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Supplementary Figure 1: Sall4 expression in murine Tyr::NrasQ61K Cdkn2a-/- skin. a 

Immunohistochemical staining of a Tyr::NrasQ61K Cdkn2a-/- melanoma primary tumor. b  

Immunohistochemical staining of  Tyr::NrasQ61K Cdkn2a-/- hyperplastic skin. Sox10 was used 

as melanocyte marker and arrows within (b) point towards melanocytes within the hyperplastic 

lesion that are positive for Sall4. Samples were derived from the same animal (adjacent areas 

on trunk back skin) and collected at an age of 5.5 month. Scale bars 200 µm. Experiments were 

repeated independently and with similar results three times. 

  



Diener et al. (2021), Supplementary Figures and Tables 

2 

 

   

Supplementary Figure 2: SALL4 expression in human skin and melanoma. a Healthy 

human skin. b Human melanoma. Arrows in (a) point towards SOX10 positive melanocytes 

in the basal layer of the healthy human epidermis, which are SALL4 negative. Arrows in (b) 

point towards SOX10 positive, SALL4 positive melanoma cells within a cutaneous primary 

tumor. Scale bars 20 µm. Experiments were repeated independently and with similar results 

four times. 
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Supplementary Figure 3: Sall4 loss and metastasis formation in the transgenic melanoma 

mouse model. a Immunohistochemical stainings of back skin from Tyr::NrasQ61K; Cdkn2a-/-; 

Tyr::CreERT2; Sall4lox/lox; LSL-R26R-GFP mice without tamoxifen (TM) injection (upper panel) 

and with TM injection (Sall4-/- cko) (lower panel). Dct stains melanocytes and GFP staining 

verifies recombination after TM injection. Scale bars 50 µm. Experiment was repeated 

independently and with similar results five times. b qRT-PCR based Sall4 expression analysis 

of melanocytes isolated from skin of 8 day old, TM-recombined neonatal mice of either wild-

type (Tyr::CreERT2; LSL-R26R-GFP or -tdTomato), Control (Tyr::NrasQ61K; Cdkn2a-/-; 

Tyr::CreERT2; Sall4wt/wt; LSL-R26R-GFP or -tdTomato), Sall4+/- cko (Tyr::NrasQ61K; Cdkn2a-/-

; Tyr::CreERT2; Sall4wt/lox; LSL-R26R-GFP or -tdTomato) or Sall4-/- cko (Tyr::NrasQ61K; 

Cdkn2a-/-; Tyr::CreERT2; Sall4lox/lox; LSL-R26R-GFP or -tdTomato) genotype. Per sample, 

isolated melanocytes of 6-10 pups of the same genotype had to be pooled to get enough RNA 

for analysis by qRT-PCR. Source data are provided as Source Data file. c Immunohistochemical 

stainings of primary tumor sections from Control (Tyr::NrasQ61K; Cdkn2a-/-; Tyr::CreERT2; 

Sall4wt/wt) and Sall4+/- cko (Tyr::NrasQ61K; Cdkn2a-/-; Tyr::CreERT2; Sall4wt/lox +TM) animals to 

assess proliferation rate. Sox10 was used as melanoma marker and Ki67 labels proliferating 

cells. These are representative images for the analysis of total 10 tumors per group quantified 

and presented in main Figure 2e. Scale bars: 100 µm.  
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Supplementary Figure 4: Examples of endogenous GFP signal in lungs of TM-injected 

Tyr::NrasQ61K; Cdkn2a-/-; Tyr::CreERT2; Sall4lox/lox or Sall4lox/wt (Sall4-/- cko or Sall4+/- cko) 

animals at termination of the experiment and assessment of metastases. a Examples of GFP 

positive micrometastases detected in lungs of Sall4-/- cko animals. Images were taken with a 

fluorescent binocular to detect the endogenous GFP signal. BF: bright field. b Example Images 

from lungs of Sall4-/- cko as well as Sall4+/- cko animals of endogenous GFP signal as seen in 

(a), inverted (inv.) and set to black and white (B/W) in ImageJ for visualization purposes. A 

part of this picture (left panel) is shown in main Figure 2f. Bright field (BF) images of the same 

lungs (right panel) show that GFP+ micrometastases are not always pigmented. These are 

representative images for the analysis of total 26 lungs for the Control group, 15 lungs for the  

Sall4+/- cko group and 26 lungs for the Sall4-/- cko group, which were quantified by means of 

GFP+ recombined metastases counts, as presented in main Figure 2h.  
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Supplementary Figure 5: SALL4 levels in human melanoma cells correlate with proliferation 

and anti-correlate with migration. a-b xCELLigence proliferation assays in additional 

BRAFV600E-mutant (MM150536) and NRASQ61R PTEN+/--mutant (WM1361A) human 

melanoma cell lines. c Experimental Scheme of the Corning Migration Assay: non-treated cells 

were seeded onto the porous membrane of the well inserts and let to migrate from FCS-free 

(top chamber) to FCS high (lower chamber) medium for 16 hrs. Then cells on top of the 

membrane (non-migratory cells; non-migr.) and cells at the bottom side of the membrane that 

had successfully migrated through the porous membrane (migratory cells; migr.) were isolated 

separately to analyze cell fractions with differential migratory capacity. d Quantification of 

SALL4 expression (normalized to ACTB) in non-migratory and migratory M010817, M121224 

and M150548 human melanoma cells subjected to the Corning Migration Assay as depicted in 

(c). Cells of three membranes were pooled to get enough material for each sample for analysis 

by qRT-PCR. Error bars represent mean ± SD for N = 3 with each consisting of the average of 

4 technical replicas (wells measured in the xCELLigence device) in (a) and (b) and N = 3 in (d) 

with significance calculated by two-sided T-tests with p-values ≥ 0.05 = n.s.; < 0.05 = *; < 0.01 

= ** and < 0.001 = *** with M12 in (d) P = 0.0474; M15 in (d) P = 0.0422. Source data for 

(a), (b) and (d) are provided as Source Data file.  
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Supplementary Figure 6: Knock down of SALL4 leads to upregulation of invasiveness genes. 

a Immunocytochemistry of M010817 cells 72 hours after treatment with Control or SALL4 

siRNA#1. After SALL4 knockdown, the cultured cells upregulate CD271 (NGFR), FN1, 

Vimentin and CDH2 (N-Cadherin), which are associated with increased melanoma 

invasiveness and downregulate the epithelial marker CDH1 (E-Cadherin). Scale bars 50 µm. 

Experiment has been repeated with similar results in one independent experiment. b Western 

blot analysis of protein levels of CD271 (NGFR) and AXL – two invasiveness genes -, which 

are both elevated after 72 hrs knock down with siSALL4#1 compared to siCtrl#1 on M010817 

cells. Source data are provided as Source Data file. Experiment has been repeated independently 

two times. See also Supplementary Figure 19b for the downregulation on western blot level of 

the melanocyte differentiation gene MLANA after SALL4 knock down.  
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Supplementary Figure 7: Co-IP validating HDAC2 binding to SALL4 in M010817 cells while 

none of the other HDACs tested (HDAC1, HDAC4, HDAC6) could be detected in the SALL4 

pull-down by western blotting. Note that the same western blot for SALL4 and HDAC2 (left 

panel) is presented in main Figure 5a but presented here again for reasons of completeness. 

Source data are provided as Source Data file. Experiment has been repeated independently with 

similar results two times. 
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Supplementary Figure 8: HOMER de novo DNA binding motifs of peaks found with the 

SALL4 antibody Ab#1 (Abcam, ab29112). 
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Supplementary Figure 9: HOMER de novo DNA binding motifs of peaks found with the 

SALL4 antibody Ab#2 (Antibodies online, ABIN6132627). 
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Supplementary Figure 10: HOMER de novo DNA binding motifs of peaks found with the 

two SALL4 antibodies. 
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Supplementary Figure 11: HOMER de novo DNA binding motifs of peaks found with the 

HDAC2 antibody Ab#1 (Abcam, ab12169). 
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Supplementary Figure 12: HOMER de novo DNA binding motifs of peaks found with the 

HDAC2 antibody Ab#2 (Cell Signaling, 57156S). 
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Supplementary Figures 13: HOMER de novo DNA binding motifs of peaks found with the 

two HDAC2 antibodies. 
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Supplementary Figure 14: HOMER de novo DNA binding motifs found in peaks of at least 

3 of 4 antibodies (= SALL4-HDAC2 shared motifs) 
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Supplementary Figure 15: SALL4-HDAC2 targets that are downregulated after SALL4 

depletion enrich in melanocyte differentiation-related processes. a Significantly downregulated 

genes after SALL4 KD (Figure 4a, c; Supplementary Data 2) were overlaid with the C&R data 

of direct SALL4-HDAC2 targets (peaks in at least 3 of 4 antibodies) (Figure 5c; Supplementary 

Data 4), which resulted in 123 direct SALL4-HDAC2 targets significantly downregulated after 

SALL4 KD (Supplementary Data 4). b MetaCore™ Process Network enrichment of the 123 

downregulated direct targets from (a) resulted in 11 significant processes (Supplementary Data 

4), which are listed with the differentially expressed genes (after SALL4 knock down) of each 

process. c Minimum 3 of 4 C&R peaks in genes related to melanocyte differentiation 

(Supplementary Data 5) were re-analyzed with CiIIder (Gearing et al., 2019) for transcription 

factor (TF) enrichments. This resulted in putatively enriched TFs (Supplementary Data 5), 

which were cut-off for p-values <0.05 and ranked according to significance score 

(Supplementary Data 5) and further analyzed with STRING (Snel et al., 2000; Szklarczyk et 

al., 2019) (with strong confidence (0.600) and MCC clustering on default and with hiding 

unconnected nodes) for putative protein-protein interaction partners of SALL4. This led to the 

in silico identification of a network of 9 putative interaction partners (cluster of red dots/genes) 

of SALL4 at the analyzed loci of melanocyte differentiation genes.  
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Supplementary Figure 16: In vivo HDACi treatment leads to reduced tumor growth and 

upregulation of invasiveness genes. a Setup of in vivo HDAC inhibitor treatment of melanoma 

xenografts. 300’000 M010817 cells were grafted subcutaneously and let grown for 14 days. 

Then, mice were treated with injections of 10 mg kg-1 body weight Panobinostat or 40 mg kg-1 

body weight Mocetinostat or vehicle every second day for 2 more weeks. b Tumor growth curve 

of (a). c qRT-PCR was performed on mRNA extracted from lysed tumors as depicted in (a) at 

the experimental end point. Gene expression was normalized to PPIA and vehicle-treated 

samples were set to 1. Error bars represent mean ± SEM in (b) and mean ± SD in (c). For 

significance, two-sided t-tests were performed with N = 12 (two tumors on a total of 6 mice per 

group) in (b) and N = 5 in (c) and p-values ≥ 0.05 = n.s.; < 0.05 = *; < 0.01 = ** and < 0.001 = 

*** and source data for (b) and (c) are provided as Source Data file. 
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Supplementary Figure 17: Genes that are downregulated and present with lost H3K27ac 

marks after SALL4 KD. a Significantly downregulated genes after SALL4 KD (Figure 4a, c) 

were overlaid with those genes that have significantly lost H3K27ac marks -15/+10 kb of TSS 

(Figure 7a, right panel), which resulted in 137 genes with deactivating chromatin marks that 

are downregulated after SALL4 KD (Supplementary Data 7). b MetaCore™ Process Network 

enrichment of the 137 genes from (a) resulted in 9 significant processes (Supplementary Data 

7), which are listed with their DE genes for each process.   
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Supplementary Figure 18: CUT&RUN peaks visualized by the Integrative Genome Viewer 

(IGV) at loci within the histone demethylase KDM4C (a) and the histone acetylase KAT2B (b) 

show that both are direct targets of SALL4-HDAC2 (with at least 3 of 4 antibodies) (see also 

Supplementary Data 4). 
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Supplementary Figure 19: a qRT-PCR of M010817 cells co-treated with SALL4 knock down 

and the histone acetyl transferase (HAT) inhibitor (HATi) CTK7A. Cells had been 

simultaneously transfected with the corresponding siRNA#1 and treated with 50 µM CTK7A 

and analyzed for expression of specific genes 48 hrs later. Expression of indicated genes was 

normalized to the expression of PPIA and control samples were set to 1. b Western blot of 

M010817 cells treated for 48 hrs with vehicle (DMSO), the histone deacetylase (HDAC) 

activator ITSA-1, the histone acetyl transferase (HAT) inhibitor VII CTK7A or the HDAC 

inhibitor Mocetinostat at the concentrations indicated. c Relative quantification of three 

independent western blots including (b). Error bars represent mean ± SD and for significance, 

two-sided T-tests were performed with N = 3 (a and c) and p-values ≥ 0.05 = n.s.; < 0.05 = *; 

< 0.01 = **; < 0.001 = ***; < 0.0001 = **** and source data for all panels are provided as 

Source Data file. 
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Supplementary Figure 20: Full blot images of western blots (WBs) presented in the main and 

Supplementary Figures with indication of the respective Figure and antibody used (see also 

Supplementary Table 3). a-b Full blots of WBs presented in Figure 3a, left panel (a: anti-

SALL4 sc-101147; b: anti-a-TUBULIN ab52866). c-d Full blots of WBs presented in Figure 

3a, right panel (c: anti-SALL4 sc-101147; d: anti-a-TUBULIN ab52866). e-f Full blots of WBs 

presented in Figure 3b, left panel (e: anti-SALL4 sc-101147; f: anti-a-TUBULIN ab52866). g-

h Full blots of WBs presented in Figure 3b, right panel (g: anti-SALL4 sc-101147; h: anti-a-

TUBULIN ab52866). i-j Full blots of WBs presented in Figure 3c (i: anti-SALL4 ab29112; j: 

anti-b-ACTIN ab5316). k-l Full blots of WBs presented in Supplementary Figure 6b, top panel 

(k: anti-CD271 ANT-007-AG; l: anti-b-ACTIN ab5316). m-n Full blots of WBs presented in 

Supplementary Figure 6b, bottom panel (m: anti-AXL sc-1096; n: anti-b-ACTIN ab5316). o-s 

Full blots of WBs presented in Figure 5a (o and p) and Supplementary Figure 7 (all) (o: anti-

SALL4 ab29112; p: anti-HDAC2 ab12169; q: anti-HDAC1 #5356; r: anti-HDAC4 #7628; s: 

anti-HDAC6 #7558). t-x Full blots of WBs presented in Supplementary Figure 19b (t: anti-

CD271 ANT-007-AG; u: anti-MLANA ab785; v: anti-b-ACTIN ab5316; w: anti-H3 3638S; x: 

anti-acH3 06-599). See also Source Data. 
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Supplementary Table 1: Cell lines 

Cell Line  Species Origin Source Main 

Mutation 

Treatment  

M010817 Human Skin 

melanoma 

metastasis  

Dermatology, 

University 

Hospital Zurich 

NRASQ61R Radiation; immune therapy 

with interferon; vaccination 

with tumour- lysate pulsed DC; 

refreshing of vaccination; 2x 

refreshing of vaccination, CR 

M070302 Human Lung 

melanoma 

metastasis 

Dermatology, 

University 

Hospital Zurich 

Unknown Pegasys; therapy with 

Dacarbazin and Thalidomid (6 

cycles) ; immune-modulated 

therapy (3M-study) ; 

chemotherapy foursome 

combination with Velcade; 

chemotherapy VP-scheme 

(Eldisine, Platinol, Nexavar, 

Pegasys) 

M150548 Human Brain 

melanoma 

metastasis 

Dermatology, 

University 

Hospital Zurich 

BRAFV600E Targeted therapy with LGX818 

(Encorafenib) and MEK162 

M121224 Human Thoracic 

melanoma 

metastasis 

Dermatology, 

University 

Hospital Zurich 

BRAFV600E 

NrasQ61K 

 

Targeted therapy with LGX818 

(Encorafenib) treatment; 

immune therapy with 

Ipilimumab 

MM150536 Human Brain 

melanoma 

metastasis 

Dermatology, 

University 

Hospital Zurich 

BRAFV600E Targeted therapy with LGX818 

(Encorafenib) and MEK162 

WM1361A Human Primary 

Cutaneous 

Melanoma 

Commercially 

available 

NRASQ61R 

PTEN+/- 
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Supplementary Table 2: Primers (qRT-PCR and Genotyping) 

Target  

(gene or allele) 

Forward 5’ → 3’  Reverse 5’ → 3’ 

Human qRT-PCR primers: 

SALL4 ACCGAACCAACACATCCATT TTGGCTCAGAACCCGTAAAG 

NGFR CCTACGGCTACTACCAGGATG CACACGGTGTTCTGCTTGT 

AXL GAGGATGAACAGGATGACTGG ACGAAGGTCTGATGTCCCAGA 

SERPINE1 AGTGGACTTTTCAGAGGTGGA GCCGTTGAAGTAGAGGGCATT 

JUN TGAGTGACCGCGACTTTTCA GAGGGCATCGTCGTAGAAGG 

ETS1 GATAGTTGTGATCGCCTCACC GTCCTCTGAGTCGAAGCTGTC 

WNT5A ACCGCTTTGCCAAGGAGTTCG GCCTCGTTGTTGTGCAGGTTCAT 

ADAM10 TGCTGAATGGATTGTGGCTCAT AAAGTGCCTGGAAGTGGTTTAG 

MAP4K4 ATTGAGCCCAGGCTTCTGTG CTGAGTTGCTGGACCCTGAG 

FN1 CAGTGGGAGACCTCGAGAAG TCCCTCGGAACATCAGAAAC 

CDH2 ACAGTGGCCACCTACAAAGG CCGAGATGGGGTTGATAATG 

MAPK8 TCTGGTATGATCCTTCTGAAGCA TCCTCCAAGTCCATAACTTCCTT 

ITGA6 CACATCTCCTCCCTGAGCAC TATCTTGCCACCCATCCTTG 

PDGFC GACTCAGGCGGAATCCAACC CTTGGGCTGTGAATACTTCCATT 

FLT1 (VEGFR-1) ACCGAATGCCACCTCCATG AGGCCTTGGGTTTGCTGTC 

MITF CAGGCATGAACACACATTCAC TCCATCAAGCCCAAGATTTC 

MLANA TGTGCCCTGACCCTACAAGA CCTCTTCAGCCGTGGTGTAA 

DCT CCAATGATCCCATTTTTGTG AGGCATCTGCAGGAGGATTA 

TRPM1 CACCCAGAGCTACCCAACAGA CGGATATACATGGCTTTATTGGAA 

PPIA TTCATCTGCACTGCCAAGAC TCGAGTTGTCCACAGTCAGC 

ACTB GGACTTCGAGCAAGAGATGG AGGAAGGAAGGCTGGAAGAG 

Mouse genotyping primers: 

Sall4lox CTCCACCAACTCTAGCTGCTAATGGC ATGGCCTTTGCACATGTGTTCTGGAG 

Sall4wt CTCCACCAACTCTAGCTGCTAATGGC GTTACAGCAATACGGAGATACACAGC 

Ink4a- CTATCAGGACATAGCGTTGG AGTGAGAGTTTGGGGACAGAG 

Ink4awt ATGATGATGGGCAACGTTC CAAATATCGCACGATGTC 

Cre AGGCTAAGTGCCTTCTCTACAC ACCAGGTTCGTTCACTCATGG 

GFP CGCACCATCTTCTTCAAGGACGAC AACTCCAGCAGGACCATGTGATCG 

tdTomatoLSL CTGTTCCTGTACGGCATGG GGCATTAAAGCAGCGTATCC 

tdTomatonull AAGGGAGCTGCAGTGGAGTA CCGAAAATCTGTGGGAAGTC 
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Supplementary Table 3: Antibodies (for stainings, WBs, Co-IP, ChIP seq and CUT&RUN) 

Antibody Host Company Cat. No. Application Dilution 

Sall4 Rabbit Abcam ab29112 Immunohistochemistry 

Co-Immunoprecipitation 

Western Blot (WB) 

CUT&RUN (‘SALL4_Ab#1’) 

1:200 

20 ug/sample 

1:150 

1:100 

Sall4 Rabbit Antibodies Online ABIN6132627 CUT&RUN (‘SALL4_Ab#2’) 1:100 

Sall4 Mouse Santa Cruz sc-101147 

Clone EE-30 

Lot D2920 

WB 1:100 

Sox10 Rabbit Home-made anti-Sox10 Ab Immunohistochemistry 1:40’000 

Ki67 Rat Biolegend 652402 

Clone 16A8  

Lot B173510 

Immunohistochemistry 1:100 

Dct Goat Santa Cruz sc-10451 Immunohistochemistry 1:200 

Mitf Rabbit Gift from H. 

Arnheiter’s lab 

(Bharti et al., 2008; 

Opdecamp et al., 1997) 

Immunohistochemistry 1:200 

GFP Chicken Aves GFP-1020 Immunohistochemistry 1:400 

HDAC1 Mouse Cell Signaling #5356 WB 1:200 

HDAC2 Mouse Cell Signaling #5113 WB 1:200 

HDAC4 Rabbit Cell Signaling #7628 WB 1:200 

HDAC6 Rabbit Cell Signaling #7558 WB 1:200 

HDAC2 Mouse Abcam ab12169  

Lot GR321 1055-10 

Co-IP 

CUT&RUN (‘HDAC2_Ab#1’) 

20 ug/sample 

1:100 

HDAC2 

(D6S5P) 

Rabbit Cell Signaling 57156S  

Ref 10/2019, Lot 1 

CUT&RUN (‘HDAC2_Ab#2’) 1:100 

FLAG Mouse Sigma-Aldrich F3165  

Batch Nb. SLBT 6752 

CUT&RUN 1:100 

IgG Rabbit Abcam ab6709 Co-IP 20 ug/sample 

H3K27ac Rabbit Abcam ab4729 

Lot GR312658-1 

Chromatin immunoprecipitation 

sequencing 

 

NGFR Rabbit Almone Labs ANT-007-AG WB 

Immunocytochemistry 

1:250 

1:200 

AXL Goat Santa Cruz sc-1096 WB 1:250 

β-actin Mouse Sigma ab5316 WB 1:400 

α-tubulin Rabbit Abcam ab52866 

Clone EP13324  
Lot GR3241238-9 

WB 1:200 

MelanA Mouse Abcam ab785 

Clone A103 Lot 929307 

WB 1:150 

FN1 Rabbit Sigma F3648 Immunocytochemistry 1:150 

VIMENTIN Mouse Sigma V2258 

Clone LN-6  

Lot 122M4829 

Immunocytochemistry 1:150 

CDH2 Rabbit Takara M142 Immunocytochemistry 1:250 

CDH1 Mouse BD bioscience 610181 

Clone 36 

Immunocytochemistry 1:150 

acH3 Rabbit Millipore 06-599 WB 1:200 

H3 Mouse Cell Signaling 3638S 

Clone: 96C10 

Lot 8 

WB 1:200 
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Supplementary Table 4: siRNAs 

Name Description Company Cat. No. Concentration 

siSALL4_1 Stealth siRNA Invitrogen 10620318 – 332670 B12 50 nM 

siControl_1 Stealth Control siRNA, 

Medium GC Duplex #2 

Invitrogen 12935112 50 nM 

siSALL4_2 Silencer Select siRNA Invitrogen 4392421 – s531817 50 nM 

siControl_2 Silencer Select siRNA, 

Negative Control #1 

Invitrogen 4390843 50 nM 
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