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Abstract

BRAFV600 mutations are the most common oncogenic alterations in melanoma cells,

supporting proliferation, invasion, metastasis and immune evasion. In patients, these

aberrantly activated cellular pathways are inhibited by BRAFi whose potent antitu-

mor effect and therapeutic potential are dampened by the development of resistance.

Here, by using primary melanoma cell lines, generated from lymph node lesions of

metastatic patients, we show that the combination of two FDA-approved drugs, the

histone deacetylate inhibitor (HDCAi) romidepsin and the immunomodulatory agent

IFN-α2b, reduces melanoma proliferation, long-term survival and invasiveness and

overcomes acquired resistance to the BRAFi vemurafenib (VEM). Targeted resequen-

cing revealed that each VEM-resistant melanoma cell line and the parental counter-

part are characterized by a distinctive and similar genetic fingerprint, shaping the

differential and specific antitumor modulation of MAPK/AKT pathways by combined
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drug treatment. By using RNA-sequencing and functional in vitro assays, we further

report that romidepsin-IFN-α2b treatment restores epigenetically silenced immune

signals, modulates MITF and AXL expression and induces both apoptosis and necrop-

tosis in sensitive and VEM-resistant primary melanoma cells. Moreover, the immuno-

genic potential of drug-treated VEM-resistant melanoma cells results significantly

enhanced, given the increased phagocytosis rate of these cells by dendritic cells,

which in turn exhibit also a selective down-modulation of the immune checkpoint

TIM-3. Overall, our results provide evidence that combined epigenetic-immune drugs

can overcome VEM resistance of primary melanoma cells by oncogenic and immune

pathways reprogramming, and pave the way for rapidly exploiting this combination to

improve BRAFi-resistant metastatic melanoma treatment, also via reinforcement of

immune checkpoint inhibitor therapy.

K E YWORD S
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What's new?

Melanoma cells often have BRAFV600 mutations, which promote proliferation and metastasis.

While BRAF inhibitors have potent antitumor effects, patients eventually develop resistance.

Here, the authors show that in melanoma cell lines derived from metastatic patients, the combi-

nation of two FDA-approved drugs, a histone deacetylate inhibitor and an immunomodulatory

drug, overcame resistance to the BRAF inhibitor vemurafenib. They also describe a distinct

genetic fingerprint associated with vemurafenib resistance. Further developing this combination

approach of epigenetic + immune drugs could lead to better outcomes for patients with mela-

noma resistant to BRAF inhibitors.

1 | INTRODUCTION

Melanoma is a heterogeneous tumor characterized by an ensemble of

dysregulated signal pathways resulting in the acquisition of tumoral

traits supporting cancer progression throughout a dynamic adaptation

to tumor microenvironment (TME) changes.1 The BRAF kinase is the

target of a narrow spectrum of activating point mutations, mostly the

substitution BRAFV600E occurring in 40% to 50% of all melanomas,

leading to the constitutive activation of MAPK and associated with

poor outcome. Drugs blocking the MAPK cascade have drastically

improved the survival rate of a significant proportion of patients, but

this success is hampered by emergence of drug resistance involving

MAPK signaling reactivation or other proliferative and survival path-

ways, such as PI3K-AKT-mTOR.2 Acquired drug resistance is also

driven by other elements, such as epigenetic events supporting the

prevalence of slow-cycling cancer cells.3 Finally, BRAFi resistance is

also influenced by TME inflammation, sustaining melanoma pheno-

typic switch and functional alterations of immune populations.4,5

A master regulator of melanoma cell plasticity is MITF, which reg-

ulates the expression of genes driving the melanoma phenotypic

switch. High MITF expression levels lead to the predominance of a

proliferative and weakly invasive cellular state, whereas low MITF

expression associates with highly invasive and less proliferative phe-

notype. Although drug-resistant melanoma cells mostly show low

expression of MITF, BRAFi may lead to increased expression of MITF

associated with resistance observed in more than 20% of melanomas.

In addition, melanoma resistance may lead to the emergence of slow-

cycling tumor cells enriched in receptor tyrosine kinases, such as AXL,

providing survival signals independently from MAPK signaling.6 Nev-

ertheless, MITFlow/AXLhigh status has been considered as one of the

most prominent marker of resistance.7 Noteworthy, the MITF/AXL-

mediated phenotypic switch is outlined by distinct epigenetic

signatures.8

BRAF-driven tumorigenesis and the emergence of resistance to

BRAFi are phenomena associated with dysregulation of histone-

modifying enzymes, such as HDACs.9 Accordingly, drug-resistant mel-

anoma cells exposed to the HDACi vorinostat were found to undergo

apoptotic death associated to elevated ROS levels in BRAFV600E mela-

noma patients that had progressed on BRAFi therapy, resulting in a

selective ablation of drug-resistant tumor cells.10,11 The HDACi pano-

binostat was reported to restore BRAFi sensitivity of melanoma

cells.12 Of interest, in soft tissue sarcoma the HDACi chidamide signif-

icantly increases PD-L1 expression and synergizes with anti-PD-1 in

promoting tumor regression and improving survival.13

The selective HDAC1/2 inhibitor romidepsin, a drug approved in

cutaneous and peripheral T cell lymphomas, induces cell cycle arrest

and apoptosis in solid tumors.14 Romidepsin is effective in the nano-

molar range to induce radiosensitizing effects in lung and bladder
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tumors, and in combination with mTOR inhibition has been reported

to be effective against uveal melanoma.15,16 Recent reports

highlighted the immunomodulatory properties of romidepsin, includ-

ing the regulation of PD-L1 expression, associated to modulation of

antitumor effects in solid tumors.17

In our study, we sought to evaluate whether the combination of

romidepsin with IFN-α2b, an immunomodulatory cytokine widely

used in the past for melanoma treatment18 could exert antitumor and

immunogenic activity against BRAF-mutated melanoma and BRAFi

acquired resistance. To this end, we used primary BRAFV600E/R mela-

noma cells derived from metastatic lesions and we generated in vitro

their vemurafenib (VEM)-resistant counterparts. We found that the

romidepsin-IFN combined treatment owns a high capability to inhibit

melanoma invasiveness, and to induce mixed apoptotic/necroptotic

cell death in both BRAF mutated and VEM-resistant cells, inhibiting

their metastatic potential and reversing BRAFi resistance along with

remarkable inhibition of MITF and AXL signatures. Moreover, this

treatment enhances the immunogenic potential of drug-treated VEM-

resistant melanoma cells whose increased rate of phagocytosis by

dendritic cells (DCs) that in turn show a selective down-modulation of

TIM-3.

2 | MATERIALS AND METHODS

2.1 | Cells

Primary melanoma cells used in our study were previously established

at IDI-IRCCS from patient metastases. Cells were renamed as Meta-

static Melanoma (MM)1, MM2, MM3, MM4, MM5 and MM6

cells.19,20 MM cells were cultured in RPMI 1640 (Gibco) supplemen-

ted with 10% FBS; SK-MEL-28 (RRID:CVCL_0526) cells were pur-

chased from the ATCC (Rockville, MD). Monocytes were freshly

isolated from PBMCs from healthy donors by using CD14 microbeads

(Miltenyi Biotec), and then cultured in presence of GM-CSF (50 ng/

mL; PeproTech) and IL4 (500 U/mL; R&D Systems), as previously

described to obtain IL4-DCs.21 After 5 days, DCs were collected and

used for phagocytosis assays or treated for further 24 hours with

Romidepsin, IFN or both as described.21 All experiments were per-

formed with mycoplasma-free cells.

2.2 | BRAF mutation scan and STR

Mutation scanning of the entire coding sequence of BRAF was per-

formed by Sanger sequencing in all cell lines using an ABI Prism 3500

Genetic Analyzers (Applied Biosystems) and the ABI BigDye Termina-

tor Sequencing Kit V.3.1 (Applied Biosystems). All human cell lines

have been authenticated using short tandem repeat (STR) profiling

within the last 3 years. MM cells were authenticated by STR for evalu-

ation of identity comparing all primary cell lines and parental deriva-

tive tissues with AmpFℓSTR Identifiler PCR Amplification Kit

(ThermoFisher) within the last 3 years.

2.3 | Cell viability

Cell viability assay was performed by CellTiter 96 AQueous Cell Pro-

liferation Assay (Promega) to determine cytotoxicity effects after drug

treatment, using DMSO as vehicle control. Briefly, 4 � 103 cells were

seeded on a 96-well plate and were treated the following day with

romidepsin, IFN or combination for 24, 48 and 72 hours. At the end

of treatments, cell viability was detected, upon MTS reagent addition,

on a VICTOR3 Plate Reader (PerkinElmer). Each experimental condi-

tion was performed in triplicate and repeated at least twice.

2.4 | Generation of BRAFi-resistant cell lines
(MM-R) and drugs

To generate vemurafenib (PLX4032, Sellekchem; VEM) resistant

MM1-R, MM2-R and MM3-R, BRAFV600 parental cells were selected

by low-density seeding growth in medium containing increased VEM

concentrations, ranging from 0.1 to 5 μM until appearance of resistant

clones within 4 to 6 weeks subsequent. The viable cells at the higher

concentrations of VEM were expanded for several weeks and frozen

till further use. Romidepsin (or FK228, or depsipeptide or Istodax) was

purchased from Selleckchem; IFN-α2b (IntronA) from MSD. Concen-

trations used are reported in Table S1.

2.5 | Western blotting

Total proteins extracts were analyzed as described.21 Nitrocellulose

was incubated with antibodies Phospho-MAPK 9106, Phospho-AKT

9271, Phospho-MLKL Cat. 37333 and RIP 3493 (Cell Signaling Tech-

nology); Bcl-2 SC-509, PD-L1 sc-293 425 and GAPDH sc-47 724

(Santa Cruz Biotechnology); c-Myc 13-2500 (ThermoFisher).

2.6 | Real-time quantitative PCR

Total RNA was extracted from cells using the Total RNA Purification

PLUS Kit (NORGEN Biotek Corp.) and reverse transcribed.21 Quanti-

tative PCR (qPCR) was performed in duplicate by using SensiFAST-

SYBR (Bioline) and LightCycler 480 System (Roche Diagnostics).

Values were normalized respect to HPRT gene. Sequences of primers

used for real-time PCR are reported in Table S2.

2.7 | Wound healing assay

Cells were seeded to confluence in 12-well plates, and a wound was

made in the center of the cell monolayer using a sterile 200-μL

pipette tip. The monolayer was rinsed three times with PBS and

placed in drug-treated RPMI-1640 complete medium. Phase contrast

images were captured after 24 hours and a digital image of the scar

was captured at a magnification of �10 (Leica, DMI6000).
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2.8 | Clonogenic assay

Clonogenic ability of cells was performed by seeding 4 � 103 cells in a

6-well plate. After 24 hours, cells were treated with drugs and assayed

by long-term colony formation assays in the absence and presence of

drugs for 15 days. At day 15 of culture, media were removed, and

then the cells were washed with PBS, fixed and stained with 2% crys-

tal violet and imaged on ChemiDoc image system (Bio-Rad

Laboratories).

2.9 | Flow cytometry analyses

2.9.1 | Cell death

Quantitative evaluation of cell death was performed by flow cytome-

try after double cell staining by using FITC-conjugated AnnexinV

(AV) and 5 μg/mL Propidium iodide (PI) 10 minutes at room tempera-

ture (Marine Biological Laboratory). To study the effect of specific

death inhibitors cells were treated with 10 μM z-VAD-FMK or

100 μM Necrostatin-1 (Enzo LifeSciences). Results were reported as

percentage of dead cells (AV/PI double positive + AV single positive

+ PI single positive). At the end of incubation time, samples were

immediately analyzed.

2.9.2 | Mitochondrial ROS production

At the end of drug treatments, cells (5 � 104) were incubated with

5 μM MitoSOX (Red Mitochondrial Superoxide Indicator, Thermo-

Fisher) in complete medium, for 30 minutes at 37�C, washed in PBS

and immediately analyzed. Quantification of mitochondrial ROS was

obtained by using the median fluorescence intensity of the cytometer

curves. Cell samples were washed twice in PBS and immediately

analyzed.

2.9.3 | Quantitative evaluation of proteins

Cells (2 � 105) were fixed with 4% paraformaldehyde (Carlo Erba)

and then permeabilized by 0.5% Triton X-100 (Sigma-Aldrich).

Cells were then incubated for 1 hour at 4�C with a FITC-

conjugated anti-Bcl-2 (Dako, Clone 124). After washings, cells

were incubated with a MAb antibody to the active form of Bax

(BD Biosciences) for 1 hour at 4�C. After washings, cells were incu-

bated for 30 minutes at 37�C with an antimouse antibody conju-

gated with Cy5 (Abcam). Cell samples were washed twice in PBS

and immediately analyzed.

All samples were acquired and analyzed using a FACS Calibur

(BD Biosciences) equipped with a 488 nm argon laser and with a

635 nm red diode laser. At least 20 000 events/sample were acquired

and analyzed using the CellQuest Pro software (BD Biosciences). In all

our cytofluorimetry experiments performed, the median fluorescence

value of the isotype control was subtracted from the median fluores-

cence value of the corresponding positive sample (in the case of Bcl-2

and BAX proteins quantified using specific antibodies) or with the cor-

responding blank control (autofluorescence) in the case of fluorescent

dyes (ie, MitoSox for the quantification of mitochondrial ROS

production).

2.10 | Targeted resequencing and data analysis

DNA samples were analyzed using a custom panel of 554 genes impli-

cated in cancer development and progression (Table S3) using the

NimbleGen SeqCap probe hybridization kit (Roche NimbleGen).

Libraries were analyzed by 150-bp paired-end sequencing on an Illu-

mina NextSeq550 platform (Illumina). Raw data were processed and

analyzed using an in-house pipeline based on the GATK Best Prac-

tices.22,23 The UCSC GRCh37/hg19 version of genome assembly was

used as reference for reads alignment by means of BWA-MEM

v0.7.17 aligner. Both germline and somatic variant calling was per-

formed giving BAM files by means of HaplotypeCaller and muTect2

algorithms (GATK v3.8), respectively, SnpEff v.4.3 and dbNSFP v.3.5

tools were used for known disease variants annotation (ClinVar), vari-

ant functional annotation, as well as for in silico prediction of impact

by means of Combined Annotation Dependent Depletion (CADD)

v.1.4, Mendelian Clinically Applicable Pathogenicity (M-CAP) v.1.3

and Intervar v.2.0.1. Population frequencies were annotated from

both gnomAD database and in-house database, which includes

�2500 exomes. Specific filters were applied to narrow the analysis on

high-quality variants (GATK hard-filtering, QUAL>100), low-frequency

(gnomAD MAF <0.1%, in-house exomes database<1%) nonsynon-

ymous SNV and INDELs within coding exons and splice regions.23

Variants affecting the coding sequence or located within splice

regions were filtered using the following criteria: quality >150; variant:

reference allele ratio >15%; MAF <0.001 in public (gnomAD) and

<0.01 in-house (2500 exomes) databases; CADD score >20. Only vari-

ants likely pathogenic or pathogenic were considered. The sequencing

coverage and quality statistics for each sample are summarized in

Table S4.

2.11 | mRNA-seq analysis

RNA-seq libraries preparation and sequencing will be performed by

TIGEM using the QuantSeq 30 mRNA-Seq Library Prep Kit FWD for

Illumina using total RNA, according to manufacturer's instructions.

The final libraries for single-read sequencing of 101 base pairs were

carried out on an Illumina HiSeq2000. Reads quality was evaluated

using FastQC (version 0.11.2, Babraham Institute, UK) tool and will be

trimmed using TrimGalore software to remove adapter and low-

quality bases (Q < 20). Then reads were mapped to the human

Ensembl GRCh38 build reference genome using STAR version 2.5.0a
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using Gene annotations corresponding to the Ensembl annotation

release 99, which was used to build a transcriptome index and pro-

vided to STAR during the alignment.24 The gene annotations were

used to quantify the gene-level read counts using HTSeq-count

version 0.8.0 script.25 Subsequently, the transcript data normaliza-

tion and differential gene expression (DEG) analysis were per-

formed using Bioconductor R package RUVSeq version 1.28 and

edgeR version 3.36.26 To identify DEGs, data were filtered to

remove from the analysis the genes having <1 counts per million

in <6 out of 12 total samples for each comparison. Volcano plots

were created using Bioconductor R package EnhancedVolcano

version 1.12.0. Heatmap and hierarchical clustering were created

with the R package pheatmap version 1.0.12. The sequencing cov-

erage and quality statistics for each sample are summarized in

Table S4.

2.12 | Gene set enrichment analysis

DEGs and gene signature were clustered by functional annotation in

GO and pathway enrichment analysis using Bioconductor R package

clusterProfiler version 4.2.0 with annotation of Gene Ontology Data-

base.27 BROAD Institute gene set enrichment analysis (GSEA) was

used to assess the enrichment of the ranked DEG list vs the curated

“Hallmark” gene set collections from the BROAD Molecular Signa-

tures Database version 7.4.1.

2.13 | Phagocytosis of drug-treated MM cells
by DCs

For phagocytosis quantification, BRAFV600 MM and MM-R cells were

stained with PKH-26 Fluorescent Cell Linker (Sigma-Aldrich), and then

treated with romidepsin and IFN, in combination or alone, or left

untreated for 48 hours. PKH-26-labeled cells dying floating cells were

harvested and incubated with DCs at 1:2 ratio in conic 15 mL tubes at

37�C for 4 hours. Afterward, cells were collected, stained with anti-

CD11c-FITC (BD Biosciences) or anti-HLA-DR-PacificOrange

(Thermofisher) and anti-TIM-3-PE CF594 (BD Biosciences) mAbs and

analyzed by Kaluza flow cytometry and software (Beckman Coulter).

The rate of phagocytosis of apoptotic melanoma cells by DCs was

determined by calculating the percentage of PKH26-apo+CD11c+ or

PKH26-apo+HLA-DR+ cells that were subsequently evaluated for

TIM-3 expression.

2.14 | Statistical analysis

Each experiment was repeated at least three times, yielding compara-

ble results. GraphPad Prism v.5.03 (La Jolla, CA) and Microsoft Excel

were used to graph the data as mean ± SD and to calculate P-values

using the two-tailed unpaired Student's t-test. In all experiments, P-

value ≤.05 was considered as statistically significant.

3 | RESULTS

3.1 | Romidepsin and IFN-α2b in combination
control the proliferation and invasiveness of primary
BRAF-mutated melanoma cells

Six primary melanoma cell lines (ie, MM1, MM2, MM3, MM4, MM5

and MM6), were previously established in vitro from metastatic tis-

sues of melanoma patients.19,20 BRAF missense change affecting the

recurrently mutated Val600 residue was identified in three out of the

six MM cell lines. Specifically, MM1 and MM2 were found to carry

BRAFV600E substitution, whereas MM3 cells exhibited a valine-to-

arginine (V600R) substitution, which represents �3% to 7% of all

somatic BRAF mutations and preserves response to BRAFi treatment

(Figure 1A). MM4, MM5 and MM6 cells were found BRAFWT. The

basal proliferation index of BRAF-mutated and WT MM cell lines was

assayed, showing that MM1 and MM2 cells had a lower proliferation

index over 72 hours than MM3, BRAFWT and SK-Mel-28 cells

(Figure 1B).

Sensitivity of BRAFV600 and BRAFWT cells to increasing doses of

romidepsin was tested to evaluate antiproliferative effects. While a

dose- and time-dependent reduction in cell viability by romidepsin

treatment was observed in all melanoma cells (not shown), BRAFV600R

MM3 and BRAFWT MM4, MM5 and MM6 cells exhibited significantly

higher sensitivity to this drug after 48 hours (Figure S1). IC20 romi-

depsin dose after 48 hours treatment was chosen for each cell line

(Figure S1, Table S1). As expected, higher IC20 values of romidepsin

were found for BRAFV600E MM1 and MM2, suggesting an intrinsic

lower sensitivity with respect to BRAFV600R MM3 and BRAFWT cells

(Figure S1, Table S1). Of note, all MM exhibited very low dose/time-

dependent inhibition of proliferation following IFN exposure at doses

ranging from 103 to 105 UI/mL up to 72 hours; hence it was used at

104 UI/mL according to our previous works (not shown).21,28

Next, MM cells were tested for the antiproliferative effects of

romidepsin and IFN, as monotreatment or in combination. Romidepsin

induced a significant reduction of cell viability, which was further

decreased in combination with IFN after 48 hours in all MM cells,

underlying the lack of association with BRAF mutational status,

although BRAFV600R MM3 cells displayed the highest drug susceptibil-

ity (Figure 1C). The cell vitality decrease was further confirmed by

observation of plate-detached nonviable cells vs attached viable cells

with bright nucleus and intact structure (Figure S2A), and by long-

term clonogenic assay showing the high potential of romidepsin and

to a large extent, combined romidepsin-IFN in limiting clonogenic pro-

liferation of both BRAFV600 and BRAFWT MM cells (Figure S2B).

Lastly, romidepsin-IFN combination exhibited strong capability to limit

wound healing closure of both BRAFV600 and BRAFWT MM cells

(Figure 1D). In particular, low proliferating MM1 and MM2 cells exhib-

ited early inhibition with respect to high proliferating MM3 and MM4

ones. These data support the capability of combined romidepsin/IFN

to limit the proliferative and invasive potential of melanoma cells that

were further evaluated for the MITF/AXL status. BRAFV600E MM1 and

MM2 cells exhibited basally high AXL and undetectable MITF
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F IGURE 1 Legend on next page.
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expression levels (low MITF/AXL ratio), whereas BRAFV600R MM3 and

BRAFWT cells were found to express high levels of MITF and barely

detectable levels of AXL (high MITF/AXL ratio; Figure 1E). Therefore,

we adopted also AXLhigh MM1, AXLhigh MM2 and MITFhigh MM3 des-

ignation. Remarkably, upon IFN/romidepsin, or single romidepsin

treatment the high expression of MITF and AXL in the respective cells

was significantly inhibited (Figure 1F).

To better investigate the molecular signals modulated by com-

bined romidepsin-IFN treatment we performed RNA-seq analysis.

RNA-seq data raw counts values were reported in Table S5. First,

unbiased hierarchical clustering of the different transcriptomes using

the Pearson's correlation analysis as a similarity metric showed

intragroup correlation within untreated and romidepsin-IFN treated

MM cells, except for untreated and drug-treated MM1 (Figure 2A).

The volcano plot displayed a remarkable increased expression of

genes in drug-treated MM cells vs untreated ones since 520 and

360 genes out of the DEGs were up- and down-modulated, respec-

tively (Figure 2B). The top upregulated DEGs by treatment were IFN-

induced genes, such as RSAD2 (Viperin), IFIT1, IFI44L and the top

downregulated DEGs were TRPM1, WFDC1 and MORC1 (Figure 2C,

Table S6). The further hallmark gene set-based enrichment analysis

showed the strengthen of romidepsin-IFN combination to up-

modulate mainly gene sets linked to inhibition of cell proliferation and

chemotaxis, and simultaneously to down-modulate gene sets govern-

ing cell cycle and chromatin remodeling (Figure 2D). Specifically,

innate immune response, inflammatory response and cytokine-

mediated signaling pathway resulted the most positively enriched,

whereas the significantly down-regulated gene sets were chromo-

some segregation, nuclear division and DNA replication (Figure 2E).

Further investigation of changes in individual genes revealed drug-

driven upmodulation of proapoptotic genes, such as IRF-1, TMFSF10,

GPX3 and GADD45A, many molecules positively linked to apoptosis

(IFIT1, IFIT2, IFIH1, TXNIP, ISG15, TRIM-21, MX1, EIF2AK2, PNPT1,

OAS1) and factors of the IFN-α pathway, along with specific inhibition

of negative apoptotic regulators, such as LEF1, BRCA1, TOP2A and

WEE1 (Figure 3A,B). Importantly, drug combination re-established the

main signals associated to IFN-γ, such as cell proliferation inhibition,

enhancement of antigen presentation and immune response, recently

reported to drive the response to immune checkpoint blockade

(Figure 3C), and induced a strong down-modulation of several key

genes of pathways promoting cancer growth such as G2M check-

point, Myc and E2F targets (Figure 3D-F).29 Of note, despite the small

numbers of AXLhigh cell lines included in our study, the comparison

between AXLhigh and MITFhigh cells revealed the expected enrichment

of MITFhigh cells in pigmentation- and proliferation-related genes,

such as DCT, MITF, MLANA, TYRP1, SLC7A5, CDK2, along with the

impoverishment of genes linked to immune and invasiveness signals,

such as ST8SIA5, AXL, PTN and TAC1 (Figure S3A, Table S7). Of inter-

est, romidepsin-IFN-treated MITFhigh cells exhibited strong down-

modulation of genes linked to proliferation (MITF, GPM6B, TYMS, PBK,

CDK2), and to EMT (TRPM1, TDRD3) as well as up-modulation of gene

associated to immune signals, such as IFIT1, IFI44L, IF16, MX1, MX2

and TOX2 (Figure S3B, Table S8), whereas drug-treated AXLhigh cells

showed up-modulation of an array of immune genes, including STAT1,

ISG15, OAS3 and PTX3 (Figure S3C, Table S9). Overall, RNA-seq anal-

ysis demonstrated the high capability of romidepsin-IFN treatment to

activate genes supporting inhibition of proliferation and activation of

antitumor immune response.

3.2 | BRAF-mutated cells resistant to vemurafenib
are susceptible to the antitumor effects of
romidepsin/IFN treatment

To investigate whether romidepsin/IFN treatment could exert antitu-

mor effects against cells resistant to BRAFi treatment we generated

the VEM-resistant MM1-R, MM2-R and MM3-R cell lines, which

maintained high cell viability in culture at VEM doses lethal for the

parental counterparts (Figure S4). VEM-R cell lines were constantly

cultured in the presence of IC50 dose of VEM, which resulted higher

for MM3-R cells than the others indicating their elevated acquired

resistance (Figures 4A and S4; Table S1).

Since BRAFi resistance develops due to MAPK/ERK pathway

reactivation or other mutational patterns may emerge from BRAFi-

selective pressure, we searched for possible acquired genetic alter-

ations. BRAF-mutated MM1, MM2 and MM3 cells as well as VEM-R

derived counterparts were analyzed by parallel sequencing using a

panel of 554 genes implicated in cancer development and progression

(Table S3). Heterogeneous mutation patterns were found across

VEM-R cells and those of MM1-R and MM2-R cells resulted similar to

the parental counterparts (Figure 4B, Table S10). In particular, MM1-R

and MM1 cells exhibited a similar limited number of mutations distin-

guished mainly by the homozygosity for the oncogenic V600E change

in BRAF and for the likely pathogenic C244W substitution in PTEN,

F IGURE 1 Romidepsin-IFN combination exerts functional and molecular antitumor effects. (A) Direct Sanger sequencing of primary
metastatic melanoma cells showing BRAFV600 mutations. (B) MTS assay of MM cells showing basal cell viability after 24, 48 and 72 hours of
culture. Data are expressed as mean ± SD of four independent experiments (***P < .001). The absorbance value of SK-Mel-28 after 72 hours of

basal proliferation was considered as 100%. (C) Antiproliferative activity of romidepsin (R) and IFN-α2b (I), alone or in combination (RI) evaluated
after 48 hours-culture in primary melanoma cells by MTS assay. Data are expressed as mean ± SD of three independent experiments (***P < .001;
**P < .01; *P < .05). (D) Blocking of wound healing closure in BRAFV600 and BRAFWT MM cells upon RI treatment. Pictures are representative of
three independent experiments (�10 magnification). Graphs represent average values of 10 random wound measurements at each time point
obtained by ImageJ analysis. (E) MITF/AXL ratio was calculated as ratio of HPRT-normalized MITF and AXL basal relative expression levels
obtained by qRT-PCR analysis. (F) Inhibition of MITF and AXL expression in MM cells by RI combined 48 hours-treatment. qRT-PCR data are
expressed as ratio of individual gene and HPRT expression and represent the mean ± SD of three independent experiments, ***P < .001.
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F IGURE 2 Modulation of differentially
expressed genes in primary melanoma cells by
romidepsin-IFN combined treatment.
(A) Heatmap of Pearson's correlation analysis
among untreated and RI-treated primary
melanoma cells showing high correlation
within untreated and drug-treated MM cells,
with the only exception of
MM1-RI. (B) Volcano plot of modulated genes

in primary melanoma cells showing each gene's
�log10 (FDR) and log2 fold change with the
chosen covariate. Significantly modulated
genes (FDR <0.1 and log2 fold change >1) are
highlighted in red, whereas down-regulated
genes (FDR <0.1 and log2 fold change <�1)
are indicated in green. The vertical dashed
lines indicate the thresholds for up-regulated
and down-regulated genes and the horizontal
dashed line represents the FDR threshold. The
100 most statistically significant genes are
labeled. (C) Barplot showing the number of
DEGs identified with FDR <0.1 and log2 fold
change >1/<�1; red and green bar indicate
up-modulated and down-modulated DEGs,
respectively. (D) Over-representation analysis
of significant up-regulated and down-
regulated gene sets according to GO Biological
Process terms in RI-treated vs untreated
primary melanoma cells. Hierarchical clustered
of enriched terms were performed according
their semantic similarities using Jaccard's
similarity index. Dot size is correlated with the
number of modulated DEGs of the GO term;
dot color shows q-value. (E) Bar plot showing
over-representation results values of
modulated gene sets according to GO
Biological Process terms in RI-treated vs
untreated primary melanoma cells. Bars
represent the number of DEGs, which belong
to a GO term and color scale shows the q-
value (FDR) associated with each gene set.
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whose loss of function cooperates with activated BRAF to induce meta-

static melanoma.30 MM2-R and MM2 cells displayed a high rate of func-

tionally relevant variants indicative of clonal heterogeneity, with the only

significant prevalence of the G170E substitution in LTK in VEM-R cells

with respect to the parental counterpart. Of note, both MM2-R and

MM2 cell lines were clonal for the homozygous pathogenic variants in

PTPRD and CDKN2A as well as for a truncating variant in MAP2K4/

MKK4, encoding a kinase acting as tumor suppressor in various can-

cers31-33 (COSMIC database, https://cancer.sanger.ac.uk/cosmic), and a

previously unreported missense variant (E1695G) in the CHD5 tumor

suppressor gene.34 Overall, both low-proliferating AXLhigh MM1-R and

AXLhigh MM2-R cells did not show relevant changes in allele proportions

compared to their matched parental counterparts, indicating the absence

of functional selection during BRAFi treatment driven by mutations. On

the contrary, a strong selection was evident for the high-proliferating

MITFhigh MM3-R cells, compared to parental MM3, as these cells were

apparently characterized by a significant enrichment of variants affecting

well-known proto-oncogenes and tumor suppressors with role in MAPK

F IGURE 3 Romidepsin-IFN combined treatment modulates genes belonging to specific hallmark pathways. (A-F) Heatmaps displaying Z-
score scaled expression values of genes, belonging to modulated MSigDB Hallmark gene signatures according to GSEA results and clustered using
Euclidean distance metric, in RI-treated and untreated primary melanoma cells. The color of the grids denotes the enrichment scores of the gene
set, with red representing high enrichment and violet representing low enrichment. (A) Hallmark_IFN-alpha response; (B) Hallmark_Apoptosis,
(C) Hallmark_IFN-gamma response; (D) Hallmark_G2M-checkpoints; (E) Hallmark_MYC-targets and (F) Hallmark_E2F-targets.
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F IGURE 4 Legend on next page.
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signaling, such as PTPRD (G514E, from 31% to 100% of total reads),

BRAF (V600R, from 31% to 66%) and MAP2K1 (P124S, from 17% to

48%), the most common cancer-associated amino acid substitution

affecting the MEK1 kinase linked to BRAFi resistance35 (COSMIC). Of

note, MM3-R cells displayed also loss of some variants in selected genes

(Figure 4B, Table S10).

Next, VEM-R cells were tested for sensitivity to romidepsin exhi-

biting dose-dependent decrease of cell viability significantly lower

than the parental nonresistant counterparts and full reversion of

acquired resistance at the highest drug dose (Figures 4C and S5A).

The strong effects of IC20 dose of romidepsin-IFN, or single romidepsin,

in arresting VEM-R tumorigenic potential (Figure 4D) were further con-

firmed by the high frequency of plate-detached nonviable cells, inhibition

of long-term cell clonogenic capability and delayed wound healing clo-

sure (Figure S5B-D). Similarly to matched parental cells, VEM-R cells dis-

played basal high MITF or AXL mRNA levels and romidepsin-IFN

combined treatment, or single romidepsin, produced a clear-cut down-

modulation of AXL and MITF, where highly expressed (Figure 4E). Of

interest, the analysis of p-AKT and p-ERK1/2 levels revealed their

heterogeneous activation in VEM-R cells. As compared to the matched

parental counterparts, the distinctive traits of AXLhigh MM2-R and

MITFhigh MM3-R cells were enhanced basal expression of p-ERK1/2 and

p-AKT, respectively, whose levels were sharply down-modulated by

romidepsin/IFN treatment, along with c-Myc and Bcl-2. However in both

MM2 and MM3 cells as well as their resistant counterpart the Bcl-2/

BAX ratio was significantly decreased in Romidepsin/IFN-driven down-

modulation of all these molecules was also observed in the parental

counterparts, except for p-ERK1/2 in MM3 cells (Figure 4F). Altogether,

these data confirm the capability of romidepsin-IFN to silence cellular

signals associate to drug-resistance in VEM-R cells.

3.3 | Romidepsin/IFN treatment activates
apoptotic/necroptotic cell death pathways in primary
BRAF-mutated and VEM-resistant MM cells and
increase phagocytosis by DCs along with TIM-3 down-
modulation

Next, we demonstrated that combined romidepsin-IFN, and to a lesser

extent single romidepsin, induced remarkable cell death in both

VEM-R cells and parental counterparts (Figures 5A and S6). The

further use of the pan-caspase apoptosis inhibitor Z-VAD and the

specific necroptosis inhibitor, necrostatin-1 revealed that romidepsin/

IFN was able to induce both apoptosis and necroptosis in both

VEM-R and parental cells. Specifically, while the suppression of apo-

ptosis was prevalent in AXLhigh MM2 and MM2-R cells, necroptosis

was inhibited mainly in MITFhigh MM3 cells, particularly in MM3-R

cells (Figures 5A and S6). Notably, a strong induction of the produc-

tion of mitochondrial reactive oxygen species (ROS), which can be

correlated immunogenic cell death (ICD) was found,36 sharply reduced

by Z-VAD in MM2/MM2-R cells and by necrostatin-1 in

MM3/MM3-R cells (Figure 5B). The higher propensity of MITFhigh

MM3 and MM3-R cells to undergo necroptosis following romidepsin-

IFN treatment was also confirmed by the induction of pMLKL and

RIP1 necroptotic markers as compared to AXLhigh MM2 and MMR-2

(Figure 5C). In addition, in this latter group of cells the basal expres-

sion of Bcl-2 was found significantly higher than in the MM3 counter-

parts whereas basal Bax expression was similar in all tested cells

(Figure S7A). Of note, upon RI treatment, AXLhigh MM2 and MMR-2

exhibited down-modulation of Bcl-2 and up-modulation of Bax,

confirming the induction of apoptotic cell death whereas MITFhigh

MM3 and MM3-R cells showed only up-modulation of Bax, likely

accounting for the minor fraction of apoptosis observed in these

cells (Figure S7A,B). Importantly, the ICD markers CXCL10, IRF-1

and iNOS and were also increased upon treatment in both AXLhigh

and MITFhigh melanoma cells (Figure S8A). Moreover, a remarkable

increase in the expression of PD-L1 was observed (Figure S8B).

Finally, AXLhigh and MITFhigh melanoma cells were found to be neg-

ative for HLA-DR expression (Figure S9A). To further evaluate the

potential of romidepsin-IFN treatment to induce a strong immune

response toward melanoma cells, we concurrently treated with

drugs primary CD11c+ DCs differentiated from peripheral mono-

cytes, known to be endowed with a high capability in inducing anti-

tumor T cell response, and AXLhigh and MITFhigh melanoma cells.

Only upon treatment with romidepsin-IFN, DCs were found to

express high levels of the activation markers CD80 and CD40,

HLA-DR molecule and IL12p40 (Figure 6A-C). Importantly, these

DCs were able to engulf with a very high rate drug-treated sensi-

tive and VEM-R cells, undergoing cell death (Figures 6D and S9B).

Noteworthy, upon phagocytosis of drug-treated melanoma cells

DCs exhibited a sharp down-modulation of the immune checkpoint

TIM-3 (Figure 6E).

F IGURE 4 Vemurafenib-resistant primary melanoma cells are highly sensitive to the antitumor effects of romidepsin-IFN in combination.
(A) Cell viability of VEM-resistant BRAFV600MM cell lines (MM-R) 48 hours-cultured with VEM doses lethal for paired parental cells evaluated by
MTS assay. Data are expressed as mean ± SD of three independent experiments (***P < .001). (B) Percentage of the mutational rate of MM-R as
compared to paired parental counterparts evaluated by NSG analysis. Asterisks mark potential pathogenic variants. (C) Sensitivity to romidepsin

of MM-R cells evaluated by MTS assay. Cells were cultured for 48 hours with specific IC50 VEM concentrations and increasing doses of
romidepsin. Data are expressed as mean ± SD of three independent experiments (***P < .001). (D) Anti-proliferative effects of RI treatment on
MM-R cells after 48 hours cultures evaluated by MTA assay. Data are expressed as mean ± SD of three independent experiments (***P < .001;
*P < .05). (E) Inhibition of AXL and MITF transcript by 48 hours-treatment with combined RI evaluated by qRT-PCR. Data are expressed as ratios
of individual genes and HPRT and represent the mean ± SD of three independent experiments (***P < .001). (F) Inhibition of specific molecules of
MAPK and Akt pathways in MM-R cells by 48 hours-RI treatment evaluated by western blot analysis. Densitometry values of the representative
blots are reported as relative values normalized on GAPDH.
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F IGURE 5 Romidepsin-IFN in
combination induces apoptotic/necroptotic
cell death and mitochondrial ROS
production in primary BRAF-mutated and
VEM-resistant melanoma cells.
(A) Inhibition by Z-VAD and necrostatin-1
of MM and MM-R cell death induced by
72 hours-RI combined treatment evaluated
by flow cytometry after FITC-AnnexinV

(AV) and PE-Propidium Iodide (PI) staining
to determine the percentage of dead cells
(sum of AV+/PI+ +, AV+/PI� and AV�/PI+

cells). Data are expressed as mean ± SD of
four independent experiments (***P < .001;
*P < .05). (B) Inhibition of 72 hours-RI
treatment-induced mitochondrial ROS
production by Z-VAD and necrostatin-1 in
MM and MM-R cells. Data are expressed
as mean ± SD of four independent
experiments (***P < .001; **P < .01,
*P < .05). (C) Induction of necroptotic
molecules in MM and MM-R cells by
48 hours-RI treatment evaluated by
western blot analysis. Densitometry values
of the representative blots are reported as
bar plots of relative values normalized on
GAPDH.
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F IGURE 6 Legend on next page.
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4 | DISCUSSION

The comprehension of BRAFV600 dysregulated signaling has led to the

development of BRAFi and MEKi. Unfortunately, their clinical use has

led to only a transient improvement of clinical outcome due to the

development of resistance within 1 year.2 BRAFi resistance is a com-

plex process shaped by the high heterogeneity and plasticity of TME

under the intense drug-driven crosstalk occurring between cancer and

noncancer cells. The tumor phenotype plasticity is the core of the

well-known phenotype-switch model, characterized by EMT guiding

the shift from a proliferative phenotype, distinguished by MITFhigh

status, to an invasive one enriched with the most prominent resis-

tance marker AXLhigh but with coexisting MITFhigh cancer cells.37,38

Importantly, the dominance of AXL signaling stimulates immune sup-

pression in the TME.39 In this article, we provide evidence that romi-

depsin and IFN combination exerts antitumor and immunogenic

effects against BRAF-mutated melanoma cells and breaks acquired

VEM-resistance of these cells along with the inhibition of MITF/AXL

expression.

We performed a deep biological and genetic characterization of

six different primary melanoma cell lines, among which MM1, MM2

and MM3 were BRAFV600 mutated, while MM4, MM5 and MM6

were BRAFWT. Regardless the BRAF mutational status, MM3, MM4,

MM5 and MM6 cells exhibited high rates of proliferation and migra-

tion, whereas MM1 and MM-2 resulted in low proliferating and

migrating cells. Accordingly, the former were found MITFhigh and the

latter AXLhigh. This finding supports the evidence that MITF/AXL sta-

tus may be dominant on BRAF mutations to drive the proliferative

potential of primary melanoma cells thus suggesting that an early and

correct diagnosis of melanoma would largely benefit from a complete

knowledge of this parameter.40

Recent works have highlighted the potential role of HDACs in

melanoma progression.7,41,42 The epigenetic control of MITF/AXL sta-

tus has been reported in several types of cancer. MITFlow-driven mel-

anoma phenotype-switch is associated with activated histone

modifications whereas AXL expression under HDAC control is

reversed in glioma by combined treatment of AXL and HDAC inhibi-

tors showing potent antitumor effects.43,44 Of interest, epigenetic

driver mutations may shape melanoma immune phenotype by affect-

ing IFN responsiveness and favoring immune evasion thus HDACi

showed the ability in promoting the shift to proinflammatory

TME,45,46 and several trials are evaluating the effects of HDAC inhibi-

tion in melanoma.3 In our study, we show that the HDAC class

I-selective agent romidepsin, inhibited to the same degree the

proliferation of MITFhigh cells, whereas exerted slightly weaker anti-

proliferative effects against AXLhigh cells. Noteworthy, the combina-

tion of romidepsin with the immunomodulatory agent IFN resulted in

a cooperative antiproliferative effect in all tested MM cells. Specifi-

cally, significant suppression of migration and invasion occurred at an

equal rate in MITFhigh cells, as well as in AXLhigh cells, along with spe-

cific inhibition of MITF expression in the former and AXL in the latter

group. Romidepsin-IFN treatment sharply determined gene expres-

sion reprogramming with the up-modulation of 520 genes and the

down-modulation of 360 genes shared by almost all MM cells. Impor-

tantly, the most significantly up-modulated genes were associated to

immune response signature, such as RSAD2, IFIT1, IFI44L, BATF2 and

IFI6, apoptosis, inflammation and IFN pathways while down-

modulated genes were linked to cell cycle progression, G2M, Myc and

E2F signals.47 Overall, romidepsin-IFN combination owns the capabil-

ity to efficiently suppress cellular pathways essential for proliferation

and survival, and at once to modulate immune pathways leading on

one hand to direct killing of primary melanoma cells and on the other

hand to the activation of signals stimulating antitumor immune

response.

In the second part of our study, we addressed the main unmet

need in melanoma therapy which is the development of an effective

treatment for patients failing targeted therapies due to acquired drug

resistance. To this end, we generated in vitro VEM-resistant primary

melanoma cells starting from primary nonresistant BRAF-mutated

melanoma cells. While the mutational assets of MM1-R and MM2-R

cells and their parental counterparts were similar, MM3-R cells exhib-

ited a higher mutational rate with respect to the parental MM3. In the

former cases, relevant mutations such as C244W substitution in PTEN

or variants in PTPRD, CDKN2A, MAP2K4/MKK4 and CHD5 genes, act-

ing to impair tumor suppressor activity, seem not to be associated

with acquired-drug resistance. On the contrary, the high rate of muta-

tions acquired during drug-resistance development by MM3-R in key

proto-oncogenes and tumor suppressor genes, including MAP2K4/

MKK4, suggests their involvement in this event, highlighting the dif-

ferent molecular bases underlying the development of VEM-resis-

tance.48 The further characterization of VEM-R cells demonstrated

that the acquired resistance maintained MITF/AXL status in cell line

but led to the differential hyperactivation of pERK1/2 and pAKT in

MM2-R and MM3-R, respectively. Noteworthy, these molecules were

selectively turned off by romidepsin/IFN treatment along with prolif-

eration arrest and programmed cell death induction.

F IGURE 6 Romidepsin and IFN combined treatment of IL-4 DCs enhances activation markers and uptake of drug-treated MM and MM-R
cells—(A,B) 24 hours-drug treated IL4-DCs showing the modulation of the activation markers CD80, CD40 and HLA-DR (C). (C) IL-12p40

production by 24 hours-drug treated IL4-DCs. PolyI:C treatment represents the positive control. Data are indicated as IL12p40/HPRT; expression
ratio; after 24 hours bars represent the mean ± SD of three independent experiments; ***P < .001. (D) Phagocytosis rate of CD11c+ IL4-DCs co-
cultured for 4 hours with PKH26-labeled MM2, MM2-R, MM3 or MM3-R, untreated or 48 hours drug pre-treated stimulating apoptosis; left
panels: density plot representative of three independent experiments; right panels: histograms indicating mean ± SD of three independent
experiments (***P < .001; **P < .01; *P < .05). (E) Flow cytometric evaluation of TIM-3 expression on double PKH26-apo+CD11c+DCs,
representing DC fraction that had performed phagocytosis of melanoma cells; upper panels: histograms representative of three independent
experiments; lower panels: % TIM-3 + PKH26-apo + DCs, means ± SD of three independent experiments (***P < .001; **P < .01; *P < .05).
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Regarding the ability of HDACi to induce cell death, vorinostat

has showed the capability to induce apoptosis selectively in drug-

resistant BRAF-mutated melanoma cells leading to tumor regres-

sion.11 Very recently, also romidepsin has been reported to stimulate

apoptosis in colon cancer cells, and in combination with anti-PD-1

therapy resulted in a significant inhibition of this tumor by increasing

PD-L1 expression in cancer cells.17 Our data demonstrate that

romidepsin-IFN combination was able to induce both apoptosis and

necroptosis in both VEM-resistant cells and nonresistant parental

counterparts with a prevalence of apoptosis in AXLhigh cells and

necroptosis in MITFhigh cells, as attested by the selective inhibition of

these events by Z-VAD and necrostatin-1 inhibitors and the selective

expression of pMLKL and RIP1 proteins. Moreover, high levels of

Bcl-2, as we still observed in romidepsin-IFN-treated AXLhigh cells,

have been reported to inhibit necroptosis.49 Importantly, this treat-

ment was also able to induce high levels of PD-L1 in VEM-R cells,

much more effectively than single romidepsin, and to release immuno-

genic signals, linked to ICD, able to drive their engulfment by DCs that

once performed the phagocytosis of cancer cells down-modulated the

immune checkpoint TIM-3, suggesting the release of inflammasome

activation and ability to present antigen to T cells.50 In addition, the

capability of romidepsin-IFN treatment to elicit a strong antitumor

immune response was attested by the activated phenotypic and func-

tional features acquired by drug-treated DCs.21

In conclusion, we demonstrate for the first time that romidepsin-

IFN treatment induces proliferation arrest and cell death of MITFhigh

and AXLhigh VEM-R melanoma cells, activating both apoptosis and

necroptosis, inhibiting the activation of pPI3K/AKT and pMAPK/ERK

signals, and stimulating immunogenic signals, linked to the antitumor

immune response by triggering DCs. The direct and immune-mediated

antitumor effects of romidepsin/IFN pave way to be further explored

for patients that do not respond to current therapies.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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