that TTC signifi-
cantly inhibited melanoma growth in the LV-GFP or
the LV-NEDDS group (Fig. 7A). In LV-GFP groups,
the weight of tumors in the TTC group decreased by
approximately 54% (P=0.031) compared to the NS
group. In LV-NEDDS8 groups, the weight of mela-
noma in the TTC group decreased by approximately
34% (P=0.037) compared to the NS group (Fig. 7B).
In addition, the tumors formed in the LV-NEDDS§
group were approximately 63% heavier than those
in the LV-GFP group when NS was injected intra-
peritoneally (P=0.016). Conversely, When TTC
was injected intraperitoneally, the tumors developed
from NEDDS-transfected cells were approximately
148% heavier than those from GFP-transfected cells
(P=0.013). Similar result was obtained when cell
proliferation was measured by Ki67 immunohisto-
chemistry (Fig. S4). Moreover, TTC suppressed the
expression levels of both NEDD8-conjugated proteins
and Survivin in the mouse subcutaneous melanoma
model, which was consistent with the in vitro findings
(Fig. 7C and D). Additionally, NEDDS8 overexpres-
sion attenuated Survivin downregulation mediated by
TTC (Fig. 7C and D). These results implied that TTC
suppressed the neddylation pathway and downregu-
lated Survivin, thereby inhibiting melanoma growth
in the mouse subcutaneous tumor model.

Anti-tumor activity of TTC in vemurafenib-resistance
melanoma

A2058 cells exhibit intrinsic vemurafenib resistance.
The CCK-8 assay also indicated that vemurafenib had
little effect on the viability of A2058 cells (Fig. 8A).
Notably, the expression of NEDDS§-conjugated pro-
teins in A2058 cells was higher than that in other
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«Fig. 6 TTC affected the stability of Survivin. A, B B16 and
A375 cells were treated with 200 or 400 pM TTC. After 24
h, western blot analysis was performed to detect Survivin
expression at the protein level. C After the treatment of TTC
(200 or 400 pM), the mRNA expression level of Survivin was
detected by qRT-PCR. D, E, and G Stability of the Survivin
protein was detected in CHX-treated cells in the presence or
absence of TTC. F, H Following the administration of MG132
and TTC, immunoblotting was performed to measure the
Survivin expression level. I A375 cells were transfected with
pcDNA3.1-survivin-Flag constructs for 48 h. Result of Co-IP
showed that Survivin interacts with NEDDS. In Fig. 6B, C, E,
and G, data are expressed as the mean=+ SD. Statistical differ-
ences were determined using an unpaired two-tailed student’s
t-test, *P <0.05, **P < 0.01, and ***P <0.001 vs. the control
group. In Fig. 6H, data are expressed as the mean + SD. Statis-
tical differences were determined using one-way ANOVA, fol-
lowed by posthoc Tukey’s test, **P <0.01, and ***P <0.001
vs. control group; ###P <0.001 vs. TTC group

melanoma cells (Fig. 3C). Hence, the association
of the activation of the neddylation signaling path-
way with vemurafenib resistance was studied. First,
A375R cells were obtained by continuously expos-
ing the cells to 2 uM vemurafenib for more than 3
months. Thereafter, CCK-8 assays confirmed that
at concentrations up to 4 pM, vemurafenib had no
significant effect on the viability ofA375R cells
(Fig. 8B). Additionally, the immunofluorescence indi-
cated significant activation of the neddylation signal-
ing pathway in A375R cells (Fig. 8D). To investigate
the proteins exhibiting elevated neddylation modifica-
tion levels in A375R cells, we conducted silver stain-
ing following immunoprecipitation of NEDDS8 from
A375 and A375R cell lysates (Fig. 8E). Subsequently,
the silver-stained gel bands with significant alteration
at approximately 25 kDa, 35 kDa and 45 kDa were
observed and subjected to mass spectrometry analy-
sis. Numerous proteins were identified as the poten-
tial substrates for neddylation modification, including
hnRNPA1, Rps4x, Aldob, etc. (Table. S2). These pro-
teins were enriched through KEGG pathway analysis
and found to be mainly associated with the Ribo-
some, Spliceosome, and Glycolysis/Gluconeogenesis
pathway (Fig. 8F and Table. S3).

As TTC significantly inhibited the activation of
the neddylation signaling pathway in melanoma, the
anti-tumor activity of TTC in A375R cells was fur-
ther explored via cell viability analysis. The findings
demonstrated that TTC could significantly decrease
the cell viability of A375R cells. TTC in combination
with vemurafenib achieved a better anti-tumor effect

compared to the treatment with vemurafenib or TTC
alone (Fig. 8C). Thereafter, the expression of the key
proteins associated with neddylation in A375R cells
were detected. As shown in Fig. 8G-I, TTC decreased
the NEDDS conjunction, UBA3 expression, and cul-
linl neddylation, without affecting the NAEI and
UBC12 expression levels. Furthermore, the combined
administration of TTC and vemurafenib induced more
pronounced suppression of global NEDD8 conjunc-
tion, UBA3 expression, and cullinl neddylation than
TTC alone. These results comprehensively suggest a
significant anti-tumor effect of TTC via neddylation
signaling inactivation in A375R cells.

Discussion

Local anesthetics have been shown in several recent
investigations to have anti-tumor effect against sev-
eral tumor cell types (Chang et al. 2014a, 2014b;
Yang et al. 2022; Zhao et al. 2021). These findings
are of considerable clinical significance in guid-
ing the anesthetic protocol of oncological surgery
and the drug selection for postoperative analgesia.
Herein, the anti-tumor activity of several common
local anesthetics on melanoma cells was deter-
mined, suggesting that TTC exhibited the high-
est inhibitory effect (Fig. 1). This result is sup-
ported by a previous study (Yoon et al. 2011) and
our published article (Huang et al. 2022). Survivin
is upregulated in several cancers including mela-
noma (Gunaldi et al. 2018; Haixia et al. 2020; Li
et al. 2018), which may be associated with tumor
metastasis and chemoresistance (Mak et al. 2017).
Our experimental findings indicate that TTC treat-
ment can effectively inhibit the expression of Sur-
vivin. Hence, this may be a plausible mechanism
via which TTC inhibits the proliferation of mela-
noma cells. Additionally, TTC slightly reduced
the mRNA expression level of Survivin, indicating
that TTC treatment mainly influences the Survivin
stability. To further elucidate the probable mecha-
nism, protein stability assay and ColP experiments
were performed. The results demonstrated that
TTC could regulate Survivin expression by reduc-
ing Survivin stability. This explained why Survivin
was not included in the DEGs in our RNAseq analy-
sis results (Table S1). The aforementioned results
indicate that TTC inhibits melanoma cell vaibility
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Fig.7 TTC suppressed melanoma cell growth by inhibiting
neddylation in vivo. A mice subcutaneous tumor model was
established by the subcutaneous injection of B16 cells with
overexpressed NEDDS8 or GFP. When the tumors reached
a volume of approximately 30 mm?, the mice received seven
daily intraperitoneal injections of either NS or TTC (10 mg/
kg). A The tumors from each group were photographed with
a millimeter ruler (n=6). B The weight of individual tumors

by regulating the post-translational modifications
of Survivin. This is consistent with the finding of
KEGG enrichment analysis, which suggest that the
DEGs were significantly enriched in the lysosome
pathway (Fig. 2). Furthermore, some research-
ers have reported that local anesthetics can affect

@ Springer

in each group was measured by an electronic balance (n=06).
C, D Expression levels of NEDD8-conjugated proteins and
Survivin in melanoma tissues were detected by western blot
analysis. Data are expressed as the mean+ SD. Statistical dif-
ferences were determined using one-way ANOVA, followed by
posthoc Tukey’s test, *P <0.05, **P <0.01 vs. LV-GFP group;
#P <0.05 vs. LV-NEDD8 group. $P <0.05 vs. LV-GFP+TTC

group.

epigenetic modifications, such as DNA methylation
in tumor cells (Lirk et al. 2014; Lirk et al. 2012).
Neddylation and lysosomes have been linked in
multiple biological processes, particularly in the deg-
radation of proteins. For example, polyneddylation
contributes to autophagic degradation in lysosomes,
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wherein this process is regulated by the scaffolding
function of HYPK. HYPK regulates aggrephagy by
specifically binding to NEDD8 and LC3 (Debasish
and A 2021). MLN4924 is also reported to induce
autophagy in liver cancer cells (Zhong et al. 2012).
Furthermore, neddylation modification of Corola
regulated lysosomal targeting of multivesicular bod-
ies (MVBs) (Xuefeng et al. 2021), which may be a
contributing factor to the effect of neddylation modi-
fications on protein stability. These facts suggest
a strong connection between neddylation and lys-
osomes, but further exploration is needed to uncover
the underlying details.

Aberrant activation of neddylation signaling path-
way was reported in several cancers, including mela-
noma (Fang et al. 2014; Jia et al. 2019; Jin et al. 2018;
Li et al. 2014a; Xu et al. 2015). Herein, our results
also indicated the activation of neddylation signal-
ing pathway in multiple melanoma cells compared to
normal human melanocytes. Since TTC significantly
inhibited the neddylation modification (Fig. 4 and
Fig. 7), further investigation was conducted to dis-
cover the crucial enzymes involved in this pathway.
Our results imply that TTC may suppress neddylation
modification by decreasing UBA3 expression (Fig. 4).
Notably, the concentrations of TTC used in this study
were 200 or 400 pM, which is much higher than what
is used for most of the small molecule inhibitors.
These observations suggest that TTC may not directly
target NAE2. In addition, molecular docking was per-
formed, revealing low binding affinity between TTC
and NAE (Fig. S5). The aforementioned results sug-
gest that TTC downregulates the neddylation signal-
ing pathway possibly through other enzymes or indi-
rectly inhibiting UBA3 expression. TTC has been
shown to inhibit the mitochondrial ATPase activity
and therefore the production of ATP (Aaron et al.
1984). As neddylation is an ATP-dependent process,
TTC may inhibit the neddylation modification levels
in melanoma by suppressing mitochondrial ATPase
activity.

A previous study indicated a crucial part of Sur-
vivin in the development and metastasis of mela-
noma (Thomas et al. 2007). Since the ubiquitination
of Survivin has been extensively investigated (Chan-
drasekaran et al. 2022; Li et al. 2020; Li et al. 2014),
the possibility of a ubiquitination-like modification of
Survivin was investigated. The ColP experiment con-
firmed the interaction between Survivin and NEDDS§

(Fig. 5). However, identification of the specific modi-
fication sites of Survivin and the interaction mecha-
nism between Survivin and NEDDS still requires fur-
ther investigation. In addition, our previous research
indicated that TTC may affect the neddylation of
hnRNPA1 (Huang et al. 2022), indicating that the
neddylation modification may be affected by TTC.
Therefore, identifying specific neddylation substrates
affected by TTC will help to explain the mechanism
underlying the anti-tumor activity of TTC.

The current study also discovered a significant
association between neddylation signaling and vemu-
rafenib resistance. Firstly, the expression of NEDDS-
conjugated proteins was compared, demonstrating
activated neddylation signaling in melanoma cells.
Additionally, a distinct protein band at approximately
45 kD was observed when detecting NEDD8-conju-
gated proteins in A2058 cells (Fig. 3). Notably, the
A2058 cells exhibits intrinsic resistance to vemu-
rafenib (Feng et al. 2016), suggesting that the activa-
tion of neddylation signaling may contribute to vemu-
rafenib resistance. The immunoblotting assay results
also indicated the activation of neddylation signaling
and a similar distinct protein band at approximately
45 kD in A375R cells (Fig. 8). Furthermore, the
potential substrate proteins undergoing neddylation
modification were also identified through immuno-
precipitation and mass spectrometry in A375R cells.
These results suggested a strong correlation between
the neddylation modification and vemurafenib resist-
ance in melanoma, representing novel evidence
highlighting the role of neddylation in conferring
vemurafenib-resistance in melanoma. Thus, these
results provide theoretical support for utilizing a ned-
dylation inhibitor (MLN4924) as a therapeutic agent
for patients with vemurafenib-resistant melanoma.
Furthermore, these findings offer a rational basis for
combining vemurafenib with MLN4924 as a treat-
ment strategy for BRAF-mutated melanoma, thereby
preventing the development of drug resistance.

MLN4924, discovered via high-throughput screen-
ing, demonstrated promise for cancer treatment
(Soucy et al. 2009). Subsequent studies suggested
more plausible mechanisms for the anti-tumor activ-
ity of MLN4924, including triggering protective
autophagy and upregulation of the c-Myc-Noxa axis
(Jia et al. 2019; Luo et al. 2012). Currently, several
studies investigating the clinical utility of MLLN4924
(NCT03772925, NCT04800627, NCT03965689,
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«Fig. 8 Anti-tumor activity of TTC in vemurafenib-resistant
melanoma. A Effect of vemurafenib on the activity of A2058
cells. B Effect of vemurafenib on the activity of vemurafenib-
resistant A375 (A375R) cells. C CCK-8 assay was performed
to detect the effect of TTC or (and) vemurafenib on the cell
viability of A375R cells in vitro. D Immunofluorescence
showed that the NEDDS8 expression was higher in A375R
cells than that in A375 cells. Scale bar=100 pm. E Sam-
ples obtained from co-immunoprecipitation experiments in
A375 and A375R cell lysates using the NEDD8 primary anti-
body were subjected to SDS-PAGE, followed by silver stain-
ing, and the significantly altered bands were marked with red
boxes (approximately at 25 kDa, 35 kDa and 45 kDa). F The
proteins within the altered bands were identified by mass spec-
trometry and then enriched by KEGG analysis. G, H, and I
After the TTC or vemurafenib treatment, the expression levels
of vital proteins for the neddylation pathway (NAE1, UBA3,
UBC12, and Cullinl) were assessed by western blot analy-
sis and quantitatively analyzed by Imagel] software. Data are
expressed as the mean + SD. Statistical differences were deter-
mined using one-way ANOVA, followed by posthoc Tukey’s
test, *P<0.05, ***P<0.001 vs. control group; ###P <0.001
vs. PLX group; $P<0.05 vs. TTC group; &P<0.05,
&&&P <0.001 vs. control group (A375R cells)

NCT03238248) are underway. Herein, the melanoma
suppressive efficacy of MLN4924 was confirmed
in vivo and in vitro. Interestingly, TTC exhibited bet-
ter anti-tumor activity (Fig. 4), suggesting that TTC
may exert anti-tumor activity through other potential
mechanisms apart from the inhibition of the neddyla-
tion signaling pathway. For example, our previous
research has demonstrated that TTC arrests the GO/
G1 cell cycle and inhibits melanoma proliferation
(Huang et al. 2022). Despite the potential cardio-
toxicity and neurotoxicity of high concentrations of
TTC, it is expected to find new anti-tumor targets by
investigating the potential mechanisms underlying the
anti-tumor activity of TTC. Developing computer-
aided drug designs based on these targets is promis-
ing to enhance the efficacy of anti-tumor therapies.
In addition, the molecular modification or detoxifi-
cation of TTC will be favorable for its clinical anti-
tumor application. A group of Turkish scientists have
designed several new drugs based on the molecular
structure of TTC and finally screened a small mol-
ecule, which effectively suppressed the growth of
HepG2 and A549 cells at low concentrations (fhsan
et al. 2022). However, the anti-tumor effects of this
small molecule still require further confirmation in
other tumor cells and animal models, and the under-
lying molecular mechanisms of anti-tumor activity

need to be thoroughly investigated. Engineered nano-
materials and targeted extracellular vesicles for drug
delivery can achieve more precise drug targeting
(Gudbergsson 2020; Palombo et al. 2014), which can
provide novel insights to expand the clinical applica-
tion of TTC as an adjuvant agent in combination with
other conventional therapies.

In conclusion, TTC exhibits pronounced pro-
liferation suppressive potential against melanoma.
Inhibition of the neddylation pathway might be the
potential mechanism underlying this anti-tumor
activity of TTC. Furthermore, it was proposed for
the first time in this study that activation of the ned-
dylation pathway may be a potential mechanism of
vemurafenib resistance in melanoma. Additionally,
TTC inhibits the neddylation pathway and cell via-
bility in A375R cells.
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