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Supplementary Figure Legend 

 

Figure S1. Xenograft models of human metastatic melanoma phenocopy the parental 

tumors. Immunohistochemical staining of melanoma tissues (MM13, MM16 and MM27 

patients) and corresponding PDXs in NSG mice. Tissue biopsies were stained with anti 

S100, HMB-45, Melan-A, CD271 and MITF antibodies. Scale bar 25 m. 

 

Figure S2. Exome sequencing analysis of MM13, MM16 and MM27 human metastatic 

melanomas and their paired PDXs. A) Summary of all the mutations (sum of single 

nucleotide variations, SNVs and small insertions/deletions, InDels) found in MM13, 

MM16 and MM27 upon exome sequencing analysis. The table shows the number of 

mutations (with variant allele frequency, VAF>0.05) found in each human specimen 

(Patient), and the number and percentage of conserved or de novo mutations (with 

respect to Patient) found in the paired PDX1 and PDX2. B) Scatter plots of all the 

mutations identified in MM13, MM16 and MM27. The x-axis indicates VAF of the 

mutations present in the Patient and the y-axis indicates those present in the paired 

PDX1 (upper plots) or PDX2 (lower plots). Grey dotted lines represent the axis bisectors. 

Pearson correlations (R) are reported. To note: gDNA of MM16 Patient was extracted 
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from FFPE sections, contaminated with normal cells (40% as determined by the 

pathologist’s inspection and bio-computational analysis). The low, although significant, 

correlation among Patient and PDX samples (R=0.45 and 0.49) in MM16 can be 

explained by the poor quality and the low tumor cellularity of the sample or by a 

higher degree of biological complexity of this specific melanoma, e.g. multiple sub clones 

with different TIC frequency and/or growth properties. C-D) The Pearson correlation 

values (R) obtained comparing the Variant Allele Frequency (VAF≥ 0.05) of the mutations 

in the residual PDX2 tumors (MM13 shKMT2D and MM27 shKMT2D) with the 

corresponding paired original tumor (PDX1) or control tumor (PDX2 shLuc) are reported 

in (C). The same comparison was performed on the shLuc-transduced tumor cells (D). 

 

Figure S3. Silencing efficiency of BAZ1B, SMARCA4, CHD4 and KMT2D shRNAs. 

MM13, MM16 or MM27 PDX2 cells expressing control shRNAs (shLuc or shPSMA1) or 

shRNAs targeting the indicated genes were subjected to western blotting (WB) or qPCR 

analysis. Cells were silenced using 2 shRNAs per gene separately (shRNA 1 and shRNA 2) 

or pooled (shRNA 1+2). A-B) WB analysis of SMARCA4 and CHD4 (as indicated) in 

PDX2 silenced cells. Vinculin levels were used as normalizer. In B the third lane of MM16 

and MM27 blots was loaded with lysates extracted from PDX2 cells silenced for a gene 

(X), which is not related with the experiment above reported. C) QPCR analysis of mRNA 

levels of BAZ1B, KMT2D and PSMA1 (as indicated) in PDX2 silenced cells. RPLP0 

mRNA level was used as housekeeper. 

 

Figure S4. Gain of function of SMARCA4 and CHD4 in MM16 PDX cells. Short-term 

cultures of MM16 PDX2 cells were used to overexpress SMARCA4 (A-C) and CHD4 (D-

F) genes. Melanoma cells were transfected with SMARCA4- or CHD4-containing or empty 
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control (EV) vectors. A, D) Proliferation (EV black markers, SMARCA4 or CHD4 white 

markers) and B, E) migration (EV black bars, SMARCA4 or CHD4 white bars) assays were 

performed as described in Methods. C, F) WB analysis shows SMARCA4 (C) or CHD4 (F) 

overexpression in MM16 PDX2 cells. Vinculin was used as normalizer. Data represent the 

mean of a technical triplicate experiment ± SD. P ≤ 0.05 indicates statistically significant 

results (*: P ≤ 0.05). 

 

Figure S5. CRISPR/Cas9-mediated targeted deletion of human KMT2D gene and 

function analysis of its depletion in melanoma cell lines. A-C) SK-MEL-30 and A375 

cells were infected with shKMT2D (pool of two harpins) or shLuc and plated for migration 

(A) and proliferation (B) in vitro assays. A) Migrated cells were calculated by ImageJ 

analysis and shKMT2D migration values normalized versus the corresponding control 

(shLuc) (mean±SD). Statistical significance was calculated with the Student T-test (***: P 

<0.001). B) Proliferation of shKMT2D cells and shLuc was measured by Cell Titer Glo 

assay (Promega) and expressed as relative value (mean±SD) to the first time point 

acquisition (Day 0). C) The relative expression (assessed by qPCR) of KMT2D mRNA in 

SK-MEL-30 and A375 KMT2D-silenced cells was compared to control (shLuc). D,G) 

Western blots analysis of KMT2D expression in (D) SK-MEL-30 and (G) A375 clones 

generated by lentivirus infection with KMT2D-sgRNA1 and KMT2D-sgRNA3 containing 

constructs specific for KMT2D Exon1 sequence. Vinculin was used as loading control. 

Each clone is associated to its sgRNA construct. We confirmed the CRISPR/Cas9-

mediated genome editing into the KMT2D site by Sanger sequencing (data not shown). The 

migration (E, H) and cell proliferation (F, I) of KMT2D-KO, KMT2D+/- and wild-type 

clones were evaluated as described above. 
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Figure S6. NRAS- and BRAF-mutant overexpression in melanoma cell lines. A-D) 

Estrogen-receptor (ER)-inducible expression of mutant BRAF in NRAS-mutated 

melanoma cells (SK-MEL-30) (A-B), or mutant NRAS in BRAF-mutated melanoma cells 

(A375) (C-D) upon KMT2D silencing. NRAS
Q61K

 and BRAF
V600E

 expression was induced 

by addition of 4-hydroxytamoxifen to the media (~5 fold induction). A) Migration of SK-

MEL-30 cells transduced with control vector (shLuc, black bars), and shKMT2D vector 

(white bars). Mutant BRAF was expressed in both shLuc- and shKMT2D-silenced cells. B) 

Proliferation of shKMT2D cells and shLuc was measured by Cell Titer Glo assay 

(Promega) and expressed as relative value (mean±SD) to the first time point acquisition 

(Day 0) in SK-MEL-30 cells. C) Migration of A375 cells transduced with control vector 

(shLuc, black bars), and shKMT2D vector (white bars). Mutant NRAS was expressed in 

both shLuc- and shKMT2D-silenced cells. D) Proliferation of shKMT2D cells and shLuc 

was measured in A375 cells as described in (B). Proliferation and migration assays were 

performed as described in Methods. Data represent the mean of a technical triplicate 

experiment ± SD. Statistically significant results are indicated with an asterisk (*: P ≤ 

0.05). 

 

Figure S7. Comparison of in vitro shRNA screens on melanoma cell lines with in vivo 

screens on PDX melanoma cells. Our in vivo shRNA screens on PDX melanoma cells 

were compared to an in vitro genome-wide shRNA screen performed on A2058 

(BRAF
V600E

), COLO783 (BRAF
V600E

), SK-MEL-5 (BRAF
V600E

) and HS944T (NRAS
Q61K

) 

metastatic melanoma cell lines. The four cell lines were infected with a genome-wide 

shRNA library (54,020 hairpins  

targeting 11,000 genes) and, after in vitro propagation (16 doubling time or 40 days in 

culture), shRNA representation was measured using high-throughput sequencing and 
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compared to the initial shRNA pool. The HITs (depleted-genes required for cell 

proliferation and/or viability) were defined according to the ATARIS analyses (fold change 

score < -1). The Genome-Wide Library and our Epigenetic library share 109 epigenetic 

genes, analysed in the figure. A-B) The epigenetic HITs in common among the four cell 

lines or the PDX cells are shown at the intersection of the 4 Venn diagrams (A) and 3 Venn 

diagrams (B), respectively. C, D, E) Analysis of the epigenetic HITs identified in the 

MM13 (C), MM16 (D) and MM27 (E) PDX cells in common with each of the four cell 

lines, respectively. 

 

Figure S8.  Mutation rate and clinical relevance of epigenetic hits identified in our 

melanoma screens. A) We analysed the frequency of somatic mutations of each gene 

composing our epigenetic library (236 genes) in all metastatic melanoma samples collected 

in The Cancer Genome Atlas (TCGA) database. As indicated, genes are divided in HITs 

(those depleted in the screen) and No HITs (the remaining genes). B) Table reporting the 

number (classified as HITs and No HITs, as previously described) and percentage of 

mutated genes identified in all three patients with exome-sequencing analysis. SNVs and 

InDels (number and percentage) are counted in both HITs and No HITs gene sets. The 

number of mutations identified in the HITs of each patient is not significantly enriched 

with respect to the No HITs (p-value was calculated using Fisher’s Exact Test). C) Table 

reports HITs for which known mutations are targeted by drugs in preclinical (Actionable) 

and clinical (Clinically Actionable) trials. 

 

Supplementary Methods  
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Cell culture and infection of melanoma cell lines. Loss-of-function experiments were 

performed using shLuc and shKMT2D pRSI vectors (purchased by Cellecta Inc). 

Lentivirus infections were carried out under the same experimental conditions used for 

PDX cells (see Methods). 48h post-infection, puromycin (2µg/ml) was added and after 

72h cells were plated for the in vitro assays. Proliferation was measured as described for 

PDX cells. Migration assay was performed plating 10
5
 cells for A375 and 2 x 10

5 
cells 

for SK-MEL-30 and analysed after 24h and 48h, respectively.  

Mutant NRAS (NRAS
Q61K

) was cloned by PCR in front of the estrogen receptor (ER), 

while mutant BRAF (BRAF
V600E

) behind the ER. cDNAs were then assembled in the 

pLenti CMV Hygro DEST expression vector (Gateway methods by Invitrogen). 

Functionality and inducibility of the vectors were tested in melanoma cells, by checking 

NRAS and BRAF expression by Western blot. Target melanoma cells were plated in 

complete media and after 24 h, concentrated lentiviral particles, produced by transfecting 

293T with NRAS
Q61K

- or BRAF
V600E

-containing or empty vectors, were added to cells 

together with 4 µg/ml polybrene, for 16 hours. 48 hours post-infection, hygromycinB 

(200µg/ml) was added to the media for 5 days. Subsequently, cells were infected with 

shLuc and shKMT2D, as described before. Expression of the recombinant proteins was 

induced by adding 4-hydroxytamoxifen (Sigma, 1mol/L). In vitro assays were 

performed as previously described. 

 

Immunohistochemistry. Tissue sections were treated with 1 mM EDTA buffer (pH=8) 

for 30 min at 95°C, followed by incubation with 3% hydrogen peroxide in distilled water 

for 5 min at RT. Immunohistochemistry was performed using Fuchsin (Dako#K0678) as 

an alkaline phosphatase substrate and the following antibodies: anti-S100 (Monosan 

MONX10775), anti-HMB-45 (Monosan MONX11135), anti-Melan-A (Novocastra NCL-
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MelanA), anti-CD271 (Alomone Labs ANT-007) or anti-MITF (Spring Bioscience 

E17900). Images were acquired with OLYMPUS BX51 up-right microscope (UPIanAPO 

40x/0,85 objective lenses) connected to NIKON COLOR CAMERA DIGITAL SIGHT 

DS-U1 and analysed with NIS-elements software. 

 

Genome editing by CRISPR-Cas9 in melanoma cell lines. Single guide sequences 

specific for KMT2D (exon1) were designed using the CRISPR designed tool (1) and 

cloned into lentiCRISPRv2 (Addgene plasmid 52961). The sequences selected (based on 

the lowest number of predicted off-target in exons and highest predicted efficiency were 

the following ones: KMT2D-sgRNA1 5’- CACCGTATCCTCACCAGCCAGCTTC-3’ 

and KMT2D-sgRNA3 5’- CACCGACCTCTCCCACATGTGGGT-3’. The KMT2D-

sgRNA1 and the KMT2D-sgRNA3 vectors were transduced into SK-MEL-30 and A375 

melanoma cell lines and, after puromycin selection, cells were plated in limiting dilution 

in 96-well plates and subsequently expanded. Clones were screened by immunoblotting 

assay using an anti-KMT2D antibody. To confirm the genomic editing, genomic DNA of 

positive clones was amplified by PCR (98° C for 2min; 98° C for 20s, 65° C for 20s, 72° 

C for 20s (40 cycles); 72° C for 7min) using KMT2D-Exon1 sequence primers (KMT2D-

F 5’-CTCCCCGCAGTTACAGAGAG-3’ and KMT2D-R 5’-

GGCTTTGCTCTGATGTCTGG-3’). The PCR products were resolved in 1% agarose 

gel and bands were excised and subjected to gel purification (Promega A9282). The 

purified fragments were cloned into TOPO TA cloning vector (Invitrogen 45-0030) for 

DNA sequencing. Sequence homology searches were conducted using BLASTN and 

UCSC database hg19 to identify deletion/integration.  
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Gain of function of SMARCA4 and CHD4 in PDX cells. pHAGE-EF1a-IRES-

EGFP_SMARCA4 and pHAGE-EF1a-IRES-EGFP_CHD4 were provided by the M.D. 

Anderson Cancer Center. Gain of function experiments were performed into short-term 

culture of MM16 PDX cells maintained in IMDM medium, supplemented with 200 

mmol/L L-Glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin and 10% FBS 

(see Methods). MM16 PDX cells were plated in completed medium and after 24h were 

transfected with 12 g/ml Lipofectamine, 9 g/ml Plus Reagent and 15 g total DNA for 

SMARCA4 or CHD4 or non-targeting control. Medium was replaced after 6 hours. After 

48-72h, fluorescent-activated cell sorting (FACS) of cells was performed. Cells were 

gated for single events and viability and then sorted by GFP expression. The in vitro 

assays were performed from three to five days post-sorting depending on cell viability 

and conditions were the same of the validation experiments (see Methods).  

 

Enhancer repression by CRISPRi technology in PDX cells. The experiments were 

performed using the CRISPRi technology (see reference 32 in the main text). The pHR-

SFFV-dCas9-BFP-KRAB vector (here referred to dCas9-BFP-KRAB vector) and the 

lentiGuide-PURO vector (here referred to sgRNA vector) were purchased from Addgene: 

(plasmid 46911 and plasmid 52963, respectively). Target sequences (single guide RNA, 

Figure 7) specific for KMT2D-dependent enhancers (sgRNA1a and 1b, sgRNA2a and 

2b, sgRNA4a and 4b and sgRNA5a and 5b) or KMT2D-bound control enhancer 

(sgRNA3a and 3b) were designed using the CRISPR designed tool (1) and cloned into 

lentiGuide-PURO (2). Lentivirus infections were carried out into short-term culture 

MM16 PDX cells that were independently transduced with sgRNA1-5 or empty 

constructs and, after puromycin selection, infected with dCas9-BFP-KRAB vector.  
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The dCas9-BFP-KRAB transduction efficiency was measured by detection of MM16-

BFP+ cells (assessed by FACS). The percentage of BFP obtained after infection ranged 

from 90 to 98% (data not shown). MM16-BFP+ PDX cells infected with empty sgRNA 

vector were used as reference. 4 days post-infection, MM16-BFP+ cells were harvested, 

total RNA was extracted (Maxwell® 16 LEV simply RNA purification kit AS1280; 

Promega), and 1 µg of total RNAs was converted to cDNA using EasyScript
TM

 Plus 

cDNA Synthesis Kit (G236; abm). RNA expression of MFGE8, RPL39L and ITPKB 

target genes (see main text and Figure 7) and GAPDH (normalizer) were determined by 

qPCR using the TaqMan Gene Expression assays (Hs00170712_m1, Hs01027925_m1, 

Hs01028605_m1 and Hs99999905_m1; Thermo Fisher Scientific). Relative quantity of 

target genes was calculated by the comparative CT method (cttarget-gene – ct normalizer  = ct: 

ctsample- ctcalibrator= Ct relative quantification = 2-ct) using MM16-BFP+ cells 

infected with empty sgRNA vector as calibrator.  

 

Western Blot analysis. Melanoma cell lines or PDX cells were lysed with RIPA or 

NP40 buffers (depending on the experimental requirements) and protein extracts were 

resolved on SDS-polyacrylamide gel, blotted onto nitrocellulose membranes and probed 

with antibodies against Vinculin (Sigma V9131), SMARCA4 (Abcam ab110641), CHD4 

(Abcam ab70469), KMT2D (Sigma HPA035977). Membranes were incubated with 

horseradish peroxidase-conjugated secondary antibodies. Blots were then developed with 

the ECL system according to manufacturer’s protocols. Images were acquired with 

VueScan 9 x 32 (9.0.89). 

 

FACS. All acquisitions/cell sorting were carried out using the MoFlo Astrios Flow 

Cytometer (Beckman Coulter) or FACSARIA (BD Bioscience) and interfaced to Summit 
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6.2.7 (Beckman Coulter) or FACS DIVA Software v5.0.3 (BD Bioscience) for data 

analysis. 

 

Exome-sequencing. gDNA was prepared using the Qiagen DNeasy Blood & Tissue Kit, 

fragmented, and used for Illumina Truseq library construction. Exome-capture was 

performed using the SureSelectXT Human All Exon Kit (version 4), according to the 

manufacturer’s instructions (Agilent Technologies, Santa Clara, CA). Whole-exome 

sequencing was performed with the Illumina Hiseq 2000 platform with 101 bp paired-

end reads. Alignment to the reference genomes (hg19) was performed using Burrows-

Wheeler Aligner (BWA) (3). Before alignment of reads to the reference genome, we 

used Xenome (4), a tool able to classify reads into human, mouse or both. After NGS 

data pre-processing (local realignment, duplicate marking and base quality recalibration) 

using GATK (5), we obtained a haploid mean coverage of 181X and a coverage higher 

than 10X for ~99% of the targeted regions. We identified single nucleotide variants 

(SNVs) and small insertions/deletions (InDels) in our samples using MuTect (6) and 

Indelocator (also part of GATK distribution), respectively. We applied to the resulting 

variants the following additional filters: i) a minimum coverage of 10 reads for both 

normal and tumor samples; ii) a minimum read depth of 7 for the alternate variant allele 

in at least one of the matched samples; iii) a variant allele in at least 5% of all reads 

covering the position. The identified variants were functionally annotated using SnpEff 

(7). We excluded from further analysis variants in non-coding regions and synonymous 

variants. The identified mutated genes were also annotated using prior knowledge of 

genetic alterations implicated in cancer, using Oncotator (8). In our experience, 

validation by Ion Torrent sequencing or by Sanger sequencing of the type of mutations 
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detected with the implemented pipeline, allows the identification of SNVs with a 

validation rate of 91% (9). 

 

RNA-sequencing. Total RNA was extracted from PDX2 infected cells with the Qiagen 

RNeasy Mini Kit. mRNA purification and NGS libraries were obtained following 

Illumina instruction (TruSeq RNA Sample Preparation) starting from 1 µg of total RNA. 

All libraries were sequenced in multiplex at 76bp (plus 6bp barcode) pair-end reads on an 

Illumina HiSeq2000 (average sequence coverage ~100 Megareads/sample). Reads were 

aligned to the Homo sapiens genome build hg19 using TopHat  (v2.0.8), which uses 

Bowtie (2.1.0) and Samtools (v0.1.18) with default parameters. Raw read counts were 

summarized using Hose (v0.5.3p9), then normalized for library size differences using the 

estimate SizeFactors function from DESeq package. Differential expression of genes was 

calculated with the same R package using three biological replicates for each interference 

condition (shLuc and shKMT2D) for each MM patient. The result of expression was built 

on the read per kilobase of transcript per million fragments mapped method (RPKM). 

Genes with an ‘adjusted p-value’ <0.05 between shKMT2D and shLuc were defined as 

differentially expressed. 

 

ChIP-sequencing. PDX2 infected cells were subjected to Chromatin 

ImmunoPrecipitation (ChIP). Briefly, after cross-linking (1% formaldehyde), cells were 

lysed in SDS buffer (100 mmol/L NaCl, 50 mmol/L Tris HCl pH 8.1, 5 mmol/L EDTA 

pH 8, 0.5% SDS, and protease inhibitors) and sonicated in IP buffer (100 mmol/L NaCl, 

100 mmol/L Tris-HCl pH 8.1, 5 mmol/L EDTA pH 8, 0.3% SDS, 1.7% Triton X-100) 

prior to overnight incubation with antibodies against KMT2D (Sigma HPA035977), 

H3K4me1 (Abcam ab8895), H3K4me3 (Active Motif 39159) or H3K27ac (Abcam 
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ab4729). Samples were sequenced with a HiSeq2000 in multiplexed run to obtain 51bp 

single- end reads (average sequence coverage ~26 Megareads/sample) following 

manufacturer protocols. ChIP-seq reads were filtered using the Illumina quality control 

flag, then aligned to the human hg19 genome assembly using the Bwa aligner (version 

0.6.2, default parameters) (3). Low-quality and multiple-mapping reads were removed 

using Samtools with option ‘‘-q 1’. 

 

Bioinformatics analysis. Peaks for KMT2D, H3K4m3 and H3K27ac were called using 

MACS 1.4.1 with default setting. Peaks for H3K4m1 were called using both MACS 

1.4.1 (default setting) and SICER v1.1 with the following parameters: hg19, 1, 200, 200, 

0.84, 200, 100; the union of these two lists was used as final set of H3K4m1 enriched 

regions. The peaks of each ChIP-seq experiment were annotated with respect to genes 

using the human RefSeq annotations downloaded from UCSC, with GIN (10); those 

located within 2.5 Kb of transcription start sites (TSS) were called as ‘promoter’ peaks 

and the rest were annotated either as ‘gene body’, if overlapping with the non- promoter 

region of a gene locus, or as ‘intergenic’ peaks, if they neither intersect annotated genes 

or promoters. 

To have a value of signal intensity of ChIP-seq (measured by differences in read 

densities) to be used to compare samples and to have a measure of differential binding or 

different histone mark enrichment, we produced, separately for each type of ChIP-seq 

(KMT2D, H3K4me1, H3K27ac and H4K3me3), a unique set of regions which comprises 

all the identified peaks, intersecting and merging single peak-sets of all patients and 

conditions. 

For the purpose of the main part of our analysis, we defined the dataset of the ‘KMT2D-

bound active enhancers’, as a subgroups of all the ‘active enhancers’, characterized by 
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the presence of overlapping peaks of H3K4me1 and H3K27ac in genomic areas distant 

from TSS (more than +/- 2.5 Kb) where H3K4me3 signal was absent or present only at 

low level (< 375 reads coverage).  

For the distance analysis, the proximity between ‘KMT2D-bound active enhancers’ and 

regulated genes we assessed using the ‘bedtools closest’ function (v2.16.1) with –d 

option. To generate the heatmaps, the program seqMiner (11) was used to calculate the 

ChIP-seq read densities, which, for each ChIP-seq dataset, were the maximal numbers of 

overlapping ChIP-seq reads in 50-bp bins from −5 kb to +5 kb of the KMT2D peak 

center. Before this analysis, aligned read counts were normalized to the same number of 

uniquely mapped reads per experiment, within each ChIP-seq type, by subsampling of 

the alignment files (~12 millions for KMT2D ChIP-seq, ~18 millions for the histone 

marks). Boxplots and statistical analyses were obtained using R packages; p-values were 

calculated using one-sided Wilcoxon test. 

 

Analysis of publicly searchable datasets of in vitro genome-wide shRNA screens 

performed on metastatic melanoma cell lines. An in vitro large-scale RNAi screen was 

previously performed by on 216 cancer cell lines, representative of various cancer types, 

using a lentivirally delivered library of 54,020 shRNAs targeting 11,217 genes (see 

reference 33 in the main text). Analyses of screening results were performed on NGS 

data from individual cell lines, prior and after in vitro culture of library-transduced cells, 

using the Analytic Technique for Assessment of RNAi by Similarity (ATARiS) 

algorithm (12). The authors restricted their analyses of candidate hits to a pool of 5299 

unique genes, whose sequencing data were comparable across the 216 cell lines. 

ATARiS generates quantitative gene level values, which are associated to the phenotypic 

outcome of the experiment, thus providing a measure of the effect of gene suppression in 
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each sample. We analysed these values in all the metastatic melanoma cell lines in the 

dataset, namely A2058 (BRAF
V600E

), COLO783 (BRAF
V600E

), SK-MEL-5 (BRAF
V600E

) 

and HS944T (NRAS
Q61K

). Since ATARiS, does not provide a list of candidate hits for 

each cell line, we re-analysed the dataset using as threshold of shRNA depletion a 

ATARiS gene score <-1, corresponding to a gene depletion of 2-fold. We could not use 

ATARiS to analyze our screen datasets because the algorithm is designed for analyses of 

>10 samples. 
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