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Neddylation Signaling Inactivation by Tetracaine Hydrochloride Suppresses Cell

Proliferation and Alleviates Vemurafenib-resistance of Melanoma

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 technique and enriched in the lysosome signaling pathway,
cullin family protein binding, and proteasome signaling pathway through Kyoto Encyclopedia
of Genes and Genomes. Additionally, the ubiquitin-like neddylation signaling pathway, which
is hyperactivated in melanoma, could be abrogated due to decreased NAE2 expression after
tetracaine treatment. The neddylation of the pro-oncogenic Survivin, which enhances its
stability, 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 melanoma 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
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progression.

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 [1]. A retrospective study has
suggested that patients may benefit from local anesthetics administered during cancer
surgery [2]. Through interactions with cancer cells, local anesthetics affect a variety of
processes, including cell death pathways and epigenetics [3]. Tetracaine hydrochloride
(TTC) has been shown to be safe and effective when used during eye surgery or skin
laceration healing [4, 5]. 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
reattachment of breast cancer cells by preventing the elongation of tubulin
microtentacles [6]. Our previous research showed that TTC downregulates hnRNAP1
and thus disrupts cell cycle progression in melanoma [7]. Patients with advanced
melanoma may be accompanied by significant cancer pain in the course of conventional
treatment, which seriously affects the quality of life. Hence, TTC can be considered as
an adjuvant therapeutic strategy, exerting effective tumor-suppressive effect along with
analgesia. However, this adjuvant therapeutic strategy needs further validation in
clinical trials.

Ubquitinylation is a common post-translational odiﬁcation that leads to the

degradation of proteins in the proteasome. Several additional ubiquitin-like

modifications, including neddylation and sumoylation, are generally involved in the
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onset and progression of cancer [8, 9]. Recently, researchers have discovered that
59

neddylation effects protein function by binding NEDDS (a ubiquitin-like protein) to the
substrate protein [10]. 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 NAEL. Thereafter, activated NEDDS is
transferred by a trans-thiolation process to either UBC12 or UBE2F. [11]. Ultimately,
the E3 ligase covalently attaches the NEDDS to lysine residue on the substrate protein
and thus completes the neddylation process [12]. Recent studies demonstrated that the
neddylation pathway considerably influences the functions of macrophages [13, 14],
cancer-associated fibroblasts (CAFs) [15], and tumor angiogenesis [16], eventually
regulating tumorigenesis and the metastasis of fumor 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 hnRNPAI might be associated with ubiquitination-like
modifications of hnRNPAI. Thus, TTC might affect the neddylation signaling in
melanoma cells. However, little relevant attention by researchers to studying the
relationship between TTC and neddylation 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 [17-19] and melanoma [20],
indicating that Survivin can be a tumor-associated antigen (TAA). Previous research
has demonstrated that Survivin promoted the progression of UV-induced melanoma in

vivo [21] and enhanced the migration and invasion of melanoma cells probably
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through the modulation of Akt-dependent a5 integrin [22]. Moreover, previous study
has showed that MLN4924, a small molecule inhibitor of NAE, reduces Survivin
expression, suggesting the neddylation signaling may be involved in regulating
Survivin stability [23]. However, more search is needed to elucidate the relationship
between neddylation signaling and Survivin.

In recent years, BRAF inhibitors have demonstrated promising efficacy in
melanoma patients [24]. However, About half of melanoma patients receiving BRAF
inhibitor therapy have disease progression six to seven months after starting treatment.
Morcover, intrinsic or acquired resistance to BRAF inhibitors limits their therapeutic
utility [25, 26]. 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 proliferation. TTC could effectively inhibit the expression of NEDDS, which
is overexpressed in melanoma and involved in the posttranslational modification of
Survivin. 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
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Cell culture

B16 cells (RRID: CVCL_F936) and A375 cells (RRID: CVCL _0132) were
purchased from the Stem Cell Bank (Shanghai, China). Normal human epidermal
melanocytes cells NHEM (RRID: CVCL_B447), A2058 cells (RRID: CVCL_1059),
and SK-MEL-28 cells (RRID: CVCL _0526) were acquired om Procell Life Science
& Technology Co., Ltd. (Wuhan, China). These cells were grown in RPMI-1640 or
DMEM media (Hyclone, China) with 1% antibiotics (Beyotime, China) and % fetal
bovine serum (PEAK SERUM, US) added as supplements. Parental 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 array

Viability assay, immunostaining, and colony formation array were conducted as
previously described [7].

Immunohistochemistry (IHC)

Cutaneous melanoma and melanoma adjacent normal skin tissue array were
obtained from US Biomax (ME241b). Sections were heated to induce epitope retrieval
using antigen repair solution (Beyotime, Shanghai, China) following deparaftinization
and rehydration. After that, the sections were treated for a whole night 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 %

30 minutes at 37°C with goat anti-rabbit IgG antibody that had been biotin-labeled.

Hematoxylin counterstaining on DAB substrate was used for color development.
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Western blot and qRT-PCR

Melanoma cells were treated with TTC (200 or 400 uM) or MLN4924 (0.1 uM)

for 24 h. stern blotting and gRT-PCR were performed to detect the protein expression
and mRNA expression as previously described [7]. Main antibodies were as follows: B-
actin (1:5000, catalog 4967, Cell Signaling Technology), DDS (1:1000, catalog 2754,
Cell Signaling Technology), NAE1 (1:1000, catalog 14321, Cell Signaling Technology),
UBA3 (1:500, catalog sc-377272, Santa Cruz Biotechnology), UBCI12 (1:1000, catalog
14520-1-AP, proteintech), cullinl (1:1000, catalog R24008, Zen-Bioscience), and
Survivin (1:1000, catalog R381056, Zen-Bioscience). Primer sequences were as
follows: SurFvivin (F: GAGGCTGGCTTCATCCACTG, R:
ATGCTCCTCTATCGGGTTGTC); B-actin (F: GGCTGTATTCCCCTCCATCG, R:
CCAGTTGGTAACAATGCCATGT).

Sequencing of RNA

A375 cells were treated with 400 pM TTC or vehicle for 24 h. According to

manufacturer structions, 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 amplified gene was cloned into pcDNA3.1-Flag
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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 | mM PMSF. The NEDDS primary antibodys 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 sterilized PBS buffer. Then the expression of survivin
was detected using Western blot.
Lentiviral-mediated NEDDS8 overexpression in melanoma cells

The NEDDS 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 plasmid pLVX-NEDDS was generated, which was confirmed by
sequencing (Beijing Genomics Institute, China). The lentiviral plasmid pLVX-NEDDS
or the control vector pLVX-DsRed-Monomer-N1 was co-transfected with packaging
vectors pCMV-VSV-G (Addgene, USA, 8454) and pCMV-dRS.2 dvpr (Addgene, USA,
8455) into HEK293T cells for lentivirus production 1ng Effectene Transfection
Reagent (Qiagen, USA, 301427). The lentivirus supernatant was then applied for
melanoma cell infection. Melanoma cells were screened using 2 pg/mL puromycin
(Beyotime, China, ST551) for 7 days. Melanoma cells with stable NEDDS

overexpression were validated by Western blot.

Establishment of melanoma subcutaneous tumor model




152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

4-6-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 subcutaneous tumor model was

constructed following the method described in our previous report [7]. Briefly,

melanoma cells (1 x 10°) 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 intraperitoneal injection

once a day. After continuously observing the growth of the subcutaneous tumor for

seven days, the mice were euthanized with pentobarbital sodium and subcutancous

melanoma were removed.

Mass spectrometry

A375 and A375R cell lysates were homogenized and incubated with the NEDD§

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 olved by SDS-PAGE and immunoblotted through
Western blotting. The gels were silver-stained (Beyotime, China, PO017S) and bands
with significant differences were precisely excised for mass spectrometry. In-gel tryptic
digestion was performed before analysis by ion trap mass spectrometry (Applied
Protein Technology China). Tandem mass spectrometry coupled with database
searching was used to determine the amino acid sequences of precipitated proteins.
Statistics

The statistical analysis was performed using GraphPad Prism 8.0. Comparisons
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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

following 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 (tetracaine, procaine, lidocaine,

bupivacaine, and ropivacaine) on melanoma cell viability, B16, and A375 cells were

exposed to different local anesthetics at indicated concentrations and their viability was

estimated 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 melanoma cells compared to other local anesthetics. Consistent 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

ny understand the plausible mechanism of the anti-cancer activity of TTC and

identify potential functional targets, A375 cells were treated in triplicate for 24 h with

400 uM TTC or vehicle. Then total RNA of A375 cells was isolated and sequenced. 841
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upregulated 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 recycling. The KEGG analysis indicated that TTC might

affect the degradation process of proteins. Additionally, 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 neddylation.

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 neddylation 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 modification that is over-activated in
multiple cancers and has been validated as an attractive therapeutic target for anti-
cancer strategies [12, 23, 27]. To evaluate the role of NEDDE& in melanoma
tumorigenesis, the NEDDS expression level in cutaneous melanoma and adjacent areas

of cutaneous melanoma was measured. Immunohistochemical staining confirms that

23
the NEDDS expression level is s!gniﬁcantly higher in cutaneous melanoma than in the

adjacent normal skin tissue (Fig. 3A). Furthermore, the expression level of NEDDSg-

conjugated proteins in different melanoma cell lines (B16, A375, SK-MEL-28, A2058)
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and normal melanocytes was detected (Fig. 3B). The western blot analysis (Fig. 3C)
indicates an increased expression of NEDDS8-conjugated proteins in melanoma cell
lines compared to normal human melanocytes. Comprehensively, 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 transcriptome 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
inhibitor of the enzymatic action of NAE, served as the positive control in the
subsequent experiments. First, the post-TTC treatment expression levels of the
NEDDB8-conjugated proteins were measured. As shown in Fig. 4A, TTC reduced the
expression of NEDDS8-conjugated proteins in both B16 and A375 cells. Neddylation
occurs through a ubiquitylation-like enzymatic cascade in which NEDDS is activated
by NAE and is subsequently transferred to the UBC12. Therefore, the effect of TTC on
NAEI1, UBA3, and UBC12 in both B16 and A375 cells was analyzed (Fig. 4B and C).
Our experimental results demonstrated that TTC downregulated the UBA3 expression
but had no effect on NAE1 and UBC12 expressions (Fig. 4D and E). In addition, the
neddylation level of cullinl, one of the most typical target proteins for neddylation,

significantly decreased in B16 and A375 cells after TTC treatment (Fig. 4D and E).

These results comprehensively indicate that TTC downregulates the neddylation
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signaling pathway by inhibiting UBA3 expression. Additionally, both MLN4924 and
TTC exhibited significant anti-tumor activity in vive (Fig. 4F and G).
TTC exerts anti-tumor activity by downregulating the neddylation signaling
pathway in melanoma

To further vestigate the effects of neddylation signaling pathway activation on
the TTC-induced inhibition of melanoma, NEDDS8 was overexpressed via the
recombinant lentivirus approach to increase the ratio of free NEDDS in B16 cells and
activate the neddylation signaling pathway as previously reported [28]. The cell lines
stably overexpressing GFP served as a control group. Both the cell viability and colony
number of B16 cells stably overexpressing NEDDS& were highermpared to the control
group (Fig. 5A-C). Moreover, the anti-tumor activity of TTC is partially weakened by
overexpression of NEDDS8 (Fig. 5A-C). Similar result was obtained when cell
proliferation was measured by immunofluorescence staining for Ki67 and EDU
staining assay (Fig. S2 and Fig. S3). Thereafter, the expression of NEDD8-conjugated
proteins and Survivin were detected by immunoblotting assay. The results indicated a
significantly higher expression level of NEDD8-conjugated proteins in the LV-NEDDS8
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. 5E). Moreover,
NEDDS overexpression was found to diminish% effects of TTC on downregulating

Survivin expression (Fig. 5E). These finds suggest that neddylation plays a crucial role

in mediating the anti-tumor effect of TTC on melanoma.
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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 [29]. Its
degradation is mediated by Fbx17 via ubiquitylation [30]. The neddylation is capable of
antagonizing ubiquitylation and enhances protein stability [31, 32]. Furthermore, X-
linked inhibitor of apoptosis protein (XIAP), another member of IAP family, can
undergo neddylation modification [33]. Therefore, our focus lies on elucidating the role
of the Survivin and its neddylation in melanoma. Herein, whether TTC regulates
Survivin expression was determined. TTC significantly downregulated the protein

13

expression level of Survivin (Fig. 6 A 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, % 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 protcasome degradation plays a critical
role in modulating Survivin stability (Fig. 6F and H). Considering the regulatory 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. 61), supporting the hypothesis that TTC decreased Survivin level via
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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 significantly inhibited melanoma
growth in the LV-GFP or the LV-NEDDS8 group (Fig. 7A). In LV-GFP groups, the
weight of tumors in the TTC group decreased by approximately 54% (0.031)
compared to the NS group. In LV-NEDDS groups, the weight of melanoma in the TTC

group decreased by approximately 34% (P=0.037) compared to the NS group (Fig. 7B).

In addition, the tumors formed the LV-NEDDS group were approximately 63%
heavier than those in the LV-GFP group when NS was injected intraperitoneally
(P=0.016). Conversely, When TTC was injected intraperitoneally, the tumors
developed from NEDD&8-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 immunohistochemistry (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 overexpression attenuated Survivin
downregulation mediated by TTC (Fig. 7C and D). These results implied that TTC
suppressed the neddylation pathway and downregulated 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
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indicated that vemurafenib had little effect on the viability of A2058 cells (Fig. 8A).

Notably, the expression of NEDDS8-conjugated proteins in A2058 cells was higher than

that in other melanoma cells (Fig. 3C). Hence, the association ofe activation of the
neddylation signaling pathway with vemurafenib resistance was studied. First, A375R
cells were obtained by continuously exposing the cells to 2 pM vemurafenib for more
than 3 months. Thereafter, CCK-8 assays confirmed that at concentrations up to 4 uM,

vemurafenib had no significant effect on the viability ofA375R cells (Fig. 8B).

Additionally, the immunofluorescence indicated significant ivation of the
neddylation signaling pathway in A375R cells (Fig. 8D). To investigate the proteins
exhibiting elevated neddylation modification levels in A375R cells, we conducted silver
staining following immunoprecipitation of NEDDS from A375 and A375R cell lysates
(Fig. 8E). Subsequently, the silver-stained gel bands with significant alteration at
approximately 25kDa, 35kDa and 45kDa were observed and subjected to mass
spectrometry analysis. Numerous proteins were identified as the potential substrates for
neddylation modification, including hnRNPA1, Rps4x, Aldob, etc (Table. S2). These
proteins were enriched through KEGG pathway analysis and found to be mainly
associated with the Ribosome, 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 further 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
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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 cullinl neddylation, without affecting the NAEI
and UBC12 expression levels. Furthermore, the combined administration of TTC and
vemurafenib induced more pronounced suppression of global NEDDS8 conjunction,
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 several tumor cell types. [34-37]. These findings are of
considerable clinical significance in guiding 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 determined,
suggesting that TTC exhibited the highest inhibitory effect (Fig. 1). This result is
supported by a previous study [6] and our published article [7]. Survivin is upregulated
in several cancers including melanoma [20, 38, 39], which may be associated with
tumor metastasis and chemoresistance [40]. Our experimental findings indicate that
TTC treatment can effectively inhibit the expression of Survivin. Hence, this may be a

plausible mechanism via which TTC inhibits the proliferation of melanoma cells.
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Additionally, TTC slightly reduced the mRNA expression level of Survivin, indicating
that TTC treatment mainly influences the Survivin stability. To further elucidate the
probable mechanism, protein stability assay and ColP experiments were performed.
The results demonstrated that TTC could regulate Survivin expression by reducing
Survivin stability. This explained why Survivin was not included in the DEGs in our
RNAseq analysis results (Table. S1). The aforementioned results indicate that TTC
inhibits melanoma cell vaibility by regulating the post-translational modifications of
Survivin. This is consistent with the finding of KEGG enrichment analysis, which
suggest at the DEGs were significantly enriched in the lysosome pathway (Fig. 2).
Furthermore, some researchers have reported that local anesthetics can affect epigenetic
madifications, such as DNA methylation in tumor cells [41, 42].

Neddylation and lysosomes have been linked in multiple biological processes,
particularly in the degradation of proteins. For example, polyneddylation contributes to
autophagic degradation in lysosomes, wherein this process is regulated by the
scaffolding function of HYPK. HYPK regulates aggrephagy by specifically binding to
NEDDS and LC3 [43]. MLN4924 is also reported to induce autophagy in liver cancer
cells [44]. Furthermore, neddylation modification of Corola regulated lysosomal
targeting of multivesicular bodies (MVBs) [45], which may be a contributing factor to
the effect of neddylation modifications on protein stability. These facts suggest a strong
connection between neddylation and lysosomes, but further exploration is needed to
uncover the underlying details.

Aberrant activation of neddylation signaling pathway was reported in several
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cancers, including melanoma [23, 46-49]. Herein, our results also indicated the
activation of neddylation signaling 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 discover 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 performed,
revealing low binding affinity between TTC and NAE (Fig. S5). The aforementioned
results suggest that TTC downregulates the neddylation signaling pathway possibly
through other enzymes or indirectly inhibiting UBA3 expression. TTC has been shown
to inhibit the mitochondrial ATPase activity and therefore the production of ATP [50].
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 Survivin in the development and
metastasis of melanoma [21]. Since the ubiquitination of Survivin has been extensively
investigated [51-53], the possibility of a ubiquitination-like modification of Survivin
was investigated. The ColP experiment confirmed the interaction between Survivin and
NEDDS (Fig. 5). However, identification of the specific modification sites of Survivin
and the interaction mechanism between Survivin and NEDDS still requires further

investigation. In addition, our previous research indicated that TTC may affect the
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neddylation of hnRNPA1 [7], 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 vemurafenib resistance. Firstly, the expression of NEDD8-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-conjugated proteins in A2058 cells (Fig. 3). Notably, the A2058 cells
cxhibits intrinsic resistance to vemurafenib [54], suggesting that the activation of
neddylation signaling may contribute to vemurafenib 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
immunoprecipitation and mass spectrometry in A375R cells. These results suggested a
strong correlation between the neddylation modification and vemurafenib resistance in
melanoma, representing novel evidence highlighting % role of neddylation in
conferring vemurafenib-resistance in melanoma. Thus, these results provide theoretical
support for utilizing a neddylation inhibitor (MLN4924) as a therapeutic agent for
patients with vemurafenib-resistant melanoma. Furthermore, these findings offer a
rational basis for combining vemurafenib with MLLN4924 as a treatment strategy for
BRAF-mutated melanoma, thereby preventing the development of drug resistance.

MLN4924, discovered via high-throughput screening, demonstrated promise for
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cancer treatment [ 55]. Subsequent studies suggested more plausible mechanisms for the
anti-tumor activity of MLN4924, including triggering protective autophagy and
upregulation of the c-Myc-Noxa axis [48, 56]. Currently, several studies investigating
the clinical utility of MLN4924 (NCT03772925, NCT04800627, NCT03965689,
NCT03238248) are underway. Herein, the melanoma suppressive efficacy of
MLN4924 was confirmed in vivo and in vitro. Interestingly, TTC exhibited better anti-
tumor activity (Fig. 4), suggesting that TTC may exert anti-tumor activity through other
potential mechanisms apart from the inhibition of the neddylation signaling pathway.
For example, our previous rescarch has demonstrated that TTC arrests the GO/GI cell
cycle and inhibits melanoma proliferation [7]. Despite the potential cardiotoxicity 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 promising to
enhance the efficacy of anti-tumor therapies. In addition, the molecular modification or
detoxification 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 molecule, which effectively suppressed the growth
of HepG2 and A549 cells at low concentrations [57]. However, the anti-tumor effects
of this small molecule still require further confirmation in other tumor cells and animal
models, and the underlying molecular mechanisms of anti-tumor activity need to be
thoroughly investigated. Engineered nanomaterials and targeted extracellular vesicles

for drug delivery can achieve more precise drug targeting [58, 59], which can provide




435

436

437

438

439

440

441

442

443

21

novel insights to expand the clinical application of TTC as an adjuvant agent in
combination with other conventional therapies.
In conclusion, TTC exhibits pronounced proliferation 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 neddylation pathway may be a

potential mechanism of vemurafenib resistance in melanoma. Additionally, TTC

inhibits the neddylation pathway and cell viability in A375R cells.
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Legends

Fig. 1. Tetracaine hydrochloride (TTC) exhibited the most pronounced potential to

suppress melanoma proliferation melanoma. (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
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expressed in percentage. (C, D) B16 and A375 cells were exposed to 50 or 100 pM TTC, then the
number of colonies was counted under the optical microscope. Data are expressed as the mean +
SD. Statistical differences were determined using an unpaired two-tailed student’s t-test, ***P

<0.001 vs the control group.

Fig. 2. The gene alteration and significantly enriched pathways after TTC treatment. (A)
Differentially expressed genes (DEGs) were identified using the R package limma, and the criteria
for differential analysis were set as follows: P < 0.05 and |log2 FC| > 1. (B) Based on these DEGs,
the KEGG enrichment analysis was performed by the R package clusterProfiler. (C, D) GSEA was
performed by the GSEA software (Version: 4.2.3) based on our transcript RNA high-throughput

sequencing.

Fig. 3. NEDDS protein expression was significantly higher in melanoma than in normal
skin tissues. (A) [HC (immunohistochemical) staining showed that the NEDDS8 expression level
was significantly higher in melanoma tissues (n=20) than in the adjacent normal skin tissues (n=4).
Scale bar = 200 pm. (B, C) NEDD&-conjugated protein expression levels in normal human
epidermal melanocytes (NHEM) cells and melanoma cells (B16, A375, SK-MEL-28, and A2058)
were determined by western blotting analysis. Data are expressed as the mean + SD. Statistical
differences were determined using one-way ANOVA, followed by post hoc Tukey's test, **P < 0.01,

and ***P < (.001 vs. NHEM group.

Fig. 4. Effect of TTC treatment on neddylation in melanoma cells. (A) B16 and A375 cells
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were treated with 200 uM or 400 uM TTC for 24 h, and the western blot analysis showed TTC
reduced the expression levels of NEDD8-conjugated proteins. (B-C) Melanoma cells were treated
with MLN4924 (0.1 pM) or TTC (200 or 400 uM) for 24 h, cullinl neddylation, and protein levels
of NAE1, UBA3, and UBC12 were estimated by western blotting analysis. (D-E) Quantitative data
of relative protein expression levels as determined by ImagelJ software. (F) A mice subcutaneous
tumor model was established by the subcutaneous injection of B16 cells. When the tumors reached
a volume of approximately 30 mm?®, the mice received seven daily intraperitoneal injections of either
MLN4924 (30 mg/kg) or TTC (10 mg/kg). The tumors from each group were photographed with a
millimeter ruler (n=6). (G) The weight of individual tumors in each group was measured by an
electronic balance (n=6). Data are expressed as the mean = SD. Statistical differences were
determined using one-way ANOVA, followed by post hoc Tukey's test, *P < (.05, **P < 0.01, and

##%P < (.001 vs. control group.

Fig. 5. NEDDS overexpression impeded the anti-tumor activity of TTC. (A) The B16 cell
line with stable NEDDS overexpression was established via lentivirus infection, and the GFP-stable
expression cell line was used as a control. After TTC treatment, the viability and colony-forming
ability of B16 cells with NEDD8 or GFP overexpression were detected by CCK-8 assay. (B, C)
After TTC treatment, the colony-forming ability of B16 cells with NEDDS8 or GFP overexpression
were detected by colony-formation assay. (C, D) Expression levels of NEDD8-conjugated proteins
and Survivin were measured by western blot analysis. Data are expressed as the mean £ SD.
Statistical differences were determined using one-way ANOVA, followed by post hoc Tukey's test,

##pP < 0.01, #**P <0.001 vs. LV-GFP without TTC group; #FP < 0.05, ##P < 0.001 vs. LV-GFP +
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TTC group. $$$P < 0.001 vs. LV-NEDDS without TTC group.

Fig. 6. TTC affected the stability of Survivin. (A, B) B16 and A375 cells were treated with
200 or 400 uM 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 uM), 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.5B, C, E, and G, data are expressed as the mean = SD.
Statistical differences were determined using an unpaired two-tailed student’s t-test, * P < (.05, and
##%P < 0.001 vs. the control group. In Fig.5H, data are expressed as the mean = SD. Statistical
differences were determined using one-way ANOVA, followed by post hoc Tukey's test, **P < 0.01,

and ***P < (0.001 vs. control group; ###FP < 0.001 vs. TTC group.

Fig. 7. TTC suppressed melanoma cell growth by inhibiting neddylation in vive. A mice
subcutaneous tumor model was established by the subcutaneous injection of B16 cells with
overexpressed NEDDS 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 in each group was measured by an electronic balance (n=6). (C, D) Expression levels of

NEDDS-conjugated proteins and Survivin in melanoma tissues were detected by western blot
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analysis. Data are expressed as the mean = SD. Statistical differences were determined using one-

way ANOVA, followed by post hoc Tukey's test, *P < 0.05, **P < 0.01 vs. LV-GFP+NS group; #P

< 0.05. $P < 0.05 vs. LV-GFP+TTC group.

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 NEDDS expression was higher in A375R cells than that in A375 cells. Scale bar =

100 um. (E) Samples obtained from co-immunoprecipitation experiments in A375 and A375R cell

lysates using the NEDDE primary antibody were subjected to SDS-PAGE, followed by silver

staining, and the significantly altered bands were marked with red boxes (approximately at 25kDa,

35kDa and 45kDa). (F) The proteins within the altered bands were identified by mass spectrometry

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 Cullin1)

were assessed by western blot analysis and quantitatively analyzed by Image] software. Data are

expressed as the mean = SD. Statistical differences were determined using one-way ANOVA,

followed by post hoc 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).

Table. S1. Proteins with increasing level of neddylation modification in A375R cells were

identified by mass spectrometry.
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Table. S2. Transcript RNA high-throughput sequencing was performed after treating

melanoma with TTC. DEGs were further identified using the limma package.

Table. S3. Contribution of proteins modified by neddylation to KEGG pathway.

Fig. S1. The effect of local anesthetics on the colony formation of melanoma cells. 375

cells were exposed to 200 uM lidocaine.400 uM ropivacaine, or 300 uM bupivacaine, then the

number of colonies was counted under the optical microscope. Data are expressed as the mean +

SD. Statistical differences were determined using one-way ANOVA, followed by post hoc Tukey's

test, *P < 0.05, and ***P < 0.001 vs. control group.

Fig. S2. TTC inhibited the proliferation of melanoma cells. B16 cells with NEDDS or GFP

overexpression were treated with PBS or 200 uM TTC, the expression of Ki67 was assessed by

immunofluorescence staining. Scale bar = 100 pum.

Fig. S3. TTC inhibited the proliferation of melanoma cells. B16 cells with NEDDS8 or GFP

overexpression were treated with PBS or 200 uM TTC, cell proliferation was analyzed by EdU

proliferation assay. EdU-positive nuclei indicate proliferating cells. Scale bar = 200 pum.

Fig. 84. TTC inhibited the proliferation of melanoma in vivo. The paraffin-embedded

melanoma tissue was cut into 5 um sections, then IHC staining were performed to evaluate Ki-67
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expression in each group. Scale bar = 200 pum.

Fig. 85. TTC showed a lower binding capacity to NAE than MLN4924. (A) The overlay of

the crystal structures of MLN4924 and NAE was illustrated by the Molecule of the Month feature.

(B) Spotlight on the combination of MLN4924 and NAE. (C) 2D interactions of MLN4924 and

NAE. (D) The overlay of the crystal structures of TTC and NAE was illustrated by the Molecule of

the Month feature. (E) Spotlight on the combination of TTC and NAE.
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