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SUPPLEMENTAL INFORMATION 

Supplemental Materials and Methods 

Cell cultures and lentivirus infection. 
Murine B16-F10 and human A2058 melanoma cells were grown in Dulbecco's modified Eagle 
medium (Thermo Fisher Scientific) supplemented with 10% heat inactivated fetal bovine serum 
(FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin (Thermo Fisher Scientific) and were 
maintained at 37°C and 5% CO2 in a humidified incubator.  
 
B16-F10 and A2058 cell silencing was carried out with the MISSION shRNA Lentiviral Transduction 
Particles containing short hairpin RNA target-specific constructs against mouse Galc NM_008079 
(mGalcSh TRCN0000197535 to generate the shGALC-B16-F10 cell line and TRCN0000177622 to 
generate the independent shGALC-bis-B16-F10 cell line; Sigma-Aldrich) and human GALC 
NM_000153 (hGALCSh: TRCN0000049500; Sigma-Aldrich). Lentiviral particles encoding non-
targeting short hairpin RNA (NT-shRNA) sequence (sc-108080; Santa Cruz Biotechnology) were used 
as controls.  
 
For GALC overexpression, A2058 cells were infected with a lentivirus (Addgene plasmid #19070) 
harboring the murine Galc cDNA (NM_008079), thus generating upGALC-A2058 cells. Cells 
transduced with an empty vector were used as controls (mock-A2058 cells). 
 
For the infection protocols, cells were incubated with lentiviral particles for 7 h in complete medium 
containing 8.0 μg/mL of polybrene and selected by adding puromycin (1 μg/mL) 24 h later. 
 
Western blot analysis. 
Cells were washed in cold PBS and homogenized in NP-40 lysis buffer (1% NP-40, 20 mmol/L Tris-
HCl pH 8, 137 mmol/L NaCl, 10% glycerol, 2 mmol/L EDTA, 1 mmol/L sodium orthovanadate, 10 

μg/mL aprotinin, 10 μg/mL leupeptin). Samples (40 g of protein) were separated by SDS-PAGE 
under reducing conditions and processed for Western blot (WB) analysis with a rabbit polyclonal 

anti-Galc antibody (Proteintech). Results were normalized using -tubulin as a control. 
 
B16-F10 cell subcloning. 
Cell cloning was performed by seeding B16-F10 cells in 96-well tissue culture plates at a density of 
0.5 cell/well. After several days of incubation, those wells with readily identifiable single colonies of 
cells were harvested and propagated. For each clone, the number of days required to reach a cell 
number equal to 5-6 x 106 cells was calculated. At that time point, Galc expression levels were 
measured by RT-qPCR analysis in all clones. 
 
Time-lapse microscopy. 
Confluent B16-F10 cells were scraped with a 1000 μL tip to obtain a mechanical wound through the 
cell monolayer. Cells were then maintained in Dulbecco's modified Eagle medium, supplemented 
with 0.4% or 10% FBS. Cells at the leading edge of the wound were observed in time-lapse 
microscopy under an inverted Zeiss Axiovert 200 M photomicroscope and phase-contrast snap 
photographs (one every 15 min) were digitally recorded for 8 h. Cell paths (50 cells per experimental 
point) were generated from centroid positions and migration parameters were analyzed with the 
Chemotaxis and Migration Tool 2.0 software (Ibidi). 
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RT-PCR and quantitative RT-PCR (RT-qPCR) analysis. 
For mRNA expression analysis, cells and mouse brain samples were processed and total RNA was 
extracted using TRIzol Reagent according to manufacturer’s instructions (Invitrogen). 
Contaminating DNA was digested using DNAse (Promega) and 2.0 μg of total RNA were retro-
transcribed with MMLV reverse transcriptase (Invitrogen) using random hexaprimers in a final 20 μl 
volume. Then, 1/10th of the reaction was analyzed by semiquantitative RT-PCR using specific 
primers (see below). The PCR products were then electrophoresed on a 2% agarose gel and 
visualized by ethidium bromide staining. 
B16-F10 cells and tumor xenograft samples were analyzed for the expression of the indicated genes 
by RT-qPCR and data were normalized for Gapdh expression as described [1]. To this purpose, total 
RNA was extracted and cDNA synthesized as described above. RT-qPCR was performed with a 
ViiATM 7 Real-Time PCR Detection System (Applied Biosystems) using a iQTM SYBR Green Supermix 
(Biorad) according to manufacturer’s instructions. In each experiment, an arbitrary value equal to 
1.0 was assigned to the levels of expression of the gene(s) measured in one sample that was used 
as reference. The primers used for RT-PCR and RT-qPCR are listed in Table S1. 

 
Tumor xenograft immunostaining.  
B16-F10 xenograft specimens were fixed in formalin, embedded in paraffin, sectioned at a thickness 
of 7.0 μm, and processed for GALC immunohistochemistry. Briefly, sections were de-waxed, 
rehydrated, and endogenous peroxidase activity were blocked in 0.3% H2O2/methanol. After heat-
induced antigen retrieval in 10 mM sodium citrate, sections were sequentially exposed to anti-GALC 
polyclonal rabbit IgG antibody (1:100 dilution, Protein Tech Group, Inc, Chicago, IL) and anti-rabbit 
HRP labelled polymer (Dako EnVision System). Positive signal was revealed by 3,3'-diaminobenzidine 
(Dako) staining. Sections were finally counterstained with hematoxylin before analysis by light 
microscopy. Images were acquired with Zeiss Axiophot 2 microscope equipped with an Axiocam 
MRc5 digital camera (Zeiss Inc., North America). 
 
A Mouse on Mouse (M.O.M.) detection kit (ref. BMK-2202, Vector Laboratories) was used for 
SMPD3 and ceramide immunostaining of B16-F10 and A2058 tumor xenograft samples. Briefly, 
sections were incubated with M.O.M. Mouse Ig Blocking Reagent for 1 h followed by 5 min 
incubation with M.O.M. Protein Concentrate. Then, quantitative evaluation of the immunoreactive 
levels of SMPD3 and ceramide was performed as described for human melanoma samples (see 
below).  
 
 
RNAscope analysis. 
RNA in situ hybridization was performed on 60 human melanoma samples using RNAscope® 2.5 HD 
Reagent Kit [RED 322360, Advanced Cell Diagnostics (ACD), Hayward, CA] as described [2]. Briefly, 
deparaffinized tissue sections were hybridized with an Hs-GALC probe (ref. 566801), positive control 
probe Hs-PPIB (ref. 313901), or negative control probe DapB (ref. 310043) at 40°C for 2 h. After 
hybridizations, sections were subjected to signal amplification, Gill’s hematoxylin counterstaining 
and scanned (Aperio ScanScope CS, Leica Biosystems, Nussloch, Germany) at 40x magnification. Fast 
Red semi-quantitative image analysis was performed by two independent observers on ten 
randomly selected fields by using the color deconvolution plugin for Fiji ImageJ (for more details see 
“Using ImageJ to analyze RNAscope® and Base ScopeTM data, ref. TS 46-003, on 
https://acdbio.com/). The Fast Red probes and hematoxylin splitted images were analyzed by 
Trainable Weka Segmentation plugin to define the number of probes per nucleus. Statistical analysis 
was performed by one-way ANOVA analysis and Bonferroni post-hoc tests. 
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Immunohistochemistry and morphometric analysis of human melanoma samples. 
Immunohistochemistry was performed on the same 60 human samples used for RNAscope analysis. 

To this aim, 3 m-thick, 4% paraformaldehyde (PFA) fixed and paraffin-embedded histological 
sections collected on poly-L-lysine-coated slides (ref. J2800AMNZ, Gerhard Menzel, Germany) were 
deparaffinized and rehydrated in a xylene-graded alcohol scale and then rinsed for 10 min in Tris 
buffered saline solution (TBS, ref. SRE0032, Sigma-Aldrich, St. Louis, MO). For MITF and tyrosinase 
immunostaining the sections were heated in a solution of sodium citrate pH 6.0 (ref. S1700, Agilent 
Dako) and in a solution of  Tris/EDTA pH 9.0 (ref. S2367, Agilent Dako) for MITF and tyrosinase, 
respectively, once the temperature has reached 98 °C in a water bath for 30 min or 40 min 
respectively. For SMPD3 and ceramide immunostaining, no target retrieval step was performed. 
Then, all the sections were washed in TBS + 0.025 Triton X-100 (TBS-Tr), and the endogenous 
peroxidase and alkaline phosphatase were blocked in Dual Endogenous Enzyme-Blocking target (ref. 
S2003,  Agilent Dako) for 10 min. Afterwards, the sections were exposed to mouse monoclonal anti-
MITF (ref. M3621, Agilent Dako), anti-tyrosinase (ref. M3623, Agilent Dako), anti-SMPD3 (ref. sc-
166637, Santa Cruz Biotechnology) and anti-ceramide (ref. ALX-804-196, Enzo Life Sciences) 
antibodies diluted 1:100  for 1 hour at room temperature; after washings in TBS-Tr, the sections 
were incubated with Dako REAL™ Detection System, Alkaline Phosphatase/RED, Link, Biotinylated 
Secondary Antibodies (AB2) for 15 min (ref. K5005, Agilent Dako); then with Dako REAL™ Detection 
System, Alkaline Phosphatase/RED Streptavidin Alkaline Phosphatase (AP) (ref. K5005, Agilent Dako) 
for 15 min; finally, the immunodetection was performed with Dako REAL™ Detection System, 
Chromogen (RED) (ref. K5005, Agilent Dako) for 20 min at room temperature. At the end of 
secondary antibodies revelation, all the sections were washed in distilled water, counterstained 
with Mayer’s hematoxylin (ref. 51275, Sigma-Aldrich, St. Louis, MO, USA), and mounted in glycergel 
(ref. C0563, Agilent Dako). Specific preimmune serum replacing the primary antibodies served as a 
negative control.  
 
Morphometric analysis was performed by two independent observers on three randomly selected 
fields. Immunohistochemistry slides were scanned using the whole-slide scanning platform Aperio 
ScanScope CS (Leica Biosystems, Nussloch, Germany) at the maximum magnification available (40x), 
stored as digital high resolution images on the workstation associated with the instrument, and 
analyzed using the Aperio Positive Pixel Count algorithm embedded in the ImageScope v.11.2.0.780 
(Leica Biosystems). Statistical analysis were performed by using one-way ANOVA analysis and 
Bonferroni post-hoc tests to compare replicates with GraphPad Prism 5.01; p≤0.05 was considered 
as the limit for statistical significance. 
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Table S1. Primers used for RT-qPCR analysis 

 

gene forward reverse 

Galc 5’-ACACTGGAACTGGAGGAGGA-3’ 5’-AGGTCGTTGGTTGAGAACTTG-3’ 

Smpd3 5’-CACTCGCTCTTTACTCGCTACA-3’ 5’-CCTCGCTCTCCAACACCTT-3’ 

Smpd1 5’-TGGGACTCCTTTGGATGGG -3’ 5’-CGGCGCTATGGCACTGAAT-3’ 

Sgms1 5’-TCAAGTGCGGAGAATAATGAAG-3’ 5’-AGGAGCCAGCAAATCCAGT-3’ 

Sgms2 5’-AAACGGGATGGTATTGGTTG-3’ 5’-CTTGGGAGCACACTGGAAG-3’ 

Gba1 5’-CCAGAAAGTGAAAGGATTTGGA-3’ 5’-AGTCGTTAGGGGTGTCAGCA-3’ 

Asah1 5’-CATGGCAGATGGTATGTGGT-3’ 5’-GCTTGTTGAGGACAGGTTTTG-3’ 

Cerk 5’-CCCCAGAGTCACAGAAAGGA-3’ 5’-TCCATCTCCACCAACACAGA -3’ 

Sphk1 5’-AGGTGGTGAATGGGCTAATG-3’ 5’-TGTGCAGTTGATGAGCAGGT-3’ 

Glb1  5’-GGATTTTGGAACAGGCAACA-3’ 5’-CACGGGCAAGCAGGTTAT-3’ 

Ugcg 5’-CATTCAACTCAGGGGTGTCC-3’ 5’-CCTGTAGCGACCAGTTCTCC-3’ 

Ugt8a 5’-TGTATGATGCCCTGGTGAAA-3’ 5’-AGCAGAACGGAGGTGACG-3’ 

Cyclin D1 5’-AGACCATTCCCTTGACTGC-3’ 5’-AAGCAGTTCCATTTGCAGC-3’ 

Gapdh 5’-GAAGGTCGGTGTGAACGGATT-3’ 5’-TGACTGTGCCGTTGAATTTG-3’ 
SMPD3 5’-AGGACTGGCTGGCTGATTTC-3’ 5’-CCAGCTTGTCGTCAGAGGAG-3’ 
GAPDH 5’-GAAGGTCGGAGTCAACGGATT-3’ 5’-TGACGGTGCCATGGAATTTG-3’ 
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 Table S2. GALC downregulation affects the lipid profile of murine B16-F10 melanoma cells. 

The analysis was performed in duplicate on three independent preparations for each cell type.  

Data are expressed as pmol/106 cells. 

 

Sphingolipids: 
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Glycerophospholipids: 
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Glycerolipids: 
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Table S3. Expression levels of enzymes involved in sphingolipid metabolism in B16-F10 cells 

 

gene abbreviation shNT-B16-F10 cells shGALC-B16-F10 cells 

-galactosylceramidase Galc 0.78 ± 0.11 0.33 ± 0.04** 

Sphingomyelin phosphodiesterase 
3, neutral 

Smpd3 0.67 ± 0.49 36.64 ± 24.44** 

Sphingomyelin phosphodiesterase 
1, acid lysosomal  

Smpd1 0.82 ± 0.12 0.84 ± 0.13 

Sphingomyelin synthase 1      Sgms1 0.94 ± 0.14 1.06 ± 0.12 

Sphingomyelin synthase 2                Sgms2 1.10 ± 0.21 1.03 ± 0.26 

-glucosylceramidase Gba1 0.80 ± 0.14 0.81 ± 0.20 

Acid ceramidase Asah1 0.76 ± 0.09 0.90 ± 0.18 

Ceramide kinase Cerk 0.67 ± 0.11 0.76 ± 0.07 

Sphingosine kinase 1 Sphk1 1.16 ± 0.43 0.90 ± 0.22 

Galactosidase beta 1        Glb1  1.06 ± 0.04 1.07 ± 0.31 

UDP-glucose ceramide 
glucosyltransferase 

Ugcg 0.87 ± 0.01 1.11 ± 0.24 

UDP galactosyltransferase 8A Ugt8a 1.22 ± 0.96 1.45 ± 0.85 

 

The expression levels of the different genes were evaluated by RT-qPCR analysis. The data (mean ± 

S.D. of three independent determinations) are expressed as relative to the expression levels 

measured in B16-F10 cells. ** P<0.01; Student’s t-test.  
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Table S4. RT-qPCR analysis of the expression of tumor infiltrate markers and immune checkpoints in B16-F10 tumor grafts 

The expression levels of the different genes were evaluated by RT-qPCR analysis using the listed primers. The data (mean ± S.E.M. of eight samples 

per group) are expressed as relative to the expression levels measured in one shNT-B16-F10 tumor. ND = not detectable. 

 

 

Tumor cell infiltrate markers 

gene 
RT-qPCR oligonucleotide primers 

shNT-B16-F10 tumors shGALC-B16-F10 tumors 
forward reverse 

Cd45 5’-TATCGCGGTGTAAAACTCGTCA-3’ 5’-GCTCAGGCCAAGAGACTAACGT-3’  0.98 ± 0.22 0.95 ± 0.34 

Cd11b 5’‐GGGCTTGGACACTTTGGT-3’  5’‐TCTTGGTGAGCGGGTTCT-3’  0.64 ± 0.11 0.49 ± 0.12 

F4/80 5’-TCTTGGTTATGCTTCCTTCTGT-3’ 5’-TGGATGTCTCCTCCTTGCT -3’ 0.89 ± 0.19 0.88 ± 0.29 

Egr-2 5’-TGACCAGATGAACGGAGTG-3’  5’-GTGGGTCAATGGAGAATTTG-3’  0.88 ± 0.15 0.62 ± 0.08 

Cd19 5’‐GCCACAGCTTTAGATGAAGGCAC-3’  5’‐CATCCACCAGTTCTCAACAGCC-3’  2.62 ± 0.94 2.17 ± 0.66 

Cd4 5’‐GTTCAGGACAGCGACTTCTGGA-3’  5’‐GAAGGAGAACTCCGCTGACTCT-3’  1.22 ± 0.26 1.71 ± 0.47 

Cd8 5’‐ACTACCAAGCCAGTGCTGCGAA-3’  5’‐ATCACAGGCGAAGTCCAATCCG-3’  0.78 ± 0.28 1.27 ± 0.61 

Cd161 5’‐GACACAGCAAGTATCTACCTCGG-3’  5’‐TCAGAGCCAACCTGTGTGAACG-3’  1.03 ± 0.24 1.96 ± 0.59 

Gr-1 5’‐GAAGTTATTGTGGACTCTCACAG-3’  5’‐AGTATTGTCCAGAGTAGTGGG-3’  ND ND 

Immune checkpoints 

gene 
RT-qPCR oligonucleotide primers 

shNT-B16-F10 tumors shGALC-B16-F10 tumors 
forward reverse 

PD-L1 5’-CTCAGCACAGCAACTTCAGG-3’ 5’-GGTATGGGGCATTGACTTTC-3’ 1.19 ± 0.27 0.94 ± 0.19 

PD-L2 5’-ACACCAGCCACATCAGGAC-3’ 5’-ACTTTGGGTTCCATCCGACT-3’ 1.04 ± 0.20 0.99 ± 0.26 

Ctla-4 5’-AGAGCTGTTGACACGGGACT-3’ 5’-CAAGCTAACTGCGACAAGGA-3’ 0.79 ± 0.20 0.68 ± 0.24 

PD-1 5’-CATTCACTTGGGCTGTGCT-3’ 5’-GACTCAGGCGGTTCCAGTT-3’ 0.75 ± 0.17 0.62 ± 0.27 

Cd80 5’-ACACCACTCCTCAAGTTTCCA-3’ 5’-TTTTGCCAGTAGATTCGGTCTT-3’ 1.02 ± 0.16 0.65 ± 0.12 

Cd86 5’-GTTACTGTGGCCCTCCTCCT-3’ 5’-TGGGGTTCAAGTTCCTTCAG-3’ 0.92 ± 0.19 0.71 ± 0.18 
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Figure S1. Galca does not affect melanocyte differentiation in zebrafish. A, At variance with galcb 

morphants, galca-MO injection does not affect the number of melanin-positive melanocytes 

migrating over the yolk of zebrafish morphants when compared to control Std-MO injected 

embryos. Representative images of embryos at 36 hpf are shown in the left panels. Data are the 

mean ± SEM, n = 30, ** P < 0.01. B, galca-MO injection does not inhibit the expression of the 

melanoblast/melanocyte markers mitfa and dct when assessed by WISH analysis at 24 and 30 hpf. 

The expression of mitfa and dct was scored blindly as normal or downregulated by two independent 

observers. Left panels are representative images of galca and galcb morphants showing a normal 

or downregulated expression of the gene under investigation, respectively. The effect of galcb-MO 

was statistically significant (P < 0.01) for the two genes at both time points investigated when 

compared to non-injected embryos or embryos injected with Std-MO whereas galca-MO was 

ineffective. 
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Figure S2. Galc downregulation does not affect cell cycle distribution and cell death in B16-F10 
cells.  A, Cell cycle analysis of uninfected, shNT-B16-F10 and shGALC-B16-F10 cells. Cells were 
cultured for 72 h in 0.4% FBS, fixed in 70% ethanol and then stained with 40 μg/ml propidium iodide 
(SigmaAldrich). Cell cycle data were analyzed using the FlowJo vX.0.7 software (Tree Star, Inc., 
Ashland, OR, USA). Right panel: representative cell cycle histograms. B, Cell death analysis by 
Annexin-V/propidium iodide double staining (Immunostep) of uninfected, shNT-B16-F10 and 
shGALC-B16-F10 cells cultured for 72 h in 0.4% FBS (left panel); right panel: representative cell death 

dot plots. Analyses were performed using the MACSQuant Analyzer (Miltenyi Biotec). Data are 
mean ± S.E.M. of three independent experiments. 

 

  



14 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. The neutral sphingomyelinase inhibitor GW4869 increases the tumorigenic activity of 

shGALC-B16-F10 cells. C57BL/6 mice were injected s.c. with 3 x 104 shNT-B16-F10 or shGALC-B16-

F10 cells (5-7 mice/group). At 10 days after grafting, mice were treated three times a week with 2.5 

mg/kg body weight of GW4869 dissolved in DMSO (100 l/injection) and tumors were measured 

with calipers. At sacrifice, tumors were harvested, photographed and weighted. Data are mean ± 

S.E.M. ** P < 0.01; Student’s t-test. 
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Figure S4. Inhibition of the tumorigenic activity in shGALC-bis-B16-F10 cells. shGALC-bis-B16-F10 

cells were obtained following infection with a lentivirus harboring an anti-GALC shRNA distinct from 

that utilized to generate shGALC-B16-F10 cells. A, Western blot analysis of GALC protein levels in 

uninfected, shNT-B16-F10 and shGALC-bis-B16-F10 cells. B, Uninfected, shNT-B16-F10 and shGALC-

bis-B16-F10 cells were seeded at 10,000 cells/cm2 in cell culture medium added with 0.4% FCS. Cells 

were trypsinized and counted at the indicated time points. Data are the mean ± S.E.M of triplicate 

observations. C, Representative images of shNT-B16-F10 and shGALC-bis-B16-F10 cell colonies 

photographed 15 days after low-density seeding within a Matrigel layer. D, The repair of wounded 

shNT-B16-F10 and shGALC-bis-B16-F10 cell monolayers was measured 8 h after a mechanical 
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scratch. E, C57BL/6 mice were injected s.c. with 3 x 104 shNT-B16-F10 or shGALC-bis-B16-F10 cells 

(6 mice/group) and tumors were measured with calipers. F, Immunohistochemical (ICH) analysis of 

SMPD3 and ceramide immunoreactivity in shNT-B16-F10 (n = 4) and shGALC-bis-B16-F10 (n = 5) 

tumor grafts. Scale bar: 60 μm. G, shNT-B16-F10 and shGALC-bis-B16-F10 cells were injected into 

the tail vein of C57BL/6 mice (5 x 104 cells/mouse). Three weeks after injection mice were sacrificed, 

lungs were harvested and total metastatic foci in the lungs were counted.  Data are the mean  

S.E.M of 7-8 animals per group. H, shNT-B16-F10 and shGALC-bis-B16-F10 cells were stained with 

the green fluorescent CellTracker Green CMFDA Dye and injected (80-100 cells/embryo) at 48 hpf 

into the blood circulation in the ventral region of the duct of Cuvier of wild-type AB zebrafish 

embryos. During the next 3 days, green fluorescent metastases in the vascular plexus of the tail 

region were quantified by fluorescence microscopy followed by computerized image analysis of the 

fluorescent tumor area. Data are the mean  S.E.M. of 10 embryos per group. Data are mean ± 

S.E.M. * P < 0.05, ** P < 0.01. 
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Figure S5. Public data mining of GALC expression in human melanoma. A-B, GALC expression levels 

in human nevus, in situ, vertical growth phase (VGP) and metastatic growth phase (MGP) 

melanomas and in human primary skin melanoma versus melanoma metastases as obtained from 

Gene Expression Omnibus (GEO) database (3) with accession number GDS1989 (4) and GDS3964 (5). 

C, Spearman rank correlation among GALC, MITF and TYR expression levels in human primary 

melanoma as obtained from 103 human primary tumor samples downloaded from the TCGA GDC 

Data Portal on July 16, 2019. 
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Figure S6. Public data mining of SMPD3 expression in human melanoma. A-B, Clustered heat map 

and scatter plot analyses of GALC and SMPD3 mRNA expression in 443 sequenced samples of human 

skin melanoma. Data from the TCGA Skin Cutaneous Melanoma (TCGA, PanCancer Atlas) as shown 

in cBioPortal for Cancer Genomics. C, Relative SMPD3 expression levels in 31 primary human 

melanomas and 52 melanoma metastases obtained from Gene Expression Omnibus (GEO) DataSets 

(accession number GDS3966). 
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