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A B S T R A C T

The major cause of death in cancer patients is a combination of metastatic dissemination com-
bined with therapy resistance. Over recent years, intratumour phenotypic heterogeneity arising 
from the bi-directional interplay between plastic cancer cells and the microenvironment has been 
identified as key to disease progression. Most notably metastatic outgrowth and resistance to 
targeted therapies are frequently associated with activity of mTORC1, a key metabolic hub that 
promotes protein synthesis and proliferation in the presence of nutrients. Yet while the regulation 
of mTORC1 by amino acids and glucose availability is well characterized, whether other mech-
anisms are important in controlling mTORC1 and its downstream signalling is less well under-
stood. Here we show, using the murine B16-F0 melanoma cell line as a model, that mTORC1 
activity is decreased following the knockout (KO) of TPC1, a cation channel localised to early and 
recycling endosomes. Consequently, TPC1 KO melanoma cells exhibit reduced proliferation and 
invasiveness, as well as increased pigmentation associated with nuclear localisation of the MITF- 
related transcription factor TFEB. Our results demonstrate that the knockout of TPC1 has induced 
significant tumour-suppressive effects in melanoma, during which the altered activity of mTORC1 
and TFEB play the key roles. The results help us further understand the link between mTORC1 
and endolysosomal ion channels, and reveal that TPC1 controls melanoma progression and 
represents a potential therapeutic target.

1. Introduction

Beyond the initial genetic events that promote cancer initiation, it is increasingly recognised that tumour growth is accompanied by 
the generation of multiple different phenotypic states that can coexist. Each phenotype will share the same genetic driver mutations, 
but may exhibit profoundly different biological properties ranging from differentiation to proliferation, invasion, and dormancy [1]. 
Moreover, while therapy resistance in many cancers has been linked to genetic mutations, it is now also clear that some phenotypic 
states exhibit tolerance to treatments including targeted therapies and immunotherapies [2]. The generation of different phenotypes 
occurs because epigenetically plastic cancer cells adopt survival strategies in response to stresses encountered within their local 
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microenvironment, such as hypoxia, nutrient limitation, and inflammatory signalling [3]. Understanding how cells tailor their re-
sponses to stress and how this impacts invasion, metastatic dissemination and outgrowth is therefore a key issue.

Melanoma represents an excellent model to understand how the drivers and effectors of phenotype switching affect disease pro-
gression. In part, this is because of the identification of the microphthalmia-associated transcription factor (MITF), a key regulator of 
many aspects of melanoma biology, including metabolism, whose expression and activity marks different phenotypic states; low MITF 
is associated with invasion, but high MITF is tied to either proliferation, or differentiation characterized by production of the pigment 
melanin and melanosomes. As such, microenvironmental stresses that promote invasion also lead to down-regulation of MITF, both 
transcriptionally and through suppression of its translation via phosphorylation of the translation initiation factor eIF2α downstream 
from the integrated stress response [4,5].

In addition to controlling genes linked to differentiation and proliferation, MITF has also been implicated in regulation of endo-
lysosomal and lysosomal biogenesis, the v-ATPase complex, and autophagy, raising the possibility of feedback from endosomes and 
lysosomes to MITF expression [6]. One way this might be achieved is via the activity of the mammalian target of rapamycin complex 1 
(mTORC1) that senses amino acids at the lysosome surface, to promote protein synthesis and suppress autophagy. mTORC1 activity is 
frequently associated with resistance to targeted therapies and phosphorylates the MITF-related factor, transcription factor EB (TFEB), 
that is then retained in the cytoplasm [7]. Although the role of TFEB in melanoma is poorly understood, its expression can suppress that 
of MITF, providing a mechanistic link whereby inhibition of mTORC1 can reduce MITF expression [8]. However, whether other 
lysosome or endosome-associated proteins can also regulate MITF or its related factors is not known.

Two-pore channels (TPC) are a group of cation channels located on the surface of the endolysosomal system that are permeable 
primarily to Ca2+, Na+ and H+, and contribute to intracellular Ca2+ signalling [9,10]. In humans and most rodents, there are two 
isoforms, TPC1 and TPC2 (encoded by the TPCN1 and TPCN2 genes in human, and Tpcn1 and Tpcn2 genes in mice) [11]. TPC1 is more 
prevalent in early and late endosomes, while TPC2 is predominantly found in lysosomes [12]. Significantly, TPCs have been implicated 
in a wide range of diseases, including melanoma and other types of cancer [13], and recent gene expression analysis showed that the 
levels of TPC2 mRNA transcripts were upregulated in two melanoma cell lines [5]. In addition, TPC2 is important in melanoma 
progression since a TPC2 knock-out in CHL-1 melanoma cells promoted invasiveness and increased metastatic potential [14]. In 
contrast, a different study showed the opposite, namely that TPC2 knockout (KO) in MNT-1 cells reduced their aggressiveness [15]. A 
notable difference between these two cell lines is that CHL-1 is MITFLow and has lost its melanin-producing ability, while MNT-1 is 
MITFHigh and retains its melanotic potential [16]. In the MNT-1 study, melanogenesis was elevated by TPC2 KO [15] suggesting that it 
could regulate MITF activity. However, the potential role of TPC1 in melanoma remains unknown.

Here, for the first time, we explore the role of TPC1 in melanoma progression, using wild-type (WT) and TPC1 KO melanoma cells to 
investigate the effect of TPC1 loss of function on molecular and cellular parameters associated with melanoma tumourigenesis and 
metastasis.

2. Materials and methods

2.1. Cell culture

B16-F0 cells (WT, TPC2 KO) were obtained from a previous study [14]. Cells were cultured in DMEM medium (with L-glutamine) 
(Gibco, 11995-065), which was supplemented with 10 % foetal bovine serum (FBS) and antibiotics (100 U/mL penicillin, 100 μg/mL 
streptomycin). Cells were maintained at 37 ◦C with 5 % CO2 and humidity. Absence of mycoplasma contamination was checked by 
PCR on a monthly basis (primer sequence: forward GGGAGCAAACAGGATTAGATACCCT, reverse 
TGCACCATCTGTCACTCTGTTAACCTC).

2.2. CRISPR/Cas9

The sgRNAs for CRISPR/Cas9 gene editing were designed using the Synthego CRISPR Design Tool (https://design.synthego.com) to 
minimise off-target effects. sgRNA (sequence: CCACAGCAUCCACAACUCCC) and S. pyogenes Cas9 nuclease (Synthego) were mixed 
and transfected into cells in suspension using CRISPRMAX™ Reagent (Invitrogen™, CMAX00003). The number of cells and the ratio 
between sgRNA and Cas9 (which ranged from 1:1 to 9:1) were optimised to maximise efficiency. Following transfection, DNA was 
extracted from the cells using a Wizard® Genomic DNA Purification Kit (Promega, A1120), and the edited region of Tpcn1 gene was 
amplified by PCR (primer sequence: forward GCACATGGACAGACTGACCA, reverse CCGGGCACACAAGTTCCTAT). The PCR products 
were purified with ExoSAP-IT™ Reagent (Applied Biosystems™, 78201), and then sequenced with a 3730xl DNA Analyzer (Applied 
Biosystems™). The sequencing data was analysed using an ICE CRISPR Analysis Tool (Synthego, https://ice.synthego.com) for indel 
and KO scores. Cells with high KO scores were sorted into single cells using FACSAria™ III Cell Sorter (BD Biosciences) for clonal 
expansion.

2.3. RT-qPCR

RNA purification was performed using a GeneJET RNA Purification Kit (Thermo Scientific™, K0731), and the extracted RNA was 
converted to cDNA with a High-Capacity RNA-to-cDNA™ Kit (Applied Biosystems™, 4387406). For qPCR, the cDNA template was 
mixed with primers and PowerUp™ SYBR™ Green Master Mix (Applied Biosystems™, A25742), and was run with LightCycler® 480 
System (Roche®). A thermocycle consisted of UDG activation at 50 ◦C for 2 min, DNA polymerase activation at 95 ◦C for 2 min, and 40 
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cycles of DNA amplification (DNA denaturation at 95 ◦C for 15 s and annealing/extension at 60 ◦C for 1 min). GAPDH and β-actin were 
used as internal controls, and their geometric means were used to quantify cDNA of interest following the 2− ΔΔCt methAod [17]. The 
primer sequences were as below:

Primers:
TPC1 F: 5′-TCCAAGGCCTTCCAGTATTTC -3′
R: 5′-CTCCACCAGGATCCAGACAC-3’
TPC2 F: 5′-GAGCTCTGCATAGACCAGGCTGTGG-3′
R: 5′-CCAGGAAGGCAAGCAAGCAGAACGC-3’
Total MITF F: 5′-CGTGTATTTTTCCCACAGAGTC-3’
R: 5′-GCTCCTTAATGCGGTCGTTTA-3’
MITF-A F: 5′-GCGGATTTCGAAGTCGGGGAGG-3′
MITF-B F: 5′-GAGTGCCATGCCGTGCCTTGAT-3′
MITF-C F: 5′-TTTTCCCACCAGCTGATTCCTCTA-3′
MITF-D F: 5′-GTTGGGACCTGACAGGCTCTGAATACAG-3′
MITF-E F: 5′-GGAAGATTAAGCCCAGTGAGGTT-3′
MITF-H F: 5′-GGGCTTGCAGAACACCTTAAAGG-3′
MITF-J F: 5′-TCTCGCCGTGTCTCTGGGCATC-3′
MITF-Mc F: 5′-ACACAAGCCCTACCTCAGAACC-3′
Universal MITF Reverse (except MITF-M)
R: 5′-GCACGCTGACGTTTATGGCTGG-3′
MITF-M F: 5′-TATGGTGCCTTCTTTATGCC-3′
R: 5′-AGCATAGCAAGGTTTCAGG-3′
Tyr F: 5′-CAAAGGGGTGGATGACCGTG-3′
R: 5′-AACTTACAGTTTCCGCAGTTGA-3′
Tyrp1 F: 5′-CCCCTAGCCTATATCTCCCTTTT-3′
R: 5′-TACCATCGTGGGGATAATGGC-3′
Dct F: 5′-TTCCCCGAGTCTGCATGAC-3′
R: 5′-TGCATGTCCGGTTGAAGAATTT-3′
Raptor F: 5′-CTGCCCTTGCCAGATGAGAA-3′
R: 5′-CAGGCCTGGAGGGGTAGATA-3′
β-actin F: 5′-GTGACGTTGACATCCGTAAAGA-3′
R: 5′-GCCGGACTCATCGTACTCC-3′
GAPDH F: 5′-GGAGCGAGATCCCTCCAAAAT-3′
R: 5′-GGCTGTTGTCATACTTCTCATGG-3′

2.4. Western blot

For protein extraction, the cells were lysed in RIPA lysis buffer (Thermo Scientific™, 89900), supplemented with a protease and 
phosphatase inhibitors cocktail, and then centrifuged at 14,000 g for 15 min at 4 ◦C. The supernatant containing dissolved protein was 
kept, and the concentration was quantified using a bicinchoninic acid (BCA) assay (Sigma-Aldrich, B9643). For the Western blot, 25 μg 
denatured protein was separated by TGX™ Protein Gel (Bio-Rad, 4561094) and transferred to a PVDF membrane. The membrane was 
incubated with the following primary antibodies at 4 ◦C overnight: anti-TPC1 (1:1000, LSBio, LS-C110014), anti-MITF (1:1000, 
Abcam, ab12039), anti-Raptor (1:1000, Cell Signaling Technology, 2280), anti-S6K (1:1000, Abcam, ab32529), anti-pS6K (1:1000, 
Cell Signaling Technology, 9204), and anti-TFEB (1:1000, Cell Signaling Technology, 83010). Anti-β-actin (1:1000, Cell Signaling 
Technology, 3700) and anti-GAPDH (1:1000, Cell Signaling Technology, 97166) were incubated with the membrane at room tem-
perature for 1 h as loading controls. Secondary antibodies against relevant species were used as follows: anti-rabbit (1:2500, Abcam, 
ab216773) and anti-mouse (1:2500, Abcam, ab216778). The membrane was imaged by Odyssey® M Imaging System (LI-COR) and the 
blots were analysed by Fiji/ImageJ (version 1.54c) [18].

2.5. Immunocytochemistry

Cells were seeded onto sterilised coverslips which were pre-coated with poly-D-lysine. When the cells reached 70 %–80 % con-
fluency, the coverslips were removed and washed. The cells were then fixed with paraformaldehyde (4 % in PBS) for 10 min and 
permeabilised with Triton X-100 (0.1 % in PBS) for another 10 min. Bovine serum albumin (BSA) (1 % in PBST) was used to block the 
coverslip for 1 h. Then the coverslips were incubated with anti-MITF (1:100, Cell Signaling Technology, 97800) or anti-TFEB (1:100, 
Cell Signaling Technology, 83010) primary antibodies at 4 ◦C overnight in a humidified chamber. On the second day, Alexa Fluor™ 
546-conjugated anti-rabbit (1:1000, Invitrogen™, A11071) secondary antibodies were used to incubate the coverslips at room tem-
perature for 1 h. After extensive washing, the coverslips were mounted on microscope slides with ProLong Gold Antifade Reagent (with 
DAPI) (Invitrogen™, P36935). The image was captured by Zeiss LSM 710 Confocal Microscope and quantified with Fiji/ImageJ 
(version 1.54c) by measuring the fluorescence intensity after being normalised to background [18].
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2.6. Cell proliferation assay

Cell viability was determined using both a direct cell counting assay and an MTT assay [19]. For cell counting, cells were tryp-
sinised and stained with Trypan blue, and were counted using a Countess™ Automated Cell Counter (Invitrogen™). For the MTT assay, 
cells were seeded into 96-well plates at a density of 2,000 cells/well. Upon measurement, the cells were incubated with 10 % MTT salt 
for 4 h. Then DMSO was used to dissolve the yielded formazan salt. The colourimetric absorbance was measured at 595 nm using a 
Sunrise™ Microplate Reader (TECAN). Day 0 viability was also measured to calibrate the error due to initial seeding numbers.

2.7. Melanin and tyrosinase activity

For extracellular melanin release, cells were seeded into 24-well plates with 50,000 cells/well in colourless DMEM medium (Gibco, 
31053-028). Upon measurement, the medium was transferred into 96-well plates for absorbance measurement at 405 nm using a 
Sunrise™ Microplate Reader (TECAN). Day 0 viability was measured using an MTT assay to calibrate the error due to initial seeding 
numbers.

For intracellular melanin content, the protein was extracted and quantified as described above. Then the centrifugation pellet was 

Fig. 1. The generation of TPC1 KO B16-F0 cell models. (A) The location of exon 3 in the murine Tpcn1 transcript. (B) A schematic illustration of the 
CRISPR design and the sequence of the sgRNA. (C) Analysis of editing efficiency of possible TPC1 KO cell colonies (n = 3). Indel indicates the 
percentage of edited DNA, and KO scores indicate effective KO (i.e. frameshift or large insertion/deletion). Colonies M2G8 and M3G8 showed 
consistently high KO scores. (D–E) Levels of Tpcn1 and Tpcn2 mRNA expression in potential TPC1 KO cell lines as assessed by RT-qPCR (n = 3). 
Colony M3G8 showed a significant drop of the level of Tpcn1 transcription compared to WT cells while the level of Tpcn2 transcription was not 
affected. **p < 0.01, ***p < 0.001, one-way ANOVA with Dunnett’s test. (F) TPC1 protein was not detected in the M3G8 colony. (G) Given all the 
results above, colony M3G8 was chosen for further study. Sanger sequencing showed that the codon sequence had been altered by CRISPR. (H) 
Compared with WT or TPC2 KO B16-F0 cells, TPC1 KO cells have similar morphological properties.
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collected, and heated in 1M NaOH (in 10 % DMSO) at 80 ◦C for 2 h. After cooling down to room temperature, the absorbance of the 
solution was measured at 405 nm using a Sunrise™ Microplate Reader (TECAN). The absorbance was compared to a calibration curve 
to determine protein concentration.

For tyrosinase activity, 100 μg of extracted protein was taken and diluted in 100 μL PBS. 50 μL of 15 mM L-dopa was added to the 
diluted protein, and the mixture was incubated at 37 ◦C for 30 min to obtain a colour change. After cooling down to room temperature, 
the absorbance of the solution was measured at 495 nm on a Sunrise™ Microplate Reader (TECAN).

2.8. Cell migration and invasiveness

For the wound healing assay, cells were seeded into 6-well plates at a density of 3 × 105 cells/well. Mitomycin (10 μg/mL) was 
added to inhibit cell proliferation. After the cells formed a confluent monolayer, 200 μL pipette tips were used to make a straight 
scratch (the “wound”) in the middle of the wells. Images of cells were captured using an EVOS™ FL Auto 2 Imaging System (Invi-
trogen™) to record the area of the wound at different time points. The area of the wound was quantified by Fiji/ImageJ (version 1.54c) 
[18].

For the transwell migration assay, 5 × 105 cells were loaded into a transwell insert (8 μm pore size) (Sarstedt, 83.3930.800) with 2 

Fig. 2. TPC1 KO increased the production of melanin in B16-F0 cells. (A) The colour of DMEM medium when the cells reached confluency. From top 
to bottom: WT, TPC1 KO, TPC2 KO. (B) A microscopic view of confluent cell culture. TPC1 KO cells had more melanin aggregates. (C) The mea-
surement of extracellular release in colourless DMEM medium (n = 3). After 72 h, TPC1 KO cells began to show substantially increased melanin 
release. **p < 0.01, ***p < 0.001, ****p < 0.0001, two-way ANOVA with Tukey’s test. (D) The level of intracellular melanin content (n = 3). TPC1 
KO cells had more melanin within the cells. **p < 0.01, ***p < 0.001, one-way ANOVA with Dunnett’s test. (E) Increased level of tyrosinase activity 
in TPC1 KO cells (n = 3). **p < 0.01, t-test. (F) Increased levels of Tyr, Tyrp1, and Dct mRNAs in TPC1 KO cells (n = 3). ****p < 0.0001, t-test.
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μL serum-free DMEM medium. The inserts were then placed in 6-well plates with 2 μL complete DMEM medium per well as a che-
moattractant. After incubation at 37 ◦C for 24 h, all medium was removed, and the transwell inserts were carefully washed twice in 
PBS. Then paraformaldehyde (4 % in PBS) was applied to fix the cells at room temperature for 2 min. Gram’s crystal violet solution 
(1:200 diluted in 20 % methanol) was used to stain the cells at room temperature for 10 min. After proper washing, non-migrated cells 
at the top surface of the transwell inserts were gently scraped off by cotton swabs. The images of migrated cells were captured using an 
EVOS™ FL Auto 2 Imaging System (Invitrogen™). For quantification, 33 % acetic acid was used to elute Gram’s crystal violet on a 
shaker for 10 min, and the eluants were collected for absorbance reading at 595 nm using a Sunrise™ Microplate Reader (TECAN).

For the transwell invasion assay, the same steps were followed, except that the top surface of transwell inserts were pre-coated with 
500 μL ECM gel (0.5 mg/mL in serum-free DMEM medium) (Sigma-Aldrich, E1270).

Fig. 3. TPC1 KO reduced the rate of proliferation, migration and invasiveness of B16-F0 cells. (A–B) Rate of proliferation as assessed by a cell 
counting assay and an MTT assay (n = 6). TPC1 KO cells showed significantly reduced proliferation rates. **p < 0.01, ***p < 0.001, ****p <
0.0001, two-way ANOVA with Tukey’s test. (C) Rate of cell migration as assessed by wound healing assay (n = 4). TPC1 KO cells recovered the 
wound at a slower rate. ***p < 0.001, ****p < 0.0001, two-way ANOVA with Tukey’s test. (D) Rate of cell migration within 24 h as assessed by 
transwell assay (n = 3). Less TPC1 KO cells were able to migrate across the transwell after 24 h, compared with WT and TPC2 KO cells. **p < 0.01, 
one-way ANOVA with Dunnett’s test. (E) An assessment of cell invasiveness within 24 h (n = 3). ECM gel was coated onto transwells, and TPC1 KO 
cells showed reduced ability of breaking ECM while TPC2 KO cells exhibited the opposite characteristic. *p < 0.1, **p < 0.01, ***p < 0.001, one- 
way ANOVA with Dunnett’s test.
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2.9. Statistics

All data were presented as mean with SD. Depending on the nature of the data, student’s t-test, one-way ANOVA or two-way 
ANOVA (with post-hoc Tukey tests) were used as appropriate. P values were reported as ns (P > 0.05), * (P ≤ 0.05), ** (P ≤ 0.01), 
*** (P ≤ 0.001) and **** (P ≤ 0.0001). GraphPad Prism (version 9.2.0, GraphPad Software) was used to analyse and present the data.

3. Results

3.1. Expression of TPC1 abolished in B16-F0 cells

In order to generate a TPC1-deficient cell model, we exploited CRISPR/Cas9 gene editing to knock out the Tpcn1 gene in mouse 

Fig. 4. MITF and TFEB are hyperactive in TPC1 KO B16-F0 cells, as a result of downregulated mTORC1 complex activity. (A) The mRNA levels of 
MITF and its isoforms (n = 3). In TPC1 KO cells, the mRNA transcript levels of total MITF and isoforms E, H and M were upregulated. *p < 0.1, **p 
< 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA with Dunnett’s test. (B) The protein level of MITF (n = 3). MITF-M has a smaller molecular 
weight than other isoforms, which makes it differentiable by Western blot. TPC1 KO cells had more MITF-M protein expressed. (C) The protein level 
of TFEB (n = 3). TFEB was overexpressed in TPC1 KO cells. (D–E) The protein and mRNA level of Raptor, a mTORC1-specific subunit (n = 3). Raptor 
was downregulated in TPC1 KO cells. *p < 0.1, one-way ANOVA with Dunnett’s test. (F) The level of total and phosphorylated S6 kinase. The 
intracellular phosphorylation of S6 kinase is exclusively achieved by mTORC1. Here TPC1 KO cells showed reduced phospho-S6 kinase signal, 
indicating mTORC1 was hypoactive. (G) Intracellular localisation of MITF (n > 20). MITF were more localised to the nucleus in TPC1 KO cells. ***p 
< 0.001, ****p < 0.0001, one-way ANOVA with Dunnett’s test. (H) Intracellular localisation of TFEB (n > 20). TFEB were more localised to the 
nucleus in TPC1 KO cells, and showed an increased fluorescence intensity in TPC1 KO cells. **p < 0.01, one-way ANOVA with Dunnett’s test.
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B16-F0 melanoma cells. A single guide RNA (sgRNA) was designed to target exon 3 to ensure that a CRISPR-induced codon frameshift 
could sufficiently disrupt all downstream translation (Fig. 1A and B). This meant that the truncated isoform, Tpcn1B, which lacks 
complete exons 1 and 2 [20], would also be knocked out. Following CRISPR/Cas transfection, single cell sorting and clonal expansion, 
a few single cells developed into colonies and showed reasonable levels of indel (insertion or deletion of bases) or KO scores (an indel 
that results in a frameshift or has more than 30 bases inserted/deleted) (Fig. 1C). Among these colonies, M3G8 showed consistently 
high indel and KO scores. Further investigation also showed that in this colony the level of Tpcn1 mRNA decreased by 50 % and the 
encoded TPC1 protein was undetectable by Western blot (Fig. 1D and F). To examine the specificity of gene editing and potential 
compensatory expression by TPC2, we checked the level of Tpcn2 mRNA in the M3G8 colony, and confirmed that TPC1 KO did not 
affect the expression of TPC2 (Fig. 1E). Given the evidence, we chose colony M3G8 for future study. Morphologically, these TPC1 KO 
cells did not exhibit any significant differences from WT or TPC2 KO cells (Fig. 1H).

3.2. TPC1 KO increases melanogenesis

Following the generation of TPC1 KO B16-F0 cells, one of the most notable phenotypic changes in the KO cells was that both the 
culture medium (Fig. 2A) and the cells (Fig. 2B) showed increased pigment accumulation. The level of extracellular melanin was 
measured by seeding cells in a 96 well plate in colourless medium to eliminate any interference from phenol red, and the medium 
colour change determined by measuring absorbance over time at 405 nm. Initially, there was no significant difference due to the 
relatively low cell numbers. After 48 h, however, TPC1 KO cells began to show drastically more melanin release into the medium, and 
this trend continued for the rest of the experiment (Fig. 2C). To further investigate the source of the increased melanin release, we next 
measured the level of intracellular melanin. We found that TPC1 KO cells also showed significantly higher intracellular melanin levels, 
which were around three times that in WT and TPC2 KO cells (Fig. 2D). These findings indicate that the increased melanin release was 
most likely due to increased melanin synthesis. To verify this, we measured the activity of tyrosinase (Tyr) in the protein extracts. As 
the principal enzyme for melanin synthesis, tyrosinase converts L-tyrosine to an intermediate product, L-dopa, and then to different 
types of melanin [21]. We added L-dopa to cell protein extracts and measured the colour change. This analysis showed that the 
tyrosinase activity was higher in TPC1 KO cells than in WT or TPC2 KO cells (Fig. 2E). Furthermore, RT-qPCR analysis showed that the 
level of Tyr mRNA transcripts was also upregulated, as were the mRNAs encoding the accessory proteins that are required for Tyr 
activity, Tyrp1 and Dct (Fig. 2F). Collectively these findings show that loss of TPC1 leads to increased melanogenesis in B16-F0 cells.

3.3. TPC1 KO cells show decreased proliferation, migration and invasiveness

Since previous studies have suggested that TPC2 KO has an impact on melanoma aggressiveness [14,15], we also examined the 
influence of TPC1 KO on tumourigenic and metastatic parameters. First, we assessed the rate of proliferation using both a cell counting 
assay and an MTT assay [19]. Compared with WT and TPC2 KO cells, TPC1 KO cells showed a much lower rate of proliferation, 
especially at early times. (Fig. 3A and B). Next we measured the migratory and invasive ability of the cells by a scratch wound-healing 
assay and a transwell assay respectively. In both assays TPC1 KO cells showed attenuated migration/invasion: in the wound healing 
assay it took longer for TPC1 KO cells to repair the wound (Fig. 3C), and in the transwell assay fewer TPC1 KO cells were able to 
migrate through the pores compared with WT and TPC2 KO cells (Fig. 3D). The increased potential for invasion associated with cells 
lacking TPC1 was reflected in their decreased ability to invade by breaking down a layer of extracellular matrix (ECM) gel applied to 
the transwell (Fig. 3E). In this assay, we observed that TPC2 KO cells also showed increased invasiveness. Our findings suggest that 
TPC1 KO B16-F0 cells might have reduced metastatic potential. In summary, the loss of TPC1 in B16-F0 cells was associated with a 
tumour-suppressor effect, with TPC1 KO significantly delaying cell growth, migration, and invasiveness.

3.4. Upregulation of TFEB is associated with TPC1 KO

To further investigate the underlying molecular mechanisms of the phenotypic changes in TPC1 KO B16-F0 cells, we first measured 
the level of MITF, a key coordinator of melanocyte and melanoma cell growth, migration, invasion, melanin production, and cell 
survival [4]. To date, more than 10 different isoforms of MITF have been identified, among which the melanocyte-specific MITF-M 
protein plays particularly key roles in regulating cellular events [22]. By performing RT-qPCR using isoform-specific primers we 
detected overexpression of total MITF, MITF-E, MITF-H, and importantly, MITF-M, in TPC1 KO cells compared to WT (Fig. 4A). By 
contrast expression in TPC2 KO cells was similar to that in WT cells. MITF-C and MITF-Mc are specific to other cell types and were not 
detected [23,24]. Uniquely, MITF-M has a reduced molecular weight, which has made it differentiable by Western blot [25], owing to a 
smaller exon 1 compared with other isoforms. We took advantage of this property and detected a minor increase in expression of 
MITF-M at the protein level in TPC1 KO cells (Fig. 4B). MITF is a member of a family of closely related transcription factors that 
includes TFEB, a known regulator of MITF expression [8]. We therefore also asked whether TFEB expression was affected in TPC1 KO 
cells. Compared to WT cells, western blotting revealed up-regulation of TFEB protein levels in TPC1 KO cells, but not in cells lacking 
TPC2 (Fig. 4C). Both TFEB and non-MITF-M MITF isoforms are regulated by the mammalian target of rapamycin complex 1 (mTORC1), 
a key metabolic hub that is activated at the surface of the lysosome in the presence of amino acids. In nutrient rich conditions, mTORC1 
phosphorylates TFEB and non-MITF-M MITF isoforms which prevents them from entering the nucleus [7]. To investigate whether 
changes in mTORC1 activity might be the cause of MITF and/or TFEB hyperactivity in TPC1 KO cells, we examined the level of Raptor, 
an mTORC1-specific subunit protein [26]. We found that Raptor was downregulated in TPC1 KO cells, but not in cells lacking TPC2, at 
both the mRNA and protein level (Fig. 4D and E). We therefore examined by western blotting the phosphorylation status of S6 kinase, a 
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key mTORC1 target commonly used as an indicator of mTORC1 activity [27]. Compared to WT or TPC2 KO cells, we observed a 
decrease of phosphorylated S6 kinase in TPC1 KO cells (Fig. 4F). Collectively, these data imply that the activity of mTORC1 is sup-
pressed in TPC1 KO cells. To verify that changes in mTORC1 activity are correlated with changes in the intracellular localisation of 
MITF and TFEB, we further performed immunofluorescence on these two proteins, and found that in TPC1 KO cells both showed higher 
levels of nuclear localisation than in WT or TPC2 KO cells (Fig. 4G and H). This further suggests that TFEB and MITF are more active as 
transcription factors in cells lacking TPC1.

4. Discussion

A feature of MITF is that its functions are correlated with its level of expression, which is known as the “rheostat model”: in the low 
state, it triggers cell senescence; in the intermediate state, it upregulates the expression of genes that control cell proliferation, 
migration, and invasiveness; and in the high state, melanoma cells tend to produce more melanin and show increased differentiative 
traits [5,28]. Our findings in this study show that TPC1 KO B16-F0 cells have increased levels of MITF and melanin, and reduced 
proliferation, migration, and invasiveness, indicating that knockout of TPC1 switches MITF from an intermediate to a high state. We 
also demonstrated the downregulation of mTORC1 activity in TPC1 KO cells which would lead to increased nuclear accumulation of 
TFEB, an MITF-related factor that binds and regulates similar genes to MITF.

Interestingly, as the key isoform in melanocytes, MITF-M is not regulated by mTORC1 due to it lacking an N-terminal motif 
responsible for lysosomal targeting that is conserved in other isoforms [8]. Nonetheless, a recent finding indicated that MITF-M 
expression is closely mediated by TFEB [8], and thus mTORC1 might still exert influence on MITF-M via an indirect mechanism 
involving TFEB. The functions of TFEB are closely related to lysosome biology, including lysosomal biogenesis, homeostasis, and 
autophagy [29]. The roles of TFEB have been described in various types of cancer [30]. In melanoma, it was shown that TFEB could be 
upregulated by inhibiting mutated BRAFV600E, which, in line with our observations in TPC1 KO cells, led to a tumour-suppressor effect 
[31]. Considering the high prevalence of the BRAFV600E mutation (around 50 % in all melanoma cases) [32], our work provides new 
insights into the molecular mechanisms of BRAFV600E-induced oncogenesis, as well as providing a novel approach for targeted mel-
anoma treatment.

As a lysosome-bound protein complex, mTORC1 is mainly involved in energy metabolism, nutrient processing, and redox ho-
meostasis [33]. Previous work has indicated that mTORC1 could have a crosstalk with TPCs. However, the detailed mechanism is still 
unclear as existing pieces of evidence are controversial. In some studies, mTORC1 was able to participate in TPC activation [34,35], 
while ATP-dependent mTORC1-induced TPC inhibition has also been observed [36]. Another study showed that TPC2 could in turn 
trigger mTORC1 activation [37]. Therefore one could draw the conclusion that mTORC1 indeed has crosstalk with TPC, but how 

Fig. 5. A hypothesised pathway of the tumour suppressor effect of TPC1 KO in B16-F0 cells. The loss of TPC1 attenuates the activity of the mTORC1 
complex, which mitigates the phosphorylation-induced inhibition on TFEB. On the one hand, this further elevates the level of MITF-M in the nu-
cleus. On the other hand, other MITF isoforms whose activity is directly inhibited by mTORC1 are also released from this inhibition. Collectively 
these effects boost the nuclear activity of MITF, which switches the MITF “rheostat” from “intermediate” to “high” state. Thus the TPC1 KO cells 
appear to produce more melanin while showing decreased proliferative, migrative and invasive abilities. The image was created with BioRender.
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exactly it works has remained unclear. Here based on our findings we hypothesise that the loss of TPC1 in B16-F0 cells has attenuated 
the activity of mTORC1 and subsequently hyperactivated MITF due to reduced phosphorylation. It was already shown that hyper-
activated MITF could in turn stabilise MITF per se through the Wnt signalling pathway, forming a positive feedback loop [38]. 
Eventually the increased MITF and TFEB stimulate a series of cell events that lead to a tumour-suppressive state (Fig. 5). In summary, 
we suggest that TPC1 could regulate melanoma progression via the mTORC1-TFEB-MITF axis, which may provide a novel connection 
between cancer progression, autophagy, melanin production, energy metabolism, and Ca2+ homeostasis.

Another interesting finding in this study was the behaviour of TPC2 KO cells. In most of our assays TPC2 KO cells showed similar 
traits to WT cells, except that they exhibited increased invasiveness, which is in line with the discovery made previously by us about the 
effect of TPC2 KO in CHL-1 cells [14]. Nonetheless, there are notable differences between our findings here about the effect of TPC2 KO 
in B16-F0 cells, and our previous findings, namely that the TPC2 KO CHL-1 cells also had increased adhesive properties and over-
expression of MITF [14]. On the other hand, the findings of another previous study into the effects of TPC2 KO in MNT-1 cells, which 
showed increased MITF and melanin, and decreased invasiveness [15], are very similar to our findings here regarding the effects of 
TPC1 KO in B16-F0 cells, although we did not see such significant changes in our TPC2 KO B16-F0 cells. A major difference between 
B16-F0 and MNT-1 cell lines is that B16-F0 cells were derived from a primary tumour while MNT-1 originated from metastatic samples. 
Our previous study of mouse embryonic fibroblasts (MEFs) showed that TPC1 has an absolute level of mRNA expression that is much 
greater than that of TPC2 [39,40], and this might explain why we did not see significant changes in TPC2-deficient B16-F0 cells due to 
the relatively smaller expression of TPC2 compared to that of TPC1. In MNT-1 cells, however, TPC2 has been reported to be over-
expressed [5], which as a result might have amplified the effect of TPC2 KO. As in the case of TPC2 KO CHL-1 cells, it would be worth 
checking the base level of MITF (i.e. its overexpression might still be at intermediate level), especially given the fact that CHL-1 cells 
have completely lost the ability to produce melanin. Also, previously we attributed the increased aggressiveness of CHL-1 TPC2 KO 
cells to the HIPPO pathway [14], which is completely independent from the mTORC1-TFEB-MITF axis. One should also note that 
TPC2, but not TPC1, is found on melanosomes and could directly affect melanogenesis, which would make the roles of TPC2 more 
complicated [41]. In summary, given the difference in distribution and level of expression, TPC1 and TPC2 might behave in distinct 
ways during the oncogenesis of melanoma, and we have for the first time revealed the significance of TPC1 in this process. Our findings 
therefore show that both TPC1 and TPC2 represent potential biomarkers and therapeutic targets for the diagnosis and treatment of 
melanoma, and also other types of cancer.

The major limitation of this study is that the roles of TPC1 in melanogenesis and tumourigenesis could be further validated in more 
types of cell or animal models, or using rescue assays to recover the phenotypes by expressing exogenous TPC1 or modulating mTORC1 
with pharmacological inhibitors. Additionally, the hypothetic mTORC1-TFEB-MITF pathway would benefit from extra validation 
work, as the rheostat model of MITF per se is also controversial. The detailed mechanisms by which mTORC1 upregulates MITF and 
TFEB should also be further investigated and elucidated.
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