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Abstract

The ion channel two‐pore channel 2 (TPC2), localised on the membranes of acidic

organelles such as endo‐lysosomes and melanosomes, has been shown to play a role in

pathologies including cancer, and it is differently expressed in primary versus metastatic

melanoma cells. Whether TPC2 plays a pro‐ or anti‐oncogenic role in different tumour

conditions is a relevant open question which we have explored in melanoma at different

stages of tumour progression. The behaviour of primary melanoma cell line B16F0 and its

metastatic subline B16F10 were compared in response to TPC2 modulation by silencing

(by small interfering RNA), knock‐out (by CRISPR/Cas9) and overexpression (by mCherry‐

TPC2 transfected plasmid). TPC2 silencing increased cell migration, epithelial‐to‐

mesenchymal transition and autophagy in the metastatic samples, but abated them in

the silenced primary ones. Interestingly, whileTPC2 inactivation failed to affect markers of

proliferation in both samples, it strongly enhanced the migratory behaviour of the

metastatic cells, again suggesting that in the more aggressive phenotype TPC2 plays a

specific antimetastatic role. In line with this, overexpression of TPC2 in B16F10 cells

resulted in phenotype rescue, that is, a decrease in migratory ability, thus collectively

resuming traits of the B16F0 primary cell line. Our research shows a novel role of TPC2 in

melanoma cells that is intriguingly different in initial versus late stages of cancer

progression.

K E YWORD S
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1 | INTRODUCTION

TPC2, a member of the ubiquitous two‐pore channel family, is a sodium/

calcium channel present on the membrane of acidic organelles such as

endosomes, lysosomes and melanosomes (lysosome‐related organelles)

(Ambrosio et al., 2016). It is conserved from invertebrates to humans and

has been shown to control diverse physiological functions (Webb

et al., 2020), that include fertilization, neuromuscular differentiation,

osteoclastogenesis, pancreatic acinar secretion and skin pigmentation

(Bellono et al., 2016). At the cellular level, TPC2 has been shown to
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control basic functions such as autophagy and vesicular trafficking

(Kondratskyi et al., 2018; Sun & Yue, 2018), the latter being shown to be

involved in infections by viruses (Chao et al., 2023; Chen et al., 2022)

such as Ebola virus (Sakurai et al., 2015), SARS‐CoV, SARS‐CoV‐2

(Clementi et al., 2021) and MERS‐CoV (Gunaratne et al., 2018). Evidence

for TPC2 roles in mammalian pathology has been accumulating, showing

its involvement in Parkinson's disease (Krogsaeter et al., 2022),

neoangiogenesis (Favia et al., 2014, 2016; Minicozzi et al., 2023; Pafumi

et al., 2017) and a number of cancers (Barbonari et al., 2022), including

breast cancer (Nguyen et al., 2017), hepatocellular carcinoma (HCC)

(Müller et al., 2021), leukaemia (Geisslinger et al., 2022) and malignant

melanoma (D'Amore et al., 2020). The pigment‐producing melanocyte is a

cell type particularly rich inTPC2, which is expressed on the membrane of

its melanin‐containing acidic organelles, the melanosomes. TPC2 plays a

role in skin and hair pigmentation, mediating changes from black/brown

to blond colour, through modification of the pH and the size of the

melanosomes, which control the production of melanin in melanocytes

(Chao et al., 2017). Melanin pigments are also regulated in melanoma

tumour cells, such as in the MNT‐1 cell line, in which the knock‐out and

the overexpression of this channel is correlated with different amounts of

melanin content. In particular, in MNT‐1 cells the expression of TPC2 is

inversely correlated with the production of melanin (Ambrosio et al.,

2016). Lin‐Moshier et al. have demonstrated that the interactome of

TPC2 is specific for this channel and it is correlated with Ca2+

homeostasis, membrane organisation, the autophagic pathway, and

cellular trafficking (Lin‐Moshier et al., 2014). Until recently, the identity

of the endogenous agonist of TPC2 as well as the biophysical

characteristics and regulation of the channel have been a matter of

debate. In particular there have been contrasting views on its preferential

activation by nicotinic acid adenine dinucleotide phosphate (NAADP)

(Ruas et al., 2015), or rather by phosphatidylinositol 3,5‐bisphosphate (PI

(3,5)P2) (She et al., 2019) with different current activation (Ca2+ and Na+)

and biological effects reviewed in Patel et al. (2022). It has been recently

demonstrated that TPC2 is bifunctional and displays differential ion

selectivity depending upon the different activating ligand and agonist

used (Gerndt et al., 2020; Saito et al., 2023). In particular, its P site is

activated by PI(3,5)P2 and is Na+ selective, while the N site is activated by

NAADP and is Ca2+ selective. Moreover, the link between NAADP and

TPC2 is not direct, but mediated by JPT2/HN1L and LSM12 (Gunaratne

et al., 2021, 2023; Roggenkamp et al., 2021; Zhang et al., 2021).

Interestingly, a number of new TPC2 activators and inhibitors have been

described (Du et al., 2022; Gerndt et al., 2020; Minicozzi et al., 2023;

Müller et al., 2021; Netcharoensirisuk et al., 2021; Pafumi et al., 2017).

The unique features of the TPC2 channel have stimulated investigation

into its role in the control of cell function, with the ultimate aim of

targeting TPC2 therapeutically during clinical treatment (Jaślan et al.,

2023; Skelding et al., 2022). The role of TPC2 in cancer has only recently

begun to be investigated, with experimental evidence underscoring its

potential significance in various malignancies reviewed in Alharbi and

Parrington (2019, 2021a, 2021b) and Barbonari et al. (2022). To date, the

evidence from different cellular models raises the question of whether

TPC2 activation plays a pro‐ or anti‐oncogenic role, because the

modulation of this channel has been reported to result in different

outcomes in different cancer cell lines. Of note, in MTN‐1 melanoma

cells, 4T1murine breast cancer cells, hepatocellular carcinoma (HCC) cells,

and T24 bladder cancer cells, the inhibition of TPC2 is correlated with

reduced migration and invasiveness (Müller et al., 2021;

Netcharoensirisuk et al., 2021; Nguyen et al., 2017), while in CHL1

melanoma cells, the inhibition of the same channel is correlated with

increased metastatic traits (D'Amore et al., 2020). Moreover, in patients

with bladder cancer, TPC2 upregulation correlates with an increase in

patient survival (Shivakumar et al., 2017). Malignant melanoma (MM), a

tumour of neuroectodermal origin arising from pigment‐producing cells,

melanocytes, is a deadly tumour and the sixth most common tumour type

in Europe (Ferlay et al., 2021). It has been demonstrated that TPC2 has a

differential expression between metastatic and primary patients in the

Skin Cutaneous Melanoma data set analysis fromTGCA (D'Amore et al.,

2020), and this led us toask whether TPC2's differential expression may

impact on cancer aggressiveness. To address this point we have made use

of a common in vitro model, the B16 murine melanoma cell line, to

comparatively explore the role of TPC2 in the primary (B16F0) line and in

its more aggressive metastatic (B16F10) subline, obtained (Nicolson et al.,

1978) by selecting cells for their ability to colonize the lung after

intravenous injection. Here, we report how differently the two cell

populations are affected by TPC2 knock‐down, knock‐out, or over-

expression, in terms of parameters of aggressiveness, in particular

migratory ability. These data show that within the same genetic

background, TPC2 can play an opposing role at the late stages of cancer

development, compared to the initial stages of carcinogenesis.

2 | MATERIALS AND METHODS

2.1 | Cells culture and reagents

B16F0 and B16F10 murine melanoma cells (ATCC‐CRL‐6322; CRL‐

6475) were cultured in Dulbecco's Modified Eagle Medium (DMEM)

supplemented by 10% fetal bovine serum (FBS), 2% P/S and 2%

L‐glutamine (Sigma). Both cell lines were maintained at 37°C in a

humidified 5% CO2 incubator. Reagents used are: TPC2 siRNA (used

at 10 nM, Cat. No. 1027415; Qiagen); Scramble siRNA (used at

10 nM; Bio‐Fab research); Lipofectamine RNAiMAX (Thermofisher);

Lipofectamine 2000 (Thermofisher); Cisplatin (Sigma). BafilomycinA1

(Sigma) is used in the last 3 h of the experiment at 100 nM.

2.2 | Western blot analysis

Total protein extraction of B16F0 and B16F10 cells was performed by

homogenizing cells in lysis buffer containing protease and phosphatase

inhibitor cocktail (Cell Signalling). The homogenates, after sonication, were

centrifuged at 300g for 15min at 4°C. Protein concentration was

determined with a bicinchoninic acid assay (BCA) (Pierce). Protein lysates

obtained from B16F0 and B16F10 cells were separated on sodium

dodecyl sulfate–polyacrylamide gel electrophoresis gels and transferred

on nitrocellulose membranes (Amersham Bioscience), which were
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saturated with 5% nonfat dry milk in T‐TBS. Then, membranes were

incubated with primary antibodies overnight at 4° C and subsequently

with peroxidase‐conjugated secondary antibody (Jackson Laboratories).

Antibody detection was performed by ECL (Cyanagen) and visualised by

Chemidoc images. The intensity of western blot bands was quantified by

ImageJ. Primary antibodies, diluted according to the manufacturer's

instruction, were as follows: anti‐LC3 (#2775; Cell Signalling), anti‐AKT

(#9272; Cell Signalling), anti‐pAKT (s743) (#9271; Cell Signalling), anti‐

vimentin (Santacruz Biotch, Dallas, TX, USA sc‐6260), anti‐E‐cadherin

(#3195; Cell Signalling), anti‐N‐cadherin (#8203; Abcam), anti‐PCNA

(#2426; Abcam), anti‐BCL2 (sc‐492; Santacruz Biotch), anti‐BAX (sc‐493;

Santacruz Biotch), and anti‐Fascin1 (D‐10, sc‐46675; Santacruz Biotch).

Normalisation was performed using horseradish peroxidase‐conjugated

β‐actin (Sigma).

2.3 | Transient transfection of siRNA targeting
mouse TPC2 and TPC2‐mcherry plasmid

Lipofectamine RNAiMAX (Invitrogen) was used to transfect the cells with

TPC2 siRNA. To facilitate transfection, the cells were incubated in 10%

FBS containing DMEM; subsequently, they were plated to 80%

confluence on a 12‐well plate during transfection. The following day,

we replaced the culture medium with 800μL of Opti‐MEM (ref

#2342245; Gibco), which we then subjected to transfection using 2μL

of RNAiMAX. We mixed 100μL of Opti‐MEM and 2μL of RNAiMAX

and subjected the mixture to incubation for 5min at room temperature.

In another tube, 100pM TPC2 siRNA or scrambled siRNA and 100μL of

Opti‐MEM were combined. Subsequently, we added siRNA solution to

the diluted RNAiMAX reagent, and the prepared 200‐μL siRNA/

RNAiMAX mixtures underwent incubation at room temperature for

25min to facilitate the formation of the complex. Afterward, the cells and

solution were combined. They together represented a final transfection

volume of 1mL. After 6‐h incubation, 1mL of standard growth medium

was used to replace the transfection medium, which subsequently

underwent culturing at 37°C. Lipofectamine 2000 (Thermofisher) was

used to transfect the cells with TPC2‐mcherry plasmid and empty‐

mCherry plasmid (TPC2‐mCherry was a gift from Margarida Ruas

(Addgene plasmid # 135183; http://n2t.net/addgene:135183; RRID:Add-

gene_135183; the empty plasmid was a gift from Federica Barbagallo,

were used at 1000ng/mL) based on the manufacturer's protocol.

2.4 | RNA extraction and quantitative real‐time
polymerase chain reaction (PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen). Two

micrograms of total RNA were used for complementary DNA (cDNA)

synthesis; cDNA was synthesised from RNA using a high‐capacity

cDNA Reverse Transcription kit (Applied Biosystems), and real‐time

PCR was carried out using a power up SYBR green master mix

(Applied Biosystems). Reactions were run in triplicate in three

independent experiments. The geometric mean of the housekeeping

TABLE 1 List of primers used for gene expression analysis.

Gene Primers

β‐ActinFw 5′‐TGACAGGATGCAGAA‐3′

β‐ActinRev 5′‐GTACTTGCGCTCAGGAGGAG‐3′

TPC2 Fw 5′‐CCCCTGAGTTAGTTGGGGTGA‐3′

TPC2 Rev 5′‐CTGGAACTCATCAGCCAGCA‐3′.
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F IGURE 1 TPC2 messenger RNA expression: quantitative
real‐time polymerase chain reaction analysis in B16F10 and in B16F0
cells. In basal conditions the primary cell line (B16F0) expresses more
TPC2 than the more aggressive (B16F10) sub‐line. β‐Actin was used
as a control. Results represent the mean values of at least three
independent experiments ± SEM. Statistical significance: *p ≤ .05,
**p ≤ .01, ***p ≤ .001. Student's paired t‐test. SCR versus TPC2‐KD
B16F0 versus B16F10.
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F IGURE 2 TPC2 messenger RNA expression after transient
silencing in B16F10 and in B16F0 cells. Quantitative real‐time
polymerase chain reaction analysis of TPC2 after 24 h of silencing
withTPC2 small interfering RNA (siRNA) in B16F10 (a) and B16F0 (b)
cells. β‐Actin was used as a control. SCR = scrambled control results
represent the mean values of at least three independent
experiments ± SEM. Statistical significance: *p ≤ .05, **p ≤ .01,
***p ≤ .001. Student's paired t‐test. B16F0SCR versus B16F0 siRNA
cell samples and B16F10 SCR versus B16F10 siRNA cell samples.
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gene β‐actin was used as an internal control to normalise the

variability in expression levels. Relative messenger RNA (RNA)

expression levels were calculated using the ΔΔCT method. The

sequences of primers used are in Table 1.

2.5 | Flow cytometry analysis

For quantification of m‐Cherry TPC2 protein, cells were seeded in

12‐culture plates and transfected with the plasmid as previously

described. Twenty‐four hours after the transfection, the cells

were detached by adding 100 μL 0.05% Trypsin‐EDTA per well

followed by incubation at 37°C for 5 min. Trypsin was inactivated

by adding an equal volume of culture medium containing FBS.

Un‐transfected cells are used to draw negative gates. We used

gate for forward (FSC) and side scatter (SSC), then height and

area of FSC for a singlet gate, then mCherry fluorescence was

analysed using APC (mCherry positive cells are the success-

fully transfected cells). For cell cycle analysis, the cells were

counted after silencing for 24 48, and 72 h, fixed with 70%

ethanol, washed three times with phosphate‐buffered saline

(PBS) and stained for 3 h at room temperature with PI/RNAse,

then analysed by flow cytometry (BD FACS Canto™ II Flow

Cytometry Systems). Apoptosis was assayed by using PI/Annexin

Pacific Blue staining (Thermo Fisher Scientific) and evaluated

using flow cytometry.

F IGURE 3 AKT activation and Fascin1 expression in the two B16 cell lines. Western blot analysis of: (a) p‐AKT/AKT ratio in B16F10 SCR
and TPC2‐KD cells. (b) p‐AKT/AKT ratio in B16F0 scrambled control result (SCR) and TPC2‐KD cells. (c) p‐AKT/AKT ratio in B16F0 WT and
TPC2‐KO cells. (d) Fascin1 expression in B16F0WT and TPC2‐KO cells. (e) Fascin1 expression in B16F10 SCR and TPC2‐KD samples. (f) Fascin1
expression in B16F0 SCR and TPC2‐KD samples. Results represent the mean values of at least three independent experiments ± SEM. Statistical
significance: *p ≤ .05, **p ≤ .01, ***p ≤ .001. Student's paired t‐test. TPC2‐SCR versus TPC2‐KD and TPC2‐WT versus TPC2‐KO.
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F IGURE 4 Fascin1 immunofluorescence. Fascin 1 was immunolocalized in B16F0 and F10 cells following TPC2 KO (upper panel) and TPC2
KD (medium and lower panels). Dapi nuclear staining. Quantification of Fascin1 fluorescence staining intensity is shown (Mean CTCF
values ± SEM). Nuclei are evidenced by 4′,6‐diamidino‐2‐phenylindole blue fluorescence. Results represent the mean values of at least three
independent experiments ± SEM. Statistical significance: *p ≤ .05, **p ≤ .01 and ***p ≤ .001. Student's paired t‐test. TPC2‐SCR versus TPC2‐KD
and TPC2‐WT versus TPC2‐KO.
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2.6 | Migration assay

A total of 150,000 cells were seeded in the transwell upper chamber

with 1% FBS medium, and 20% FBS medium was added to the

bottom chamber. Following 24 h incubation, the cells were removed

from the top surface of the membrane. The invasive cells adhering to

the bottom surface of the membrane were fixed using 4%

paraformaldehyde (Electron Microscopy Sciences) and stained with

600 nM 4′,6‐diamidino‐2‐phenylindole (DAPI) (Thermo Fisher Scien-

tific). The total number of DAPI‐stained nuclei of invading cells was

counted under a fluorescence microscope by using ImageJ software

in five randomly chosen macroscopic fields per membrane. Scratch

wound healing assays were performed: briefly, cells were seeded in a

12‐well plate with a concentration at 105 cells/well. After 24 h, the

cells were spread across the plate and a 200 μL micropipette tip was

used to scratch through the cells. After washing with PBS, the cells

were cultured at 37°C with 5% CO2 and media. During 24 h, cell

migration was photographed with an inverted microscope (×40;

Leica).

2.7 | Adhesion assay

Under sterile conditions, 2 × 105 cells were seeded for 90 min on

12‐well plates precoated with 10 µg/mL of type1 collagen

(c9791; Sigma) at 37°C. After the culture medium was remove

F IGURE 5 Expression of mesenchymal markers vimentin and N‐cadherin inTPC2 silenced cells. Western blots. (a, b) TPC2 KD increases the
levels of vimentin and N‐cadherin in the metastatic subline but (c, d) downregulates vimentin and fails to affect the levels of N‐cadherin in the
primary cells. (e) Stable genetic silencing (TPC2 KO) of the primary cell line fails to affect vimentin levels but (f) downregulates N‐cadherin.
Vimentin and N‐cadherin levels are normalised to β‐actin. Results represent the mean values of at least three independent experiments ± SEM.
Statistical significance: *p ≤ .05, **p ≤ .01 and ***p ≤ .001. Student's paired t‐test. TPC2‐SCR versus TPC2‐KD and TPC2‐WT versus TPC2‐KO.
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F IGURE 6 Correlation between the expression of TPC2 and apoptosis. (a, b) TPC2 silencing in B16F10 cells downregulates proapoptotic
proteins BAX and BCL‐2. (c, d) TPC2 silencing downregulates BAX protein in B16F0 cells without significantly changing the expression of BCL‐2.
(e) No significant percentage of apoptotic cells is present in B16F10 and B16F0 samples (FACS analysis with Annexin V and propidium iodide).
Results represent the mean values of at least three independent experiments ± SEM. Statistical significance: *p ≤ .05, **p ≤ .01 and ***p ≤ .001.
Student's paired t‐test. TPC2‐SCR versus TPC2‐KD.
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the adherent cells were washed with PBS for three times and

fixed in 4% paraformaldehyde (Electron Microscopy Sciences) in

PBS 10 min at room temperature. The adherent cells were

incubated with crystal violet for 30 min at room temperature

and after were washed DI water for three times. The plates were

left to dry overnight. The next day 10% acetic acid was added to

each well to solubilise the crystal violet and the plates were read

on a spectrophotometer at 550 nm.

F IGURE 6 (Continued)
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2.8 | Methylthiazolyldiphenyl‐tetrazolium
(MTT) test

B16F0 and B16F10 cells were silenced for TPC2 and cultured in 96‐

well plates at a concentration of 1 × 104 cells per well and treated

with cisplatin in different concentrations (from 1 to 100 μM) for 24 h.

After incubation the medium was removed, 100 μL serum‐free

medium containing 0.5 mg/mL MTT (m2128; Sigma) solution was

added to each well, and the plate was incubated at 37°C for 4 h to

allow MTT to be metabolised. Then, 200 μL acid isopropanol 0.04 N

was added to each well, pipetting up and down to dissolve crystals,

and optical density was read at 550 nm.

2.9 | Immunofluorescence analysis

To analyse B16F0 and B16F10 cell morphological features, cells were

cultured for 24h, in 10% FBS on Ibidi slides (Ibidi, cat. 80826), then

silenced for TPC2 and fixed in 4% paraformaldehyde in PBS at 4°C for

10min. Cells were then permeabilized in PBS 1% BSA/0.1% Triton for 1 h

and incubated overnight with mouse anti‐Fascin1antibody (1:100 dilution;

Santa Cruz). Samples were washed three times in PBS/BSA/Triton for

30min and incubated with secondary antibody donkey anti‐mouse IgG

(Donkey anti‐Mouse IgG [H+L] Highly Cross‐Adsorbed Secondary

Antibody, Alexa Fluor™ 546, dil. 1:200). DAPI (600nM; Thermo Fisher

Scientific) was used for nuclei staining. Samples were washed three times

in PBS/BSA/Triton for 30min and covered with glycerol–PBS pH 9.5 for

confocal microscopy analysis. Immunofluorescence experiments were

analyzed using aZeiss LSM 900 Confocal Microscope. The images

were scanned under a ×40 oil immersion objective. Optical spatial

series were performed. Quantitative analysis of fluorescence

intensity was determined on a maximum projection of each series

and quantified as the Corrected Total Cell Fluorescence (CTCF). All

analyses were performed using Zeiss Confocal software (Zen 3.0

Blue edition) and ImageJ software.

2.10 | Statistical analysis

Data are presented as the mean ± SEM of results from at least three

independent experiments. Student's t test was used for statistical

comparison between two groups. A value of p ≤ .05 was considered

statistically significant. The data represent the mean ± SEM derived

from three independent experiments. *p < .05; **p < .01 and

***p < .01. Statistical analysis was performed with GraphPad Prism

8 (GraphPad Software).

3 | RESULTS AND DISCUSSION

3.1 | Comparison of TPC2 expression between
B16F0 and B16F10 cells

We have previously shown (D'Amore et al., 2020) that according

to the Cancer Genome Atlas, TPC2 (gene name TPCN2) exhibits a

differential expression between primary and metastatic skin

melanoma (SKCM). This difference could indicate a different

prognostic role for TPC2 between these two tumour stages, and

it is, therefore, important to understand how the expression of

TPC2 can influence the course of the disease. To study this issue

further we used two murine B16 melanoma cell lines with two

different stages of aggressiveness, and first analysed TPC2 gene

TABLE 2 The balance between BAX and BCL‐2 determines the resistance (BAX/BCL‐2 ratio <1.00) or not to apoptosis.

B16F0 B16F10

Ratio BAX/BCL‐2 Ratio BAX/BCL‐2

BAX Arbitrary units BAX Arbitrary units

scr siRNA SCR BAX/BCL‐2 Scr siRNA SCR BAX/BCL‐2

22.087.125 18.963.024 38.243.673 14.592.773

13.643.489 2.882.690 21.845.137 24.983.723

5.299.610 11.223.175 40.026.187 29.529.238

Media 13.676.741 11.022.963 0.765688413 Media 33.371.666 23.035.245 0.627547409

BCL‐2 Arbitrary units BCL‐2 Arbitrary units

scr siRNA siRNA BAX/BCL‐2 Scr siRNA siRNA BAX/BCL‐2

22.386.368 21.360.539 42.131.693 22.549.430

19.081.317 19.021.368 41.624.492 18.534.723

8.900.711 9.849.054 88.925.291 36.133.643

Media 16.789.465 16.743.654 0.726275926 Media 57.560.492 25.739.265 0.937436783

Note: BAX and BCL‐2 levels were normalised to β‐actin.

Abbreviation: siRNA, small interfering RNA.
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expression. We observed a decrease in TPC2 messenger RNA

(mRNA) expression in cells of B16F10, the metastatic melanoma

subline, in comparison with the primary, less aggressive B16F0

cells (Figure 1), which is in line with the patient data set in that

both in human and murine melanoma cell lines, the cells with a

metastatic phenotype express lower levels of TPC2.

3.2 | TPC2 is differentially expressed in primary
and metastatic B16 cells

We have preliminarily analysed the expression of TPC2 in the

primary (B16F0) cell line and in its more aggressive sub‐line

(B16F10) and found that, in line with the data set from human

F IGURE 7 Genetic inhibition of TPC2 leaves cell cycle and proliferation rate unaltered in both primary B16F0 and more aggressive B16F10
cells. (a, d, g) Cell counts performed at 24–48–72 h in TPC2‐KD and scrambled control in metastatic (B16F10) and primitive (B16F0) cells. (b, e,
h) Percentages of cells in G1, S, and G2/M phases at 24–48–72 h: differences between TPC2‐SCR and TPC2‐KD or between TPC2‐WT and
TPC2‐KO in the metastatic and primitive B16 cell lines. (c, f, i) Western blot analysis showing no differences in PCNA levels following TPC2 KD
or KO. PCNA levels normalised to β‐actin. Results represent the mean values of at least three independent experiments ± SEM. Statistical
significance: *p ≤ .05, **p ≤ .01 and ***p ≤ .001. Student's paired t‐test. TPC2‐SCR versus TPC2‐KD and TPC2‐WT versus TPC2‐KO.
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melanoma patients (D'Amore et al., 2020), in these murine in vitro

models TPC2 is basally expressed at lower levels in the more

aggressive cells (Figure 1). To explore whether TPC2, a single

gene, can have different functions in different states of neoplas-

tic transformation, we comparatively evaluated how its genetic

inhibition can affect these two cell lines that share the same

original background but differ in aggressiveness. We performed

TPC2 silencing with siRNAs and verified the downregulation of

TPC2 (TPC2‐KD) after 24 h of culture in B16 F10 (Figure 2a) and

B16F0 cells (Figure 2b). The effect of TPC2‐KD on a number of

biological processes was then comparatively analysed in these

cells.

3.3 | Genetic TPC2 inhibition enhances the
aggressiveness of the metastatic cells but dampens
malignancy traits in the primary cell line

AKT and p‐AKT (s473) control the proliferation pathway in several types

of cancer, including uveal melanoma (Lago‐Baameiro et al., 2023). Recent

evidence shows that AKT is constitutively activated in human melanomas

and enhances cell survival through NF‐κB activation. Immuno-

histochemical studies of various stages of human melanomas suggest a

possible correlation between enhanced AKT activation, tumour progres-

sion, and malignancy (Dhawan et al., 2002) indicating AKT as a prognostic

marker of melanoma progression. We measured the levels of AKT

activation comparing phosphorylated AKT (p‐AKT) to total AKT (p‐AKT/

AKT) in our TPC2‐silenced samples and found that TPC2‐KD did not

affect the p‐AKT/AKT ratio in the metastatic B16F10 subline (Figure 3a)

but it decreased AKT activation in the primary B16F0 cells (Figure 3b). In

line with this latter finding, TPC2‐KO in the B16F0 cells also led to a

reduction in the p‐AKT/AKT ratio (Figure 3c), indicating thatTPC2 plays a

different role in the two stages of the same malignancy. Ciolczyk‐

Wierzbicka et al. (2012) have observed that the level of p‐AKT is

correlated with the level of N‐cadherin and the modulation of the cell

cycle and proliferation; in our samples the level of N‐cadherin is increased

in B16F10 TPC2‐KD cells, compared to the control. The observation that

in the metastatic B16F10 cellsTPC2 inhibition increased the levels of the

EMT marker N‐cadherin while failing to lower p‐AKT levels collectively

indicate an antitumour role of this channel in this highly aggressive

sample. Fascin1 is an actin‐binding protein involved in the regulation of

cell adhesion and motility. In particular, parallel actin filaments are

bundled by Fascin1 in filopodia, lamellipodia, and invadopodia, dynamic

protrusions involved in motility and cell interactions. In tumour cells,

Fascin1 is expressed in different cancer types and controls extracellular

vesicle release, migration and metastasis; the expression of this

metastasis‐related protein (Liu et al., 2021) was significantly decreased

by stable TPC2 inhibition, (TPC2‐KO, Figures 3d and 4) in the primary

B16F0 cells, but was unaffected by transientTPC2 silencing in all samples

(Figures 3e,f and 4). We take this as indicating that the role of TPC2 as a

mediator of Fascin1 is indirect, requiring longer inhibition times, possibly

related to changes in the deposition of matrix components.

The epithelium‐to‐mesenchyme transition (EMT) plays a key role in

the formation of tumour metastases allowing solid tumours to increase

their invasiveness and metastatic activity (Ribatti et al., 2020). Among the

molecules recognised as markers of the EMT, N‐cadherin and vimentin

are upregulated while others, among which is E‐cadherin, are down-

regulated (Ribatti et al., 2020).

Unexpectedly, we found that E‐cadherin is not expressed in any

of our samples, whether silenced or not for TPC2. TPC2‐KD

enhanced traits of EMT in B16F10 cells such as an increase in

vimentin and N‐cadherin expression (Figure 5a,b). Conversely, in

F IGURE 8 Correlation between TPC2 and autophagic flux. Western blot analysis of LC3‐II protein in B16F10 and B16F0 cell lines. (a) In
B16F10 cells this autophagic marker increases following genetic silencing withTPC2 siRNA. (b, c) Conversely, in B16F0 cells LC3‐II decreases in
B16F0 TPC2‐KD and TPC2‐KO cells. LC3‐II levels normalised to β‐actin. Results represent the mean values of at least three independent
experiments ± SEM. Statistical significance: *p ≤ .05, **p ≤ .01, ***p ≤ .001. Student's paired t‐test. SCR versus TPC2‐KD; WT versus TPC2‐KO.
Cells were treated with 1 nM bafilomycin A1 (Baf. A1) to assess the amount of LC3‐II protein.
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B16F0 cells TPC2‐KD resulted in decreased vimentin expression and

unchanged N‐cadherin expression (Figure 5c,d). In TPC2‐KO cells we

observed decreased N‐cadherin expression (Figure 5e) and

unchanged vimentin expression (Figure 5f). The different modulation

of vimentin and N‐cadherin observed in B16F0 TPC2‐KD vs B16F0

TPC2‐KO cells could be attributed to the different approaches used

for genetic inhibition. Transient silencing could determine the

modulation of markers that are not modulated in TPC2‐KO (and

vice versa), as suggested in a study in which the transient and stable

genetic impairment of a single gene were compared (Wang et al.,

2018). On the whole, our data on aggressiveness markers confirm

that metastatic cells silenced for TPC2 switch to a more mesenchy-

mal and potentially more invasive phenotype while in the primary

cells TPC2‐KD and TPC2‐KO seem to slow down the EMT process.

3.4 | Neither apoptosis nor proliferation are
significantly affected byTPC2 inhibition in B16 F0 and
F10 cells

The BAX/BCL‐2 ratio is based on the expression of two

proteins responsible for common mitochondrial apoptosis.

F IGURE 9 Analysis of the sensitivity to cisplatin of cells silenced for TPC2. MTT viability assay: (a–c) The more aggressive cells (B16F10
TPC2‐SCR) are substantially more sensitive to cisplatin (IC50 = 18.44) than the primary cells (B16F0 TPC2‐SCR, IC50 = 37.45). Inhibition of TPC2
failed to affect the sensitivity to cisplatin (IC50 = 18.85). (b–d) TPC2 silencing in primary cells (B16F0) increased the sensitivity to cisplatin (IC50 =
23.97) (IC50 = 37.45). (e, f) Primary cells (B16F0) KO for TPC2 created using the CRISPR‐CAS9 system are more sensitive to cisplatin than WT
cells (IC50 = 35.96); the sensitivity of KO cells (IC50 = 6.229) appears to be greater than for KD cells (IC50 = 23.97). Results represent the mean
values of at least three independent experiments ± SEM. Statistical significance: *p ≤ .05, **p ≤ .01 and ***p ≤ .001.

12 | CCell ell BBiologyiology
    IInternationalnternational

BARBONARI ET AL.

 10958355, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cbin.12129 by U

niversity D
i R

om
a L

a Sapienza, W
iley O

nline L
ibrary on [24/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



B‐cell lymphoma protein 2‐associated X (BAX) in particular

promotes apoptosis, while B‐cell lymphoma protein 2 (BCL‐2)

inhibits it. Their balance can determine, in different tumour

contexts, a different prognosis for the patient and the BAX/BCL‐

2 ratio can be used to predict the course of human melanoma

(Raisova et al., 2001). In metastatic melanoma low expression of

BAX results in a more favourable prognosis (Guttà et al., 2020),

while in the primary tumour low BAX expression correlates with a

poorer prognosis. In our TPC2 silenced samples we observed

decreased levels of both BAX and BCL‐2 proteins in B16F10 cells

(Figure 6a,b) while in primary cells (B16F0) TPC2‐KD resulted in a

similar decrease in BAX levels but BCL‐2 levels remained

unmodified (Figure 6c,d). In both cases, the ratios, shown in

Table 2, are <1.00, as typical of cells resistant to apoptosis.

Moreover, no significant percentage of apoptotic cells was found

in cytometric analyses (Figure 6e). The proliferative and invasive

abilities of malignant cells do not always go hand in hand. We

carried out cell counts (Figure 7a,d,g) and analysed the impact of

TPC2 expression on the cell cycle of our primary and metastatic

cells (Figure 7b,e,h). TPC2 silencing failed to affect proliferation

in both cell lines, which was also confirmed by the unaltered

levels of the marker proliferating cell nuclear antigen (PCNA)

(Figure 7c,f,I). Similarly to apoptosis, proliferation appears

therefore independent from TPC2 expression in our experimental

models, in agreement with what has been observed in mouse

embryonic stem cells (Zhang et al., 2013) silenced for TPC2, and

in human melanoma CHL1 TPC2‐KO cells compared to the WT

samples (D'Amore et al., 2020).

3.5 | Loss of TPC2 increases the autophagic flux of
the B16F10 metastatic cell line and reduces it in the
B16F0 primary tumour cell line

Recent evidence has shown that the TPC2 channel is often

involved in the autophagic process, both in healthy cells and in

cancer cells and in the crosstalk between the tumour and the

tumour microenvironment (TME) (Sun & Yue, 2018; Wu et al.,

2021). We have analysed the autophagic flux in our cell lines

silenced for TPC2, using bafilomycin A1 (Baf.A1) which blocks the

fusion between the autophagosome and lysosome causing an

accumulation of autophagosomes and of autophagic markers,

such as LC3‐II. Surprisingly, we found that TPC2 plays a dual role

in the autophagic process, again dependent on the level of

aggressiveness of the cell line analysed. TPC2 inhibition in

primary and metastatic cells resulted in opposite changes in

LC3‐II levels. Namely, in silenced B16F10 metastatic cells LC3‐II

protein was increased (Figure 8a), while in the primary line B16F0

both TPC2‐KD and TPC2‐KO resulted in lowered levels of LC3‐II

(Figure 8b,c). These results suggest a change in the last part of the

autophagic process when TPC2 activity or expression is impaired.

In contrast, the late steps of the autophagic flux process were

upregulated by TPC2 transient silencing in B16F10 cells.

In literature, comparable results have been obtained in

different cell types, for example, in cardiomyocytes (García‐Rúa

et al., 2016) and skeletal muscle (Lin et al., 2015), as well as in

Hela or 4T1 (mouse breast tumour cells) (Sun & Yue, 2018), in

which TPC2 has been shown to be involved in regulating

autophagy. The different behaviour of our two cell populations

can be tentatively hypothesised to be due to the more aggressive

B16F10 phenotype being less vulnerable than its B16F0 primary

counterpart. This point must be taken into consideration when

interpreting data from tumour cells since autophagy is a survival

mechanism, fundamental in cancer cells subjected to the strong

stress imposed by high metabolic and proliferation rates and by

the therapies administered to the patient, in which autophagy can

be one of the major processes involved in resistance to therapies

and immune evasion (Huang et al., 2018; Martin et al., 2017;

Yamamoto et al., 2020).

3.6 | Loss of TPC2 affects the resistance of cancer
cells to treatment with cisplatin

Recent molecular targeted therapies display strong anticancer

efficacy in melanomas carrying the BRAFV600 mutation, while

these are ineffective on BRAF wild‐type melanomas (Ribas &

Flaherty, 2011). A perspective goal for our project, based on

BRAF WT cell lines, is to try to discover new potential

therapeutic targets that might inhibit tumour growth and

metastases. We thus compared the sensitivity to cisplatin of

our tumour lines to see possible changes induced by TPC2

silencing in the primary and metastatic cells. Cells were treated

with different doses of cisplatin and their viability was checked

with an MTT assay (Figure 9 and Table 3). In the more aggressive

(B16F10) cells no differences were observed between control

and silenced cells (Figure 9a–c). In the primary, B16 F0 cells, on

the contrary, TPC2 silencing increased the sensitivity to cisplatin

(Figure 9b–d).

TABLE 3 IC50 measurements were determined with the MTT
viability test (see Materials and Methods), measuring absorbance at
550 nm.

IC50

B16F10

SCR 18.44 ± 0.12 µM

TPC2 KD 18.85 ± 0.09 µM

B16F0

SCR 37.45 ± 0.09 µM

TPC2 KD 23.97 ± 0.22 µM

B16F0

WT 35.96 ± 0.04 µM

KO 6.229 ± 0.06 µM
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3.7 | Silencing of TPC2 increases traits of
invasiveness in the metastatic (B16F10) cells but not
in the primary (B16F0) cells

The whole of our data suggest that the metastatic phenotype of

B16F10 cells is further enhanced by genetic silencing of TPC2,

which would represent a novel finding. We next evaluated whether

TPC2 siRNA affects the migratory ability of B16F10 cells and found

that indeed this was further enhanced in trans well supports

(though not in the wound healing assay) (Figure 10a,b). In parallel

experiments, adhesion to a collagen type I matrix was tested and

showed that TPC2‐KD results in decreased binding of B16F10 cells

F IGURE 10 TPC2‐KD impairs metastatic melanoma cell adhesion to collagen and increases their invasiveness. (a) TPC2 silencing enhances
the migration of B16F10 cells apparent in transwell support (4′,6‐diamidino‐2‐phenylindole nuclear‐staining) though not (b) in the wound
healing assay. (c) Adhesion to type I collagen: TPC2 silencing decreases the adhesiveness of B16F10 cells. Crystal violet staining. Results
represent the mean values of at least three independent experiments ± SEM. Statistical significance: *p ≤ .05, **p ≤ .01 and ***p ≤ .001. Student's
paired t‐test. SCR versus TPC2‐KD.
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to this matrix (Figure 10c). The migratory ability of B16F0 cells was

analysed following transient and stable TPC2 silencing and was

found to be lowered by TPC2‐KO (Figure 11a–d) though not by

TPC2 KD (Figure 11e). Parallel assays on a collagen type I matrix,

showed that silencing of TPC2, either at gene level or transiently,

fails to inhibit the adhesion of these primary melanoma cells to a

collagen I matrix (Figure 11b,c). Again, loss of TPC2 inactivation

differentially affects invasivity traits of the primary cell line and of

its metastatic subline. The observation that loss of TPC2 further

enhances the migratory phenotype of the metastatic cells is a new

finding. In other cell lines, such as murine breast cancer (4T1) and

human bladder cancer (T24) cell lines, TPC2 inhibition was reported

to reduce the formation of metastasis and impair migration and

invasion (Nguyen et al., 2017); analogously, in MNT‐1 melanoma

cells TPC2‐KO results in decreased proliferation and migration

(Netcharoensirisuk et al., 2021). Intriguingly, Shivakumar

et al. (2017) reported that in bladder cancer the upregulation of

TPC2 correlates with an increase in patient survival. The contrast-

ing data regarding the pro‐ or antitumoural function of TPC2 could

be explained by taking into account the heterogeneity of genetic

background, tumour types and stage of malignancy (and in the

specific case of melanoma, perhaps also the degree of cell

pigmentation).

3.8 | Overexpression of TPC2 impairs the
migratory ability of B16F10 melanoma cells

To test whether changes inTPC2 expression were directly responsible for

the increase in B16F10 metastatic traits, we performed overexpression

experiments. Since B16F10 cells express little TPC2 (see Figure 1), we

performed a transfection with the TPC2‐mCherry plasmid (Ruas et al.,

2015), transfection efficiency being evaluated by FACS analysis

(Figure 12a), and observed a decrease in the migratory capacity of our

cells compared to the control with the empty plasmid and no differences

in the adhesion capability between empty and mcherry‐TPC2 transfected

cells (Figure 12b,c), similar to the results obtained in B16F0 cells silenced

or not for TPC2.

4 | CONCLUSIONS

In conclusion, the experimental work described in the present

report has addressed the question of whether it is legitimate to

attribute an unequivocal pro‐ or anti‐tumoural role to the ion

channel TPC2. To our knowledge, this question, posed by

discrepancies between some experimental and clinical evidence,

has not been explored directly so far, despite the relevance of

F IGURE 11 Impact of TPC2 impairment on migration and adhesivity in primary (B16F0) samples. (a–d) In B16F0 samples TPC2‐KO reduced
cell migration in the transwell assay (4′,6‐diamidino‐2‐phenylindole nuclear‐staining) and wound healing assay. (e) In B16F0 samples TPC2‐KD
failed to impair cell migration, as shown in the wound healing assay. (b, c) TPC2‐KD and TPC2‐KO failed to impair the adhesivity of B16F0 cells
to a collagen I matrix (crystal violet stain). Results represent the mean values at the least of three independent experiments ± SEM. Statistical
significance: *p ≤ .05, **p ≤ .01, ***p ≤ .001; Student's paired t‐test. SCR versus TPC2‐KD or WT versus TPC2‐KO.
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TPC2 in pathology and physiology being increasingly recognised.

We have reasoned that such a matter could benefit from

investigations on a simplified murine experimental in vitro model.

As a first approach to our aim, we have focused on melanoma, a

malignancy in which TPC2 is known to be differently expressed in

the primary versus the late metastatic stages and, to minimise the

interference stemming from genetic heterogeneity, we have

performed our comparative analysis on cells sharing the same

F IGURE 12 Overexpression of TPC2 in the B16F10 highly aggressive cells results in reversion of their migratory ability. (a) FACS analysis of
TPC2 overexpression in B16F10. (b) TPC2 overexpression greatly reduces B16F10 cell migration. DAPI nuclear‐staining. (c) Overexpression of
TPC2 fails to impair the adhesivity of B16F10 cells. Results represent the mean values of at least three independent experiments ± SEM.
Statistical significance: *p ≤ .05, **p ≤ .01 and ***p ≤ .001. Student's paired t‐test. Empty vector versus mCherry‐TPC2.
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background but displaying a less versus more aggressive pheno-

type. The experimental data presented in this article show that in

murine B16F10 cells, the metastatic subline of the B16F0 cell line

inactivation of TPC2 results in increased aggressiveness, while

reducing a number of aggressiveness parameters in the primary

cells. Thus, the role of TPC2 in cancer cells appears to be highly

dependent not only on the cell type and genetic background, but

can also be different/opposite within a single type of malignant cell,

according to its stage of tumoural progression. For some time there

has been talk of “precision oncology” and “patient‐specific therapy”

where the main objective is to provide the best therapy against

cancer for each patient. This is a very important goal, since we

know that while the incidence of melanoma has increased in recent

years, the mortality rate has remained stable, thanks to both the

prevention that is implemented starting from a young age, and the

new therapies in place against this pathology. Yet despite advances

in the treatment of melanoma, the development of resistance to

treatment in up to 40% of patients (Kozar et al., 2019; Rizos et al.,

2014) remains an important clinical problem. It is therefore

necessary to study and better understand the mechanisms under-

lying metastatic melanoma and identify new therapeutic ap-

proaches. For this reason, our data, although limited to an in vitro

murine model, raise the issue of understanding how far a single

gene, silenced in different tumour progression stages, can deter-

mine a different tumour phenotype. At present, data obtained using

TPC2 inhibitors and activators (Du et al., 2022) together with

detailed findings about the TPC2 channel's structure and function,

point to TPC2 as being a potential novel druggable target (Jaślan

et al., 2023). From the perspective of pharmacologically modulating

TPC2 function in malignant melanoma, in vivo experiments and

further studies on primitive and metastatic human cell lines will be

necessary to extend our findings beyond the limitation of the

murine in vitro model used, but our contribution is meant as a

starting point, since these kind of comparative investigations could

be extended to other primary/metastatic models of human

melanoma and of other tumours. This first step could legitimise

our initial question and encourage the opening of both an

experimental path and a detailed analysis of clinical data. It should

be kept in mind that a single molecular target may result in

antithetical/opposite biological effects in relation to the stage of

tumour progression and when thinking about a potential molecular

target for therapy, genetic background and tumour type or level of

tumour progression should be taken into account to better define a

therapy with ‘the right drug, to the right patient and at the right

time’ (DasGupta et al., 2022).
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