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Abstract

Melanoma is a highly heterogeneous malignancy in which tumor behavior is shaped by complex signaling, trafficking, and
metabolic programs. Two-pore channel 2 (TPC2), an endolysosomal ion channel, has been implicated in pigmentation,
vesicular trafficking, and cancer-related cellular processes, but its role in melanoma remains incompletely understood. In
this study, we investigated the impact of TPC2 loss in two melanoma models, the human cell line CHL-1 and the murine cell
line B16, using previously validated CRISPR/Cas9-generated TPC2 knockout cells. Proteomic profiling, pathway enrich-
ment analysis, extracellular flux measurements, and mitochondrial membrane potential assessment were used to define the
molecular and functional consequences of TPC2 deletion. Proteomic analysis revealed marked but distinct changes in protein
expression in CHL-1 and B16 cells, with clear separation between wild-type and TPC2 KO proteomic profiles in both models.
Functional enrichment analysis showed that CHL-1 cells were preferentially associated with pathways related to metabolic
regulation, morphogenesis, intracellular transport, extracellular matrix organization, and signaling networks including WNT
and TGF-f, whereas B16 cells were enriched in immune/interferon-related pathways, protein homeostasis, intracellular
trafficking, and stress-response programs. Bioenergetic profiling demonstrated that TPC2 KO altered cellular metabolism
in a cell line-dependent manner. In CHL-1 cells, TPC2 loss reduced basal oxygen consumption rate (OCR) and the OCR/
extracellular acidification rate (ECAR) ratio, but enhanced oxidative adaptation under glucose-free conditions. In contrast,
B16 TPC2 KO cells displayed increased OCR and ECAR under basal conditions, consistent with a more energetically active
phenotype. Despite these differences in basal bioenergetics, TPC2 KO preserved mitochondrial membrane potential under
stress in both cell lines, indicating enhanced mitochondrial stress resilience. Collectively, these findings identify TPC2 as a
context-dependent regulator of melanoma cell physiology that influences proteomic remodeling, metabolic adaptation, and
mitochondrial function. These results support further investigation of TPC2 as a potential therapeutic target in melanoma,
while emphasizing that its biological effects depend on cellular context.
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1 Introduction

Melanoma is an aggressive malignancy of melanocytes
characterized by marked molecular and phenotypic hetero-
geneity (Gray-Schopfer et al. 2007; Ng et al. 2022). Com-
pared with many other solid tumors, melanoma exhibits a
high tumor mutational burden and frequently harbors alter-
ations in genes such as BRAF, NRAS, NF1, PTEN, TP53,
and CDKN2A (Akbani et al. 2015; Moreira et al. 2021;
Soura et al. 2016; Toussi et al. 2020). This heterogeneity
contributes to substantial variability in tumor behavior,
metastatic potential, therapeutic response, and metabolic
adaptation (Beigi et al. 2024; Grzywa et al. 2017; Hachey
and Boiko 2016). Accordingly, a deeper understanding of
the molecular mechanisms that shape melanoma cell phe-
notypes remains essential for the development of more
effective targeted therapies.

Among the emerging regulators of tumor cell behavior
are the two-pore channels (TPCs), a family of endolysosomal
ion channels involved in intracellular signaling and orga-
nelle homeostasis (Alharbi and Parrington 2019; Jin et al.
2024). TPC2, in particular, is localized predominantly to late
endosomes and lysosomes, and has also been identified in
melanosomes (Lagostena et al. 2025; Zhu et al. 2010). It has
been implicated in the regulation of vesicular trafficking, ion
homeostasis, pigmentation, autophagy-related pathways, and
cellular signaling (Ambrosio et al. 2016; Grimm et al. 2017,
Ogunbayo et al. 2018). Depending on context, TPC2 has
been described as a channel regulated by NAADP-dependent
Ca®* signaling and by PI(3,5)P,, placing it at the center of
pathways linking endolysosomal function to broader cellular
responses (Cang et al. 2014; Wang et al. 2012).

Accumulating evidence indicates that TPC2 plays an
important role in cancer biology. Previous studies have
shown that TPC2 contributes to processes relevant to
tumor progression, including cell migration, invasion,
neoangiogenesis, and adaptation to stress (Alharbi and
Parrington 2019; Chen et al. 2022; Skelding et al. 2022).
In melanoma, TPC2 has also been linked to melanosome
biology and pigmentation (Zhu et al. 2010). Notably, phar-
macological inhibition or genetic silencing of TPC2 in
pigmented melanoma cells has been reported to increase
melanin content while reducing proliferation, migration,
and invasion(Ambrosio et al. 2015; Favia et al. 2014;
Nguyen et al. 2017). However, the biological conse-
quences of TPC2 disruption are not uniform across mela-
noma models (Abrahamian and Grimm 2021; Barbonari
et al. 2024; Hanbashi et al. 2023; Netcharoensirisuk et al.
2021). This suggests that TPC2 may function not as a sim-
ple oncogenic or tumor-suppressive factor, but rather as
a context-dependent regulator whose effects are shaped
by the molecular and phenotypic background of the cell.
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Our previous work supports this view. Using CRISPR/
Cas9-edited melanoma models, we found that TPC2 loss
produced divergent phenotypes in different melanoma cell
lines. In the metastatic human melanoma cell line CHL-
1, TPC2 knockout enhanced proliferative and invasive
traits and was associated with altered expression of epithe-
lial-mesenchymal transition—related markers, matrix remod-
eling proteins, and Hippo pathway components (Barbonari
et al. 2024). In contrast, in B16 melanoma cells, TPC2 loss
impaired invasive behavior (Barbonari et al. 2024). In vivo
studies further showed that loss of TPC2 reduced tumor
growth while increasing tumor-associated toxicity, under-
scoring the complexity of TPC2 function in melanoma (Han-
bashi et al. 2023). Together, these observations suggest that
TPC2 exerts multifaceted and model-dependent effects on
melanoma progression.

Because proteins represent the major functional effectors
of cellular phenotype, proteomic profiling offers a powerful
strategy for defining the downstream consequences of TPC2
loss (Kwon et al. 2021; Shuken 2023). Proteomics can iden-
tify altered signaling networks, metabolic programs, traffick-
ing pathways, and stress-response mechanisms that may not
be evident from transcript-level analyses alone (Franks et al.
2017; Latonen et al. 2018; Mani et al. 2022; Ponomarenko
et al. 2023). In melanoma, where phenotypic plasticity is a
hallmark of disease progression, such an approach is particu-
larly valuable for resolving how a single molecular perturba-
tion can generate divergent biological outcomes in different
cellular backgrounds (Huang et al. 2021; Rambow et al. 2019).

In addition to its roles in trafficking and signaling, TPC2
is well-positioned to influence cellular metabolism and
mitochondrial function (de Zé&licourt et al. 2024; Miiller
et al. 2021). Lysosomes and mitochondria communicate
extensively to coordinate nutrient sensing, calcium homeo-
stasis, autophagy, and metabolic adaptation (Deus et al.
2020; Giamogante et al. 2024; Nguyen et al. 2024; Tooze
and Zoncu 2015). As an endolysosomal channel, TPC2
may therefore affect not only invasive and signaling pheno-
types, but also the bioenergetic state of melanoma cells and
their ability to adapt to metabolic stress (Abrahamian and
Grimm 2021; Oluseye A. Ogunbayo et al. 2018; Skelding
et al. 2022). Despite this possibility, the relationship between
TPC2, melanoma cell metabolism, and mitochondrial func-
tion remains insufficiently characterized.

In the present study, we used previously validated TPC2
knockout CHL-1 and B16 melanoma cell lines to investigate
how TPC2 loss alters melanoma cell physiology. We com-
bined proteomic profiling, functional enrichment analysis,
extracellular flux measurements, and mitochondrial mem-
brane potential assessment to define the molecular and bio-
energetic consequences of TPC2 deletion. Our findings show
that TPC2 knockout induces broad but cell line—specific
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proteomic remodeling, alters bioenergetic phenotypes in a
context-dependent manner, and enhances the preservation
of mitochondrial membrane potential under stress. These
results identify TPC2 as a regulator of melanoma cell
plasticity that links endolysosomal function to proteomic
remodeling, metabolic adaptation, and mitochondrial stress
resilience.

2 Materials and methods

2.1 Celllines

The human melanoma cell line CHL-1 and the murine mela-
noma cell line B16 (ATCC, USA) were cultured in DMEM
supplemented with with 2 mmol/L glutamine, 1 X penicil-
lin/streptomycin (Sigma, USA) and 10% fetal bovine serum
(FBS) (Gibco, USA). Cells were maintained under stand-
ard culture conditions at 37 °C in a humidified atmosphere
containing 5% CO,. The TPC2 KO models of both CHL-1
and B16 used in this study correspond to the same previ-
ously established and validated CRISPR/Cas9-edited clones
described in our earlier work (D’Amore et al. 2020).

2.2 Protein quantification and mass spectrometry

Cells were lysed in NP-40 lysis buffer (50 mM Tris—HCI, pH
7.4, 150 mM NaCl, 1% NP-40) supplemented with protease
inhibitors, incubated on ice for 30 min, and clarified by cen-
trifugation at 12,000 X g for 10 min at 4 °C. Protein concen-
tration was determined using the bicinchoninic acid (BCA)
assay according to the manufacturer’s instructions (Smith
et al. 1985), and 40 pg of protein were used for downstream
proteomic analysis.

For LC-MS/MS analysis, proteins were reduced with
dithiothreitol (DTT) and alkylated with iodoacetamide
(TAA) at room temperature for 30 min, followed by metha-
nol/chloroform precipitation. Protein pellets were reconsti-
tuted in 400 mM Tris—HCI (pH 7.8) containing 6 M urea.
After dilution of urea to 1 M, samples were digested over-
night at 37 °C with trypsin at a 1:50 ratio. Digested peptides
were acidified to a final concentration of 1% formic acid,
desalted using Sola HRP SPE cartridges (Thermo Fisher
Scientific, USA), and dried in a SpeedVac.

Peptides were analyzed using a Dionex Ultimate 3000
RSLC system coupled to an Orbitrap Fusion Lumos mass
spectrometer (Thermo Fisher Scientific, USA). Online
desalting was performed using a PepMAP C18 trap column,
followed by peptide separation on an EASY-Spray PepMAP
C18 analytical column over a 60-min gradient. MS scans
were acquired over a range of 400—-1,500 m/z at a resolution
of 120,000, with an automatic gain control (AGC) target of
4.0 10°. MS/MS spectra were collected in the linear ion

trap in rapid scan mode after collision-induced dissociation
at 35% collision energy, with an AGC target of 4.0 x 10° and
a maximum injection time of 250 ms. The duty cycle was
limited to 3 s, and precursor ions were dynamically excluded
for 30 s to reduce repeated sampling (Davis et al. 2017).

2.3 Quantitative analysis of mass spectrometry
data

Raw mass spectrometry data were processed using Max-
Quant (version 1.6.2.3) (Cox and Mann 2008) with the
MaxLFQ algorithm for label-free quantification (Cox
et al. 2014). Database searches were performed against the
curated UniProt Homo sapiens and Mus musculus reference
proteomes, as appropriate. Trypsin specificity was applied
with up to two missed cleavages allowed. Carbamidometh-
ylation of cysteine was set as a fixed modification, whereas
methionine oxidation and protein N-terminal acetylation
were included as variable modifications. Peptide-spectrum
match and protein false discovery rates (FDRs) were con-
trolled at 1% using a reverse decoy strategy. The “match
between runs” function was enabled.

The comparative quantitative analysis of protein abun-
dance between WT and TPC2 KO samples was performed
using Perseus (version 1.5.2.4). Label-free quantitation
(LFQ) intensities from biological replicates were log-trans-
formed and normalized by median subtraction. Proteins with
insufficient data across replicates were excluded. Missing
values were imputed based on a normal distribution. Prin-
cipal component analysis, volcano plots, and hierarchical
clustering were used to visualize proteomic differences
between groups. Statistical significance was assessed using
a Student’s t-test with permutation-based FDR correction
and 250 randomizations (Shuken 2023).

2.4 Functional enrichment and pathway analysis

To explore the biological significance of the differentially
expressed proteins identified in TPC2 KO cells relative to
WT cells, enrichment analysis was performed using Web-
Gestalt (WEB-based Gene Set Analysis Toolkit; http://
www.webgestalt.org/, 2017 revision). Gene Ontology (GO)
enrichment was assessed across the categories Biological
Process, Cellular Component, and Molecular Function. Path-
way enrichment analysis was performed using the Reactome
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases. Enriched terms and pathways were considered
significant at an FDR threshold of 0.05 (Wang et al. 2013).

2.5 Measurement of cellular bioenergetics

Cellular bioenergetics were assessed using an XF96 Extra-
cellular Flux Analyzer (Seahorse Bioscience, Billerica,
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USA). Adherent cells were seeded into Seahorse XF96
Cell Culture Microplates at a density of 2 x 10* cells/well
in complete growth medium and allowed to attach over-
night at 37 °C. Plates were gently rocked at room tem-
perature for 20—40 min after seeding to promote even cell
distribution.

On the following day, growth medium was replaced with
Seahorse phenol red-free DMEM containing either glucose
or no glucose, depending on the experimental condition.
Cellular respiration and acidification were then measured
as oxygen consumption rate (OCR) and extracellular acidi-
fication rate (ECAR), respectively. OCR was used as an indi-
cator of mitochondrial oxidative phosphorylation, whereas
ECAR was used as an index of extracellular acidification
associated with glycolytic and respiratory metabolism (Nad-
anaciva et al. 2012).

2.6 Measurement of mitochondrial membrane
potential (MMP)

Mitochondrial membrane potential (MMP; A¥Ym) was
assessed using the JC-1 dye assay (Abcam, ab113850).
Cells were seeded in 96-well plates at a density of 5x 10*
cells/well and incubated for 24 h. To induce stress, cells
were then exposed to low-serum medium (0.5% FBS).
After treatment, cells were washed with PBS and incu-
bated with JC-1 dye diluted in PBS for 20 min at 37 °C
in the dark. Cells were then washed and maintained in
fresh PBS.

Fluorescence was measured using a Spark multi-
mode microplate reader (Tecan) at excitation/emission
wavelengths of 535/590 nm for red fluorescence (JC-1
aggregates) and 475/530 nm for green fluorescence (JC-1
monomers). After background subtraction, MMP was
expressed as the red/green fluorescence ratio. For imag-
ing experiments, red and green fluorescence channels
were acquired sequentially to minimize spectral overlap
(Sivandzade et al. 2019).

2.7 Statistical analysis

All experiments were performed using at least three
independent biological replicates. Data are presented
as mean + SEM. Statistical comparisons between two
groups were performed using an unpaired two-tailed
Student’s t-test with Welch’s correction. For compari-
sons involving more than two groups, two-way analy-
sis of variance (ANOVA) followed by Sidak’s multi-
ple-comparisons test was used. A p-value < 0.05 was
considered statistically significant. Statistical analyses
were performed using GraphPad Prism (version 6.0) and
Microsoft Excel.
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3 Results

3.1 TPC2 knockout induces distinct proteomic
changes in CHL-1 and B16 melanoma cells

To investigate the molecular consequences of TPC2 loss in
melanoma, we performed comparative proteomic profiling
of TPC2 KO and WT cells in the human melanoma cell line
CHL-1 and the murine melanoma cell line B16. Differential
expression analysis comparing TPC2 KO with WT cells in
CHL-1 revealed a discrete subset of significantly altered pro-
teins, as visualized in a volcano plot (Fig. 1A). Unsupervised
hierarchical clustering further demonstrated clear separation
between WT and TPC2 KO samples, indicating that TPC2
deletion is associated with a reproducible shift in the CHL-1
proteomic profile (Fig. 1B).

The top differentially expressed proteins in CHL-1 cells
are summarized in Fig. 1C and D. Among the most down-
regulated proteins in TPC2 KO cells were PPT1, ITGAG6, and
MAPI1B, implicating pathways related to lysosomal function,
cell adhesion, and cytoskeletal organization. In contrast, the
most upregulated proteins included PCK1, HDAC1, RDHI10,
and ECE1, suggesting changes in metabolic regulation, chro-
matin-associated processes, and protein processing. Collec-
tively, these data indicate that TPC2 loss in CHL-1 cells is
associated with broad proteomic remodeling involving cel-
lular architecture, trafficking, and metabolism.

In B16 cells, differential expression analysis showed a
distinct set of proteins significantly altered by TPC2 knock-
out, as illustrated in the volcano plot (Fig. 1E). Hierarchical
clustering showed clear segregation of WT and KO samples
(Fig. 1F), supporting the robustness of the genotype-asso-
ciated proteomic shift in this model, as observed in CHL-1.

The top differentially expressed proteins in B16 cells are
shown in Figs. 1G and H. Among the most downregulated
proteins in TPC2 KO cells were Serbp1, Hspal4, Trmt112, and
Slc7a6, whereas the most upregulated proteins included Isg15,
Fau, Ifitm3, Sumo2, and Sptan1. Notably, several of the upreg-
ulated proteins in B16 cells are linked to interferon-responsive
and stress-associated pathways, suggesting that TPC2 loss in
this model may engage immune- and stress-related signaling
networks in addition to metabolic reprogramming. The full
lists of differentially expressed proteins and their correspond-
ing fold-change values in CHL-1 and B16 cells are provided
in Supplementary Tables 1 and 2, respectively.

Overall, these findings demonstrate that TPC2 knockout
produces significant, cell line—specific proteomic altera-
tions in melanoma cells. While both CHL-1 and B16 cells
showed clear separation between WT and KO proteomes, the
identities of the most altered proteins differed substantially
between the two models, supporting the context-dependent
nature of the functional consequences of TPC2 loss.
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Top 15 downregulated proteins in CHL-1 Top 15 downregulated proteins in B16
Protein Fold Change Protein Fold Change
# Protein names Protein Name
Symbol (relative to WT) Symbol (relative to WT)
1 PPT1 Palmitoyl-protein thioesterase 1 -4.68 1 Serbpl SERPINE1 MRNA Binding Protein 1 -5.15
2 ITGA6 Integrin alpha-6 -3.43 2 Hspal4 Heat shock 70 kDa protein 14 -4.05
3 MAPI1B Microtubule-associated protein 1B -3.14 3 Trmt112 Multifunctional methyltransferase subunit TRM112 -3.58
4 UTP20 Small subunit processome component 20 homolog -2.93 4 Slc7a6 Y-+L amino acid transporter 2 -3.34
5 Clorf198 Uncharacterized protein Clorf198 -2.89 5 Tagln2 Transgelin-2 -3.33
6 ARF5 ADP-ribosylation factor 5 -2.59 6 Pcbp2 Poly(rC)-binding protein 2 -3.29
7 FST Follistatin -243 7 MIfR2 Myeloid leukemia factor 2 2.72
8 FSCNI Fascin -2.41 8 Cde73 Parafibromin -2.54
9 ZHX2 Zinc fingers and homeoboxes protein 2 -2.41 9 Tmedl Transmembrane emp24 domain-containing protein 1 -2.48
10 PRIM1 DNA primase small subunit -2.26 10 Scd2 Acyl-CoA desaturase 2 -2.34
11 CERS2 Ceramide synthase 2 -2.19 11 Leol RNA polymerase-associated protein LEO1 -2.29
12 DCTPP1 dCTP pyrophosphatase 1 -2.18 12 Ints9 Integrator complex subunit 9 -2.10
13 SNX18 Sorting nexin-18 -2.18 13 Pih1d1 PIH]1 domain-containing protein 1 -1.92
14 DIAPH1 Protein diaphanous homolog 1 -2.17 14 Agpat5 1-acyl-sn-glycerol-3-phosphate acyltransferase epsilon -1.84
15 KRAS GTPase KRas:GTPase KRas. N-terminally processed -2.17 15 Exoc2 Exocyst complex component 2 -1.80
D Top 15 upregulated proteins in CHL-1 H Top 15 upregulated proteins in B16
Protein Fold Change Protein Fold Change
# Protein names # Protein names
Symbol (relative to WT) Symbol (relative to WT)
1 PCK1 Phospl pyruvate cart cytosolic [GTP] 4.71 1 Isgls Ubigquitin-like protein ISG15 4.84
2 HDAC1 Histone deacetylase 1 4.01 2 Fau;fau 408 ribosomal protein S30 4.25
3 RDHI10 Retinol dehydrogenase 10 3.59 3 Ifitm3 Interferon-induced transmembrane protein 3 4.15
4 ECE1 Endothelin-converting enzyme 1 3.43 4 Sumo2 Small ubiquitin-related modifier 2 3.87
5 GNBI1 Guanine nucleotide-binding protein, subunit beta-1 3.1 5 Sptanl Alpha II-spectrin 3.51
6 DDX18 ATP-dependent RNA helicase DDX18 2.76 6 Ddx58 Probable ATP-dependent RNA helicase DDX58 3.48
7 SLC39A7 Zinc transporter SLC39A7 2.69 7 Lipopol haride-responsive and beige-like anchor
- Lrba:Nbea protein;Neurobeachin 3.15
8 PODXL Podocalyxin 2.64 )
8 Sntb2 Beta-2-syntrophin 3.1
9 ACTL8 Actin-like protein 8 2.61 B
1GFBES Tealim i e oindi s 338 9 Akrlcl3 Aldo-keto reductase family 1 member C13 2.87
10 "S:rm' e g’{‘;v" a;m'f lnding protein — & 10 Lsm12 Protein LSM12 homolog 2.86
11 COX7A2 Cytochrome ¢ oxidase su. unit 7A2, mllf)chon rial 2.25 1 Acsid Long-chain-fatty-acid—-CoA ligase 4 285
12 SNRPB2 U2 small‘nuclear nbonuclet?protem B 2.23 12 Gupdal Glucosamine-6-phosphate isomerase 263
13 SMAD4 Mothers against decapenlaplegl'c h-omolog 4 223 13 Pler2 Prostaglandin reductase 2 245
14 WDHD1 WD repeat and HMG-box DNA-binding protein 1 223 14 Ap3s2 AP-3 complex subunit siema-2 24
15 SEC14L2 SEC14-like protein 2 2.08 15 Tapbp Tapasin 237

Fig. 1 Differential proteomic profiling of WT and TPC2 knockout
melanoma cells. A) Volcano plot analysis of KO vs WT in CHL-
1. Red points indicate proteins that were significantly altered. Gray
points indicate proteins with no significant difference. B) A hier-
archical cluster heat maps illustrate the connections between pro-
teins (shown in rows) and different samples (shown in columns).
The colors from green to red represent the relative protein levels
between the two groups. C) the top 15 significantly downregulated
proteins in TPC2 KO CHL-1 cells compared to WT CHL-1 cells.
D) the top 15 significantly upregulated proteins in TPC2 KO CHL-1
cells relative to WT CHL-1 cells. E) Volcano plot of protein expres-

sion of KO vs WT B16 cells. Differentially expressed proteins are
shown in red, while proteins with no significant difference are in
gray. F) Hierarchical clustering of the differentially expressed pro-
teins in the experimental samples of B16. G) the top 15 signifi-
cantly downregulated proteins in TPC2 KO B16 cells compared to
WT B16 cells. H) the top 15 significantly upregulated proteins in
TPC2 KO B16 cells relative to WT B16 cells. Three independent
biological replicates were used by each group. Statistical compari-
sons between WT and TPC2 KO cells were performed using an
unpaired two-tailed t-test with Welch’s correction. P <0.05 is con-
sidered statistically significant
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3.2 Functional enrichment analysis reveals distinct
biological programs associated with TPC2
knockout in CHL-1 and B16 melanoma cells

Functional and pathway enrichment analyses were con-
ducted using WebGestalt to identify potential functions and
pathways enriched by differentially expressed proteins in
CHL-1 KO cells relative to WT cells. Figure 2 illustrates
GO biological Process and Reactome pathway enrichment,
whereas Cellular Component, Molecular Function, and
KEGG pathway results are presented in the supplementary
Figs. 1 and 2.

In CHL-1 cells, GO biological process analysis identified
enrichment of programs related to regulation of small-mol-
ecule metabolic processes, appendage development, mor-
phogenesis of epithelium, response to oxygen levels, gland
development, muscle cell differentiation, and carbohydrate
homeostasis (Fig. 2A). Top negatively enriched processes
were proteasomal protein catabolic process, organelle locali-
zation, ribonucleoprotein complex biogenesis, protein ser-
ine/threonine kinase signaling, regulation of actin filament-
based processes, and intracellular transport.

Reactome analysis in CHL-1 cells further supported these
observations by highlighting enrichment of pathways associ-
ated with GPCR signaling, signaling by nuclear receptors,

A Biological Processes

WNT signaling, visual phototransduction, TGF- receptor
signaling, SMAD2/3:SMAD4 transcriptional regulation, and
transport of small molecules (Fig. 2B). In addition, path-
ways linked to RNA metabolism and translation, extracel-
lular matrix organization, cell-cell communication, ERBB2
signaling, lipid metabolism, and Rho GTPase signaling were
negatively enriched. Together, these results indicate that
TPC2 knockout in CHL-1 cells is associated with coordi-
nated changes in signaling, transcriptional control, vesicular
and small-molecule transport, extracellular matrix biology,
and cytoskeletal dynamics.

In B16 cells, GO biological process analysis revealed a
different enrichment profile, dominated by regulation of pro-
tein modification by small protein conjugation or removal,
response to virus, proteasomal protein catabolic process,
endosomal transport, protein homooligomerization, fatty
acid metabolic process, intracellular receptor signaling,
and positive regulation of secretion (Fig. 2C). negatively
enriched processes included regulation of cellular protein
localization, regulation of hematopoiesis, WNT-mediated
cell—cell signaling, protein localization to the cytoskeleton,
positive regulation of cell cycle, ncRNA metabolic pro-
cess, and negative regulation of immune system processes.
These data suggest that, in B16 cells, TPC2 loss preferen-
tially affects protein turnover, immune- and virus-related

C Biological Processes

B Pathway analysis (REACTOME)

Fig. 2 Functional enrichment analysis of differentially expressed
proteins in TPC2 knockout melanoma cells. Gene set enrichment
analysis of proteins differentially expressed between WT and TPC2
KO melanoma cells was performed using WebGestalt. GO Biologi-
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D Pathway analysis (REACTOME)

cal Process enrichment in CHL-1 cells (A) and B16 (C). Reactome
pathway enrichment in CHL-1 cells (B) and B16 (D). Enrichment
analyses were performed using WebGestalt with an FDR threshold
of 0.05
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pathways, intracellular trafficking, lipid metabolism, and
regulatory signaling networks.

Reactome analysis in B16 cells identified strong enrich-
ment of Immune System, DNA Repair, ISG15 antiviral
mechanism, antiviral mechanisms by IFN-stimulated genes,
Interferon Signaling, Cytokine Signaling in Immune system,
and MAPK family signaling cascades (Fig. 2D). Negative
enrichment was observed in L13a-mediated translational
silencing of ceruloplasmin expression, translation initiation,
ribosomal scanning, and start codon recognition, biological
oxidations, and rRNA processing. Overall, these results indi-
cate that TPC2 knockout in B16 cells is strongly associated
with immune/interferon-related programs, stress-response
pathways, and RNA/translation-associated processes.

The supplementary analyses extended these findings.
Cellular component and molecular function enrichment
results are presented in Supplementary Fig. 1, while KEGG
pathway enrichment is shown in Supplementary Fig. 2. In
CHL-1 cells, KEGG analysis highlighted pathways in can-
cer, oxidative phosphorylation, viral carcinogenesis, and
thyroid hormone signaling, along with enrichment for focal
adhesion, regulation of the actin cytoskeleton, metabolic
pathways, and endocytosis (Supplementary Fig. 2A). In
B16 cells, KEGG analysis identified enrichment for RIG-I-
like receptor signaling, autophagy, RNA transport, human
cytomegalovirus infection, and several infection- and inter-
feron-associated pathways, consistent with the immune- and
stress-related pathways identified in the Reactome analysis
(Supplementary Fig. 2B).

3.3 TPC2 knockout induces context-dependent
bioenergetic reprogramming in melanoma cells

Proteomic analysis revealed enrichment in pathways related
to mitochondrial function and cellular metabolism, includ-
ing mitochondrial inner membrane organization, small-
molecule metabolic processes, and mitochondrial protein
complexes following TPC2 knockout. Given these findings,
we next investigated whether TPC2 deletion alters cellular
bioenergetics.

Cellular metabolism was assessed using a Seahorse XF96
extracellular flux analyzer by measuring oxygen consump-
tion rate (OCR), an indicator of mitochondrial oxidative
phosphorylation (OXPHOS), and extracellular acidifica-
tion rate (ECAR), a surrogate marker of glycolytic activity.
Under normal culture conditions, TPC2 knockout in CHL-1
cells resulted in a significant reduction in OCR (Fig. 3A-
i), while ECAR remained largely unchanged (Fig. 3A-ii).
Consequently, the OCR/ECAR ratio was decreased in KO
cells compared with WT controls (Fig. 3A-iii), indicating
a relative shift away from mitochondrial oxidative metabo-
lism. These findings suggest that, under basal conditions,
TPC2 deficiency in CHL-1 cells is associated with reduced

mitochondrial respiratory activity without a compensatory
increase in glycolysis, reflecting an overall altered metabolic
state rather than a classical glycolytic switch.

To further probe metabolic flexibility, cells were cultured
in glucose-free medium. Under these conditions, TPC2 KO
cells exhibited a marked increase in OCR (Fig. 3B-i), along
with an elevation in ECAR (Fig. 3B-ii). Notably, the OCR/
ECAR ratio increased in KO cells, indicating a shift toward
enhanced reliance on oxidative phosphorylation under meta-
bolic stress (Fig. 3B-iii). Together, these results suggest that
CHL-1 TPC2 KO cells display context-dependent metabolic
reprogramming: impaired mitochondrial respiration under
basal conditions but enhanced oxidative metabolism when
glucose availability is limited.

In contrast to CHL-1 cells, TPC2 knockout in B16 cells
induced a robust increase in both OCR and ECAR under
normal culture conditions relative to WT cells (Fig. 3C-i,
ii). This was accompanied by an elevated OCR/ECAR ratio
(Fig. 3C-iii), indicating that KO cells adopt a more energeti-
cally active phenotype with a relative preference for oxida-
tive metabolism.

Under glucose-free conditions, both WT and KO cells
exhibited increased OCR, consistent with a compensatory
shift toward mitochondrial respiration in the absence of gly-
colytic substrates (Fig. 4D-i). ECAR also increased modestly
in both groups (Fig. 4D-ii), likely reflecting contributions
from mitochondrial CO, production rather than glycolysis
alone. Importantly, no significant difference in OCR/ECAR
ratio was observed between WT and KO cells under glucose
deprivation (Fig. 4D-iii), suggesting that while TPC2 KO
enhances overall metabolic activity, it does not markedly
alter the relative balance between oxidative and glycolytic
pathways under these conditions.

3.4 TPC2 knockout preserves mitochondrial
membrane potential under stress

To determine whether the bioenergetic changes associated
with TPC2 knockout were accompanied by alterations in
mitochondrial function, mitochondrial membrane potential
(MMP; A¥m) was assessed using the JC-1 probe. In this
assay, red JC-1 aggregates indicate polarized mitochon-
dria, whereas green JC-1 monomers indicate mitochondrial
depolarization. Accordingly, the red/green fluorescence
ratio was used as a quantitative index of MMP. Under basal
conditions, the representative fluorescence images showed
broadly similar red and green staining patterns between WT
and TPC2 KO cells in both melanoma models (Fig. 4Ai,
Ci), indicating no obvious genotype-dependent difference
in mitochondrial polarization. Consistent with these images,
quantification of the red/green JC-1 ratio showed no sig-
nificant difference between WT and KO cells under basal
conditions (Fig. 4Aii, Cii).
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ratio were measured over time using a Seahorse XF96 extracellular flux
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conditions but significantly preserves mitochondrial polarization under
stress in both CHL-1 and B16 melanoma cells. Quantification (Aii—Dii)
is presented as the red/green fluorescence ratio. Results are expressed
as the mean+SD from at least three independent experiments. Statisti-
cal significance was assessed using an unpaired two-tailed t-test with
Welch’s correction. P<0.05 is considered significant. Scale bar: 20 um
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In contrast, under stress conditions induced by serum
deprivation, the representative microscopy images showed
a clear difference between genotypes in both cell lines
(Fig. 4Bi, Di). In CHL-1 cells, stressed WT cells exhib-
ited relatively stronger green fluorescence, consistent with
mitochondrial depolarization, whereas TPC2 KO cells
retained more red fluorescence, indicating preservation of
mitochondrial polarization (Fig. 4Bi). The corresponding
quantitative analysis confirmed this pattern, with a signifi-
cant increase in the red/green JC-1 ratio in TPC2 KO cells
compared with the WT cells (Fig. 4Bii). A similar trend was
observed in B16 cells, where stressed WT cells displayed a
more prominent green signal, while TPC2 KO cells main-
tained stronger red fluorescence (Fig. 4Di). Quantification
supported the microscopy findings, showing a statistically
significant increase in the red/green ratio in TPC2 KO cells
under stress relative to WT cells (Fig. 4Dii). Collectively,
both the representative JC-1 images and the quantified red/
green fluorescence ratios indicate that TPC2 knockout does
not substantially alter mitochondrial membrane potential
under basal conditions but significantly preserves mito-
chondrial polarization under stress in both CHL-1 and B16
melanoma cells.

4 Discussion

This study provides an integrated proteomic and functional
analysis of the role of TPC2 in melanoma biology using
two distinct models, the human cell line CHL-1 and the
murine cell line B16. TPC2 has been knocked out using
the CRISPR Cas9 system. The impaired protein expression
has been validated in previous work (D’Amore et al. 2020).
The current study shows that loss of TPC2 produces broad
but context-dependent effects on melanoma cells. Although
TPC2 knockout altered key pathways in both models, the
direction and biological consequences of these changes dif-
fered between CHL-1 and B16 cells. These findings rein-
force the idea that TPC2 is not a unidirectional regulator of
melanoma behavior, but rather a multifunctional determinant
of tumor cell physiology whose effects depend on cellular
context.

The proteomic analysis demonstrated that TPC2 knockout
induces substantial remodeling of the melanoma proteome
in both cell lines. Interestingly, differentially expressed pro-
teins are distinct between CHL-1 and B16 cells, suggesting
that the downstream consequences of TPC2 deletion may be
cell line-specific. This observation is consistent with previ-
ous reports showing that TPC2 can exert divergent effects
depending on melanoma subtype, differentiation state, or
metastatic potential (D’Amore et al. 2020; Hanbashi et al.
2023). In this regard, our findings extend earlier work by
showing that these phenotypic differences are accompanied
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by distinct proteomic signatures, thereby providing a broader
molecular framework for understanding how TPC2 contrib-
utes to melanoma heterogeneity.

The enrichment analyses further emphasized this con-
text dependence. In CHL-1 cells, TPC2 knockout prefer-
entially affected pathways related to metabolic regulation,
morphogenesis, intracellular transport, extracellular matrix
organization, and cytoskeletal dynamics, together with sign-
aling networks such as WNT and TGF-f. These patterns
are consistent with our earlier observations that TPC2 loss
in CHL-1 cells promotes a more invasive phenotype and
modifies Hippo-related signaling (D’Amore et al. 2020). In
contrast, B16 cells displayed enrichment profiles dominated
by immune/interferon-related pathways, protein homeosta-
sis, intracellular trafficking, endosomal transport, and stress-
associated programs. This divergence suggests that TPC2
loss may engage fundamentally different adaptive networks
in the two melanoma models. Thus, while TPC2 appears to
regulate broad cellular homeostasis in both systems, the spe-
cific biological programs that emerge following its deletion
may be shaped by the intrinsic state of the cell.

A major finding of the present study is that TPC2 also
influences melanoma cell bioenergetics. Proteomic enrich-
ment of mitochondrial- and metabolism-associated catego-
ries urged us to evaluate the functional metabolic conse-
quences of TPC2 loss. The extracellular flux data showed
that the effect of TPC2 knockout on cellular bioenergetics
is again highly context dependent. In CHL-1 cells, TPC2
knockout reduced OCR under basal conditions and lowered
the OCR/ECAR ratio, indicating reduced mitochondrial
respiratory activity relative to extracellular acidification.
Notably, this was not accompanied by a major increase in
ECAR, suggesting that TPC2 loss in CHL-1 cells does not
simply induce a classical shift toward glycolysis, but rather
alters the overall balance of energy metabolism. However,
when glucose was removed from the medium, CHL-1 TPC2
KO cells increased OCR and displayed a higher OCR/ECAR
ratio, indicating greater reliance on oxidative metabolism
under nutrient stress. The enhanced oxidative adaptation of
CHL-1 TPC2 KO cells under glucose deprivation is in line
with previous work showing that TPC2 deficiency can alter
cancer-cell energy metabolism and favor oxidative metabo-
lism under glucose-free conditions (Miiller et al. 2021). This
pattern suggests that TPC2-deficient CHL-1 cells retain con-
siderable metabolic flexibility and can adapt to glucose limi-
tation by engaging mitochondrial respiration more strongly.

In B16 cells, the bioenergetic phenotype was different.
TPC2 knockout increased both OCR and ECAR under nor-
mal culture conditions, with a net increase in OCR/ECAR
ratio, consistent with a more energetically active phenotype
showing relative preference for oxidative metabolism. Under
glucose-free conditions, OCR increased in both WT and
KO cells, as expected when cells are forced to rely less on
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glycolytic substrate availability, but the OCR/ECAR ratio
was not markedly different between genotypes. These results
indicate that in B16 cells, TPC2 loss primarily promotes
a globally elevated bioenergetic state rather than a simple
directional switch between glycolysis and oxidative phos-
phorylation. Taken together, the Seahorse data indicate that
TPC2 modulates metabolic plasticity, but that the specific
consequences of its loss differ between melanoma models
(Al-Masri et al. 2021; Honigova et al. 2022).

The mitochondrial membrane potential results provide
important additional context for interpreting the bioenergetic
data. Under basal conditions, no major genotype-dependent
differences in MMP were detected in either CHL-1 or B16
cells. Under serum-deprivation stress, however, TPC2 KO
cells in both models preserved mitochondrial polarization
more effectively than WT cells. These findings do not imply
that TPC2 loss universally increases mitochondrial func-
tion at baseline. Rather, they suggest that TPC2 deficiency
enhances the ability of melanoma cells to maintain mito-
chondrial integrity under stress, potentially through altered
lysosomal signaling and mitochondria—lysosome crosstalk
(Deus et al. 2020; Ogunbayo et al. 2018). This interpretation
is consistent with the extracellular flux data, where mito-
chondria adapted to the metabolic challenge in both models.

The link between the enrichment analyses and the mito-
chondrial findings is biologically plausible. TPC2 is a lyso-
somal/endolysosomal ion channel with established roles in
ion homeostasis, vesicular trafficking, organelle communica-
tion, and calcium signaling (Deus et al. 2020; Grossmann
et al. 2021; Yuan et al. 2022; Zhu et al. 2010). These pro-
cesses are closely connected to mitochondrial regulation.
Mitochondria and lysosome-related organelles engage in
extensive bidirectional signaling that influences nutrient
sensing, autophagy, ROS handling, calcium flux, and met-
abolic adaptation (Deus et al. 2020; Nguyen et al. 2024;
Park et al. 2022; Zhang et al. 2016). Alterations in pathways
related to intracellular trafficking, organelle localization,
endosomal transport, and metabolism; therefore, provide a
reasonable molecular framework for the functional pheno-
types we observed. Importantly, the enrichment analyses do
not prove enhanced mitochondrial adaptation; rather, they
provide a mechanistic context for the functional evidence
from Seahorse and JC-1 assays. In this sense, the proteomic
and functional data are complementary: the former identifies
the pathways potentially perturbed by TPC2 loss, while the
latter demonstrates their physiological consequences.

The relationship between TPC2 and mTOR- and calcium-
dependent signaling may be particularly relevant in this
context. Previous studies have shown that TPC2 is func-
tionally linked to lysosomal nutrient sensing and to mTOR-
dependent regulation of cellular metabolic state (Cang et al.
2013; Chang et al. 2020). TPC2 has also been implicated
in NAADP-dependent and PI(3,5)P2-dependent signaling

(Yuan et al. 2022), further supporting a role in integrating
environmental cues with organellar responses. In addition,
prior work has connected TPC2 to melanoma cell migra-
tion, invasion, and melanin synthesis (Ambrosio et al.
2016; Netcharoensirisuk et al. 2021; Nguyen et al. 2017),
while other studies have demonstrated crosstalk between
calcium signaling and pro-tumorigenic pathways such as
Hippo/YAP/TAZ (Cunningham and Hansen 2022; Fu et al.
2022; Zhu et al. 2023). Our findings are compatible with a
model in which TPC2 loss modifies lysosomal signaling and
organelle cross-talk, thereby reshaping both the proteomic
landscape and the metabolic behavior of melanoma cells.
Whether the bioenergetic and mitochondrial phenotypes
observed here are mediated directly through altered lyso-
somal calcium release, mTOR signaling, autophagic flux,
or other pathways remains to be determined experimentally.
Although this study is strengthened by the use of two
biologically distinct melanoma models and by integrat-
ing proteomic and functional analyses, several limitations
should be acknowledged. First, this study relies on only two
cell lines, which cannot fully represent the biological het-
erogeneity of melanoma, especially given the divergent phe-
notypic responses observed between CHL-1 and B16 cells,
suggesting that therapeutic targeting of TPC2 may produce
context-dependent, potentially unintended consequences.
Second, although the enrichment analyses provide strong
pathway-level clues, they do not establish direct causal
links between specific proteins and the observed functional
phenotypes. Third, OCR/ECAR measurements provide an
informative overview of metabolic state, but ECAR should
be interpreted cautiously because extracellular acidification
can reflect both glycolysis-derived proton release and mito-
chondrial CO2 hydration (Mookerjee et al. 2015; Schmidt
et al. 2021). Finally, JC-1 measurements indicate preserva-
tion of membrane potential under stress, but, by themselves,
do not define the precise mechanisms responsible for this
effect. Future work should therefore extend these findings to
additional melanoma models, particularly in cell lines show-
ing similar phenotypic consequences of TPC2 loss, incor-
porate in vivo validation, and directly test the involvement
of candidate pathways such as mTOR, lysosomal calcium
signaling, autophagy, and Hippo/YAP/TAZ signaling.

5 Conclusions

Our study demonstrates that TPC2 knockout induces
marked but context-dependent effects in melanoma cells.
In both CHL-1 and B16 models, loss of TPC2 produced
distinct proteomic changes and pathway enrichment
profiles, indicating broad remodeling of cellular pro-
grams. Functionally, TPC2 deletion altered bioenergetic
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phenotypes in a cell line-specific manner, while con-
sistently preserving mitochondrial membrane potential
under stress in both models. Together, these findings
identify TPC2 as a regulator of melanoma cell plas-
ticity, metabolic adaptation, and mitochondrial stress
resilience. These results support further investigation
of TPC2 as a potential therapeutic target in melanoma,
while underscoring that its biological effects are highly
context-dependent.
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