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Non-coding RNA profiling in 
BRAFV600E-mutant cutaneous 
melanoma before and after Spry1 
depletion
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Roberto Guerrieri2, Francesca Colizzi2, Alessandro Weisz   1,3,4, Annamaria Salvati   1 ✉, 
Elisabetta Fratta2 ✉ & Giovanni Nassa   1,3,4 ✉

Cutaneous melanoma (CM), with a continuously rising incidence worldwide, represents the most 
aggressive type of skin cancer, and it leads to the majority of skin cancer-related deaths. Approximately 
50% of CM carry the activating BRAFV600 mutation and, although BRAF inhibitors have demonstrated 
clinical efficacy, most patients often develop early resistance to treatment. Aberrant expression 
of non-coding RNAs (ncRNAs), which represent less than 2% of the entire transcriptome, has been 
implicated in CM development and progression. By using BRAFV600-mutant CM in vitro and in vivo 
models, we have recently demonstrated that the loss of Spry1 expression impairs BRAFV600-mutant CM 
progression. Therefore, the extensive long and small ncRNA datasets generated in this study might 
represent a valuable resource for the characterization of their roles in BRAFV600-mutant CM initiation 
and progression upon Spry1 loss, thus providing a comprehensive resource to support future studies on 
BRAFV600-mutant CM.

Background & Summary
Cutaneous melanoma (CM) is a growing public health challenge due to its aggressive nature, rising incidence, 
and high mortality rates. Despite making up only 4% of all skin cancer cases, CM is responsible for nearly 75% 
of skin cancer-related deaths worldwide, pointing out its severity and the crucial need for improved detec-
tion and treatment strategies1. Early-stage localized CM is usually, successfully, treated with surgery2, sig-
nificantly increasing five-year survival rate3. However, a significant number of cases are diagnosed during a 
metastatic-advanced stage, when CM has already spread to nearby lymph nodes or other anatomic regions, 
resulting in frequent unresponsiveness to conventional chemotherapy and leading to a decrease of overall 
five-year survival to less than 10%4.

Approximately 50% of CM patients harbor activating mutation in codon 600 of the B-Raf Proto-Oncogene 
Serine/Threonine kinase gene (BRAF)5. Of these, the substitution of valine with glutamic acid variant (V600E) 
accounts for 70–80% of the BRAFV600 mutations, resulting in the constitutive activation of the mitogen-activated 
protein kinase (MAPK) pathway, a key driver of CM pathogenesis6. As a result, FDA-approved small molecule 
inhibitors targeting BRAF (BRAFi) or its downstream effector MEK (MEKi), either alone or in combination, 
have significantly improved progression-free and overall survival of patients affected by BRAFV600-mutant CM7–9.  
However, intrinsic or acquired resistance to BRAFi/MEKi poses a significant therapeutic challenge, since CM 
patients frequently do not respond or rapidly develop resistance to this pharmacological regimen10,11, highlight-
ing the urgent need of improved diagnostic and therapeutic strategies.
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In the attempt to provide novel insight into the molecular mechanisms involved in CM responsiveness to 
targeted therapies, we have recently identified the protein Sprouty RTK Signaling Antagonist 1 (Spry1) as a 
potential oncogene in BRAFV600E-mutant metastatic CM. In fact, by using in vitro and in vivo models, we have 
demonstrated that Spry1 knock-out (Spry1KO) reduced cell proliferation, causing cell cycle arrest and apopto-
sis, and enhanced the response to the BRAFi vemurafenib or the MEKi trametininb12. More recently, we have 
unveiled that Spry1 was mainly localized in mitochondria and that its depletion induced a metabolic rewiring by 
disrupting mitochondrial homeostasis and impairing glycolytic metabolism in BRAF-mutant CM cells, observ-
ing a substantial impairment of angiogenesis following Spry1KO 13, thus suggesting that Spry1 might be exploited 
as a potential target to improve BRAFV600-mutant CM treatment.

Non-coding RNAs (ncRNAs), which account for 98% of the human genome, represent a class of RNAs with-
out predominant protein coding function. In recent years, ncRNAs have been identified to play a pivotal role in 
cancer biology and treatment response, emerging as promising diagnostic and prognostic biomarkers in various 
types of cancer14,15, including CM16,17. These molecules include a broad class of endogenous RNA transcripts 
such as long non-coding RNAs, linear (in this context, conventionally referred to as lncRNAs) and circular 
RNAs (circRNAs), as well as small non-coding RNA (sncRNAs), as microRNAs (miRNAs), piwi-interacting 
RNAs (piRNAs), transfer RNAs (tRNAs), small interfering RNAs (siRNAs), small nuclear RNAs (snRNAs) and 
small nucleolar RNAs (snoRNAs)18.

LncRNAs are characterized by a linear structure, with transcript lengths equal or greater than 200 nucle-
otides, while circRNAs have a closed-loop structure, lacking both 3′ and 5′ ends. Both molecules play crucial 
roles as competitive endogenous RNAs (ceRNAs), accounting for an additional layer of post-transcriptional 
regulation19. LncRNAs regulate gene expression at epigenetic, transcriptional, and post-transcriptional levels. 
They can act as “molecular sponges” by competing with miRNAs, DNA, or transcription factors, modulating 
the deregulation of target proteins. In the nuclear compartment, lncRNAs can recruit or block the binding 
of transcription factors, directly affecting transcriptional programs. Additionally, they interact with splicing 
machinery or nascent RNAs, guiding specific splicing patterns20. In the cytoplasm, lncRNAs have proven to 
impact on gene expression mainly at post-transcriptional level by regulating the polysome loading on messenger 
RNAs (mRNAs), by controlling internal ribosomal entry sites, or by facilitating mRNA decay21. On the other 
hand, circRNAs can also act as miRNA sponges to regulate gene expression by controlling alternative splicing, 
transcription, and protein translation, as well as by influencing the ceRNA mechanism22.

Both lncRNAs and circRNAs have raised increasing interest in CM biology due to their roles in influencing 
tumor growth, invasion, and resistance to targeted therapies17. Given their aberrant expression in CM, they 
might serve as promising biomarkers and therapeutic vulnerabilities to be targeted by RNA interference (RNAi), 
antisense oligonucleotides (ASOs) and CRISPR/Cas9-based genome editing 17. On the other hand, miRNAs 
represent the most studied sncRNAs in CM as these molecules of approximately 21–23 nt in length play a crucial 
role in gene regulation by controlling the expression of complementary target mRNAs at the post-transcriptional 
level, either by repressing translation or promoting their degradation23. Considering their tumor-enhancing or 
-inhibiting properties, miRNAs are classified as oncomiRs or tumor-suppressor miRNAs24, and an imbalance of 
their expression levels has been shown to influence the major molecular events that occur during CM develop-
ment and progression, including cell proliferation, invasion, metastasis, and resistance to MAPK inhibitors25–27. 
As a result, an increasing amount of studies have investigated the predictive and prognostic potential of specific 
miRNA signatures in CM28,29. Additionally, miRNAs have also emerged as potential non-invasive diagnostic 
molecules due to their ability to be released into biological fluids30, where they exhibit notable stability and are 
easily detectable through liquid biopsy31,32.

Considering these premises, the present study aims to provide a useful resource for the characterization of 
lnc-, circ-, and snc-RNAs in BRAFV600E-mutant metastatic CM. A schematic representation of the study design 
and workflow is presented in Fig. 1a.

It is worth noting that despite the availability of studies highlighting the impact of single ncRNA in CM has 
already been published, our work is the first to broadly encompasses the wide spectrum of expressed lnc- and 
sncRNAs in BRAFV600E-mutant CM, proposing newly generated dataset from in vitro Mel 593 BRAFV600E-mutant 
cells. LncRNAs and circRNAs datasets were extracted and annotated and validated by using our already available 
RNA sequencing (RNA-seq) data12,13. Then, for sncRNA expression profiles, we newly sequenced the small RNA 
fractions isolated from Mel 593, Mel 599, and Mel 611 BRAFV600E-mutant cells, to characterize all major known 
sncRNA classes, including miRNAs, piRNAs, snoRNAs, snRNAs, tRNAs and rRNAs.

The analysis of the above-mentioned parental cell lines identified lncRNAs, circRNAs, and sncRNAs com-
monly expressed (Supplementary Table 1), along with patient-specific ncRNAs.

Evidence suggests that Spry1 may influence the expression of non-coding RNAs indirectly through its role in 
modulating key signaling pathways, such as MAPK, in BRAFV600-mutant CM cells12,33,34, exerting a regulatory 
control over gene expression beyond coding transcripts.

To corroborate the specificity of our data, the profile of lncRNAs and circRNAs expressed in xenografts 
tumors established by the subcutaneous inoculation of the BRAF-mutant Mel 272 parental and Spry1KO cells 
into athymic nude mice was analyzed according to the analytical steps detailed in the methods section. This 
additional new dataset may contribute to the identification of ncRNA signatures useful for the stratification of 
BRAFV600E -mutant metastatic CM patients, supporting their reuse in investigations aimed at elucidating ncR-
NAs involved in the CM pathogenesis and response to BRAFi.

As shown in Table 1, a total number of 5172 and 5064 distinct sncRNAs, and 29224 and 29115 lncRNAs, were 
detected in BRAFV600E -mutant parental and Spry1KO CM cells, respectively. The abundance of detected lncR-
NAs, circRNAs (Fig. 1b), and sncRNA subtypes (Fig. 1c) for each sample was detailed in Table 1. The expres-
sion patterns of previously unannotated sequences (novel-miRNAs) were also predicted as a resource for future 
investigations (Fig. 1c, Supplementary Table 2). Moreover, the chromosomal position of lncRNAs, circRNAs, 

https://doi.org/10.1038/s41597-025-05807-x


3Scientific Data |         (2025) 12:1538  | https://doi.org/10.1038/s41597-025-05807-x

www.nature.com/scientificdatawww.nature.com/scientificdata/

Fig. 1  Characterization of lncRNAs, circRNAs, and sncRNAsexpression profiles in BRAFV600E-mutant CM 
cells and their SpryKO clones. (a) Schematic representation of the experimental workflow followed to generate 
and validate the sncRNA datasets, including cross-analysis with lncRNAs and circRNAs from both in vitro and 
in vivo total RNA-seq experiments. (b) Bar plot showing the number of expressed lncRNAs and circRNAs in 
the indicated cell lines. Log2-transformed values represent the average of replicates. (c) Bar plot showing the 
number of expressed miRNAs, novel miRNAs (nov-miRNAs), piRNAs, snRNAs, snoRNAs, and tRNAs in the 
indicated cell lines. Values represent an average of three replicates. (d) Circos plot showing genomic distribution 
of the first 1000 circRNAs, lncRNAs, and miRNAs detected (reads ≥ 10 for lncRNAs and circRNAs, reads ≥ 3 
for miRNAs) in parental cell lines (left) and Spry1KO clones (right).
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Sample Name sncRNAs lncRNAs

Parental BRAF-V600E mutant CM cell lines 5172 29224

Spry1KO BRAF-V600E mutant CM clones 5064 29115

Sample Name

sncRNAs lncRNAs

miRNA piRNA rRNA snoRNA snRNA tRNA
novel 
mirna lncRNA circRNA

Mel_593_Spry1KO_cl2_rep1 1489 725 71 588 997 425 992 41500 5802

Mel_593_Spry1KO_cl2_rep2 1349 666 70 506 958 419 812 42735 5431

Mel_593_Spry1KO_cl2_rep3 1369 687 70 527 924 422 864 43508 4948

Mel_593_parental_rep1 1432 1016 76 615 1202 431 848 42514 5463

Mel_593_parental_rep2 1402 714 71 580 989 432 789 43557 4928

Mel_593_parental_rep3 1465 711 73 545 920 434 885 42626 5319

Mel_599_Spry1KO_cl9_rep1 1363 669 72 542 836 425 897 13581 5596

Mel_599_Spry1KO_cl9_rep2 1366 658 72 515 1011 424 855 14705 5885

Mel_599_Spry1KO_cl9_rep3 1439 686 71 548 881 434 967 15109 5969

Mel_599_parental_rep1 1417 664 71 528 835 433 916 12689 4955

Mel_599_parental_rep2 1576 751 73 567 939 432 1053 13372 5120

Mel_599_parental_rep3 1569 782 74 547 992 433 1084 13385 5166

Mel_611_Spry1KO_cl4_rep1 1595 815 72 630 1081 433 1080 15577 5965

Mel_611_Spry1KO_cl4_rep2 1499 684 72 548 953 430 905 11711 4922

Mel_611_Spry1KO_cl4_rep3 1472 750 72 538 914 431 944 NA NA

Mel_611_parental_rep1 1402 725 73 526 899 429 846 15291 5803

Mel_611_parental_rep2 1417 757 71 565 950 430 835 15634 5886

Mel_611_parental_rep3 1485 803 74 568 1010 434 879 NA NA

Table 1.  Number of expressed ncRNAs.

Chromosome

miRNA > = 3 circRNA > = 10 LncRNA > = 10

Parental Spry1KO Parental Spry1KO Parental Spry1KO

Chr1 80 83 2465 2445 5350 5015

Chr2 46 45 1385 1535 3920 3960

Chr3 34 34 1430 1595 3155 3200

Chr4 22 20 905 890 1830 1490

Chr5 33 35 925 925 2550 2445

Chr6 26 26 1225 1210 2095 2435

Chr7 35 36 1030 1195 2545 2605

Chr8 22 23 510 515 2040 2080

Chr9 42 44 995 1045 1880 1760

Chr10 25 26 815 845 1850 1645

Chr11 37 38 1210 1245 2875 2775

Chr12 27 26 1125 1140 2985 2730

Chr13 17 17 360 385 1075 1035

Chr14 27 31 525 575 1800 1820

Chr15 27 26 895 955 2345 2215

Chr16 22 23 1150 1085 2470 2245

Chr17 50 51 1015 1016 3555 3275

Chr18 5 5 290 300 935 915

Chr19 39 40 1435 1480 2730 2385

Chr20 13 12 585 575 1020 995

Chr21 7 8 130 145 550 570

Chr22 27 26 510 515 1325 1255

ChrX 83 84 560 590 1270 1195

ChrY 0 0 10 10 20 45

Table 2.  Genomic position of miRNAs (reads ≥ 3), lncRNAs and circRNAs (reads ≥ 10) detected.
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and miRNAs were investigated in parental and Spry1KOcells (Fig. 1d, Table 2). ncRNA transcripts were found 
to be expressed on almost all chromosomes in both conditions, except for chromosomes Y. Globally, regions 
of high miRNA expression were identified on chromosomes X and 1, whereas lncRNA and circRNA genomic 
positions were found enriched on chromosomes 1,2, and 3 (Table 2).

Methods
Cell lines and generation of Spry1KO BRAFV600E-mutant CM clones.  Mel 593, Mel 599, and Mel 611 
cell lines were established from metastatic lesions of BRAFV600E-mutant CM patients referred to the National 
Cancer Institute of Aviano (Italy)35. Spry1KO was performed using the CRISPR/Cas9 gene-editing system, 
as previously described by Montico and colleagues12. Parental and Spry1KO cell lines were routinely grown in 

Sample name (cell line) Model Protocol 1 Protocol 2 Methods Data

Mel 593 parental_1 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Stranded Total RNA Kit — ArrayExpress: E-MTAB-15186

Mel 593 parental_2 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Stranded Total RNA Kit — ArrayExpress: E-MTAB-15186

Mel 593 parental_3 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Stranded Total RNA Kit — ArrayExpress: E-MTAB-15186

Mel 593 Spry1KO cl2_1 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Stranded Total RNA Kit CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15186

Mel 593 Spry1KO cl2_2 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Stranded Total RNA Kit CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15186

Mel 593 Spry1KO cl2_3 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Stranded Total RNA Kit CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15186

Mel 599 parental_1 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit — ArrayExpress: E-MTAB-15185

Mel 599 parental_2 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit — ArrayExpress: E-MTAB-15185

Mel 599 parental_3 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit — ArrayExpress: E-MTAB-15185

Mel 599 Spry1KO cl9_1 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit

CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15185

Mel 599 Spry1KO cl9_2 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit

CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15185

Mel 599 Spry1KO cl9_3 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit

CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15185

Mel 611 parental_1 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit — ArrayExpress: E-MTAB-15185

Mel 611 parental_2 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit — ArrayExpress: E-MTAB-15185

Mel 611 parental_3 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit — ArrayExpress: E-MTAB-15185

Mel 611 Spry1KO cl4_1 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit

CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15185

Mel 611 Spry1KO cl4_2 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit

CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15185

Mel 611 Spry1KO cl4_3 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit

CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15185

Mel 593 parental_1 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit — ArrayExpress: E-MTAB-15185

Mel 593 parental_2 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit — ArrayExpress: E-MTAB-15185

Mel 593 parental_3 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit — ArrayExpress: E-MTAB-15185

Mel 593 Spry1KO cl9_1 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit

CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15185

Mel 593 Spry1KO cl9_2 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit

CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15185

Mel 593 Spry1KO cl9_3 In vitro RNA extracts (Trizol reagent) Illumina TruSeq Small RNA Sample 
Preparation Kit

CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15185

Mel 272 parental_1 Xenograft models RNA extracts (Trizol reagent) Illumina TruSeq Stranded Total RNA Kit — ArrayExpress: E-MTAB-15369

Mel 272 parental_2 Xenograft models RNA extracts (Trizol reagent) Illumina TruSeq Stranded Total RNA Kit — ArrayExpress: E-MTAB-15369

Mel 272 parental_3 Xenograft models RNA extracts (Trizol reagent) Illumina TruSeq Stranded Total RNA Kit — ArrayExpress: E-MTAB-15369

Mel 272 Spry1KO cl4_1 Xenograft models RNA extracts (Trizol reagent) Illumina TruSeq Stranded Total RNA Kit CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15369

Mel 272 Spry1KO cl4_2 Xenograft models RNA extracts (Trizol reagent) Illumina TruSeq Stranded Total RNA Kit CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15369

Mel 272 Spry1KO cl4_3 Xenograft models RNA extracts (Trizol reagent) Illumina TruSeq Stranded Total RNA Kit CRISPR/Cas9 gene-
editing system ArrayExpress: E-MTAB-15369

Table 3.  Summary of the protocols and datasets used.
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Fig. 2  Validations of the experimental procedure. (a) Representative western blot and relative densitometry 
analysis of Spry1 protein expression in parental BRAFV600E-mutant CM cell lines and their respective Spry1KO 
clones. β-tubulin was used as a loading control. Images were processed with ImageJ software (https://imagej.Net)  
for densitometry readings. (b) Gel-like images of tape station analysis of total RNA samples from parental and 
Spry1KO cell lines, showing RIN values. One representative replicate of three is shown for each cell line. EL 
indicates the electronic ladder. PCA of sncRNAs (c) and ncRNAs (d) in parental and Spry1KO cells. Different 
shapes (circles, triangles, and squares) indicate biological/technical replicates, color-coded according to cell 
lines. The first two components (PC1 and PC2) are shown. (e) Correlation heatmaps of miRNAs (left), lncRNAs 
(middle), and circRNAs (right) expression across the samples.
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RPMI-1640 medium, supplemented with 10% heat-inactivated fetal calf serum (FCS, Lonza), 100 μg/mL strep-
tomycin, and 100 IU/mL penicillin. Cells were maintained in a humidified incubator at 37 °C in 5% CO2 and 
routinely tested for mycoplasma contamination.

In vivo models.  Xenograft models were established by subcutaneously injecting Mel 272 parental and 
Spry1KO cells into six-week-old female athymic nude/nude mice, as detailed by Montico and colleagues12. All the 
preclinical studies were performed in accordance with the Internal Review Board of the Centro di Riferimento 
Oncologico, IRCCS-National Cancer Institute, Aviano, Italy (IRB number 07-2017) and the Italian Ministry of 
Health (no. 788/2015/PR).

Western blot analysis for Spry1KO validation.  Total protein lysate extraction and western blot were 
performed as previously reported12,14. The membranes were immunoblotted with the following primary anti-
bodies according to their manufacturer’s instructions: rabbit monoclonal anti-Spry (#13013, Cell Signaling 
Technologies) and mouse monoclonal anti-β Tubulin (#86298, Cell Signaling Technologies). Images were 

Sample Name

Nanodrop

RIN260/280 260/230

Mel_593_Spry1KO_cl2_rep1 2.0 2.1 9.5

Mel_593_Spry1KO_cl2_rep2 2.0 2.1 10.0

Mel_593_Spry1KO_cl2_rep3 2.0 2.1 10.0

Mel_593_parental_rep1 2.0 2.0 10.0

Mel_593_parental_rep2 2.0 2.1 10.0

Mel_593_parental_rep3 2.0 2.0 10.0

Mel_599_Spry1KO_cl9_rep1 2.0 2.0 10.0

Mel_599_Spry1KO_cl9_rep2 2.0 1.9 10.0

Mel_599_Spry1KO_cl9_rep3 2.0 2.2 10.0

Mel_599_parental_rep1 2.0 2.1 9.9

Mel_599_parental_rep2 2.0 2.2 10.0

Mel_599_parental_rep3 2.0 2.2 10.0

Mel_611_Spry1KO_cl4_rep1 2.0 2.1 10.0

Mel_611_Spry1KO_cl4_rep2 2.0 1.9 10.0

Mel_611_Spry1KO_cl4_rep3 2.0 2.1 9.9

Mel_611_parental_rep1 2.0 2.1 10.0

Mel_611_parental_rep2 2.0 2.1 10.0

Mel_611_parental_rep3 2.0 2.1 10.0

Table 4.  RNA quality controls.

Sample Name Total reads GC Content (%) Mean Phred Score Mean Read Length (nt)
% alignment on 
Human genome

Mel_593_Spry1KO_cl2_rep1 21113751 49.26 35 23 91.18

Mel_593_Spry1KO_cl2_rep2 20221274 47.63 35 23 93.69

Mel_593_Spry1KO_cl2_rep3 26114908 47.87 35 23 93.36

Mel_593_parental_rep1 24364885 49.64 35 23 94.31

Mel_593_parental_rep2 16482033 48.78 35 23 92.87

Mel_593_parental_rep3 21146212 48.04 35 23 92.97

Mel_599_Spry1KO_cl9_rep1 15038881 47.05 35 23 90.49

Mel_599_Spry1KO_cl9_rep2 13483049 48.05 35 23 92.84

Mel_599_Spry1KO_cl9_rep3 21840777 47.11 35 23 87.56

Mel_599_parental_rep1 13433885 49.96 35 23 91.96

Mel_599_parental_rep2 22072527 48.29 35 23 90.31

Mel_599_parental_rep3 21333463 48.29 35 23 92.16

Mel_611_Spry1KO_cl4_rep1 34156786 50.39 35 23 91.51

Mel_611_Spry1KO_cl4_rep2 24677873 49.03 35 23 93.58

Mel_611_Spry1KO_cl4_rep3 19566185 47.32 35 23 94.87

Mel_611_parental_rep1 19608269 47.99 35 23 94.81

Mel_611_parental_rep2 20105571 48.55 35 23 94.23

Mel_611_parental_rep3 24690632 49.12 35 23 93.84

Table 5.  sncRNA sequencing quality metrics for samples.
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captured and analyzed using the Chemidoc XRS + system (Bio-Rad). Densitometry was performed by ImageJ 
software analysis36.

RNA isolation and quality controls.  Total RNA for small RNA-seq experiment was extracted from Mel 
593, Mel 599, and Mel 611 parental and Spry1KOcells, using Trizol reagent (Invitrogen). Three biological replicates 
were processed for each sample, resulting in 18 samples. RNA concentration was determined with a NanoDrop 
ND-2000 spectrophotometer (Thermo Fisher Scientific) by evaluating the absorbance ratios A260/A280 and 
A230/A280. RNA integrity was assessed using the TapeStation System (Agilent Technologies, Milan, Italy).

Small RNA-seq library preparation and sequencing.  For small RNA-seq, 1 μg of total RNA from each 
cell line was used for library preparation with the Illumina TruSeq Small RNA Sample Preparation Kit (Illumina 
Inc., San Diego, CA, USA), according to the manufacturer’s protocol. In summary, 3′ and 5′ adapters were ligated 
to small RNAs in a sequential manner, followed by reverse transcription to synthesize cDNA. The samples were 
then amplified and indexed through 15 cycles of PCR. The resulting PCR products were purified using a 6% poly-
acrylamide gel, selecting fragments shorter than 200 nucleotides, and subsequently precipitated with ethanol. The 
experiment was performed in three independent replicates for each condition. Final library concentrations and 
sizes were assessed using the Quant-IT DNA Assay Kit and TapeStation System. All libraries were then equimol-
arly pooled, diluted to a final concentration of 1,3 pM, and sequenced as single reads (75 cycles) on the Illumina 
NextSeq. 500 platform (Illumina, San Diego, CA).

RNA-seq analysis.  Quality control analysis of lncRNAs and circRNAs raw sequences files (fastq files), 
obtained from previously published RNA-seq datasets12,13 (Mel 599 and Mel 611 clones) as well as the newly 
available mel 593 RNA-seq data, was performed using FastQc (v0.11.8) (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). Adapter sequences were trimmed using Cutadapt (v3.7)37 with default parameters, setting 
a minimum read length of 20 bp. Filtered reads were aligned on the hg38 human genome assembly using STAR 
(v2.7.11b)38 with default parameters and gene quantification was obtained with featureCount (v2.0.3)39 to assess 
the expression of lncRNAs and circRNAs. The counts were then imported in R (v4.5.0) and DEseq. 2 (v1.48.1)40 
was used to identify differentially expressed transcripts, applying a threshold of fold change (|FC|) ≥ 1.5 and 
an adjusted p-value ≤ 0.05, to evaluate the impact of Spry1KO on lncRNA and circRNA expression profiles. The 
chromosomal distribution of lnRNAs and circRNAs (reads ≥ 10) was mapped onto the hg38 human genome 
assembly, whereas Circos41 was used to generate Circos plots. The function EnhancedVolcano (https://github.
com/kevinblighe/EnhancedVolcano) was used to generate volcano plots. Heatmaps and hierarchical clustering 
were generated using countMatrix.

Small RNA-seq analysis.  After sequencing, sncRNAfastq files were processed using the miRMaster 
tool (v2.0)42 selecting the standard parameters for quality filtering, alignment, and annotation of sncRNAs. 
The miRMaster pipeline was configured to reference the following annotation databases: miRBase (v22.1)43, 
Ensembl ncRNA (v100) (https://www.ensembl.org/), RNACentral piRNA (v15)44, GtRNAdb (v18.1)45, circBase 
(accessed on 25.10.20)46, NCBI RefSeq for bacteria and viruses (v74)47, and NONCODE (v5)48. Adapter 
trimming was performed with Cutadapt (v3.7) using the following small RNA adapter sequences: 3′ adapter 
TGGAATTCTCGGGTGCCAAGG and 5′ adapter GTTCAGAGTTCTACAGTCCGACGATC. DEseq. 2 
(v1.48.1)40 was used to perform a differential expression analysis, applying a threshold of |FC| ≥ 1.5 and an 
adjusted p-value ≤ 0.05, to detect miRNAs whose expression was significantly modulated by Spry1 depletion. 
miRNA target prediction was performed using the miRMaster tool. Novel miRNA candidates were predicted by 
miRMaster through genome-wide mapping of unannotated small RNA reads, followed by secondary structure 

Sample Name Total reads GC Content (%) Mean Phred Score Mean Read Length (nt)

Mel_593_Spry1KO_cl2_rep1 56105232 45 34 20-76

Mel_593_Spry1KO_cl2_rep2 52468092 45 34 20-76

Mel_593_Spry1KO_cl2_rep3 49220380 44 34 20-76

Mel_593_parental_rep1 40794696 45 33 20-76

Mel_593_parental_rep2 49570314 44 34 20-76

Mel_593_parental_rep3 51224950 45 34 20-76

Mel_599_Spry1KO_cl9_rep1 83231150 46 36 20-76

Mel_599_Spry1KO_cl9_rep2 94202792 46 36 20-76

Mel_599_Spry1KO_cl9_rep3 95235566 46 36 20-76

Mel_599_parental_rep1 59902188 45 36 20-76

Mel_599_parental_rep2 70398042 44 36 20-76

Mel_599_parental_rep3 70989586 44 36 20-76

Mel_611_Spry1KO_cl4_rep1 94015856 46 34 20-76

Mel_611_Spry1KO_cl4_rep2 92599778 46 34 20-76

Mel_611_parental_rep1 98914256 45 34 20-76

Mel_611_parental_rep2 93776810 46 34 20-76

Table 6.  Total RNA sequencing quality metrics for samples.
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prediction and evaluation of typical miRNA features such as stem-loop formation, read distribution bias, and 
minimum free energy criteria. The chromosomal distribution of miRNAs (reads ≥ 3) was mapped onto the hg38 
human genome assembly, whereas Circos41 was used to generate Circos plots. The function EnhancedVolcano 
(https://github.com/kevinblighe/EnhancedVolcano) was used to generate volcano plots. Heatmaps and hierarchi-
cal clustering were generated using countMatrix.

Data Records
Raw data generated in the study were deposited in ArrayExpress repository with E-MTAB-1518649 (Mel 593 
RNA-seq parental and Spry1KO clones), E-MTAB-1518550 for small RNA-seq (Mel 593, Mel 599, and Mel 611 
parental and Spry1KO cells) and E-MTAB-1536951 (Mel 272 RNA-seq parental and Spry1KO in vivo clones). All 
relevant information concerning samples, useful for their reuse, are available in Table 3.

Fig. 3  Analysis of lncRNA expression profiles. (a) Volcano plot summarizing significantly up-regulated (red) 
and down-regulated (green) lncRNAs in SpryKO clones; lncRNAs with insignificant expression values are 
reported in grey. Significance was determined based on log2 FC cutoff of ± 1.5 and adjusted p-values threshold 
of 0.05. (b) Heatmaps showing expression (left) with respect to FC (right) of common, concordantly deregulated 
lncRNAs (|FC| ≥ 1.5, adjusted p-value ≤ 0.05) across Spry1KO clones compared to the parental cell lines.  
(c) Heatmap showing expression of the same commonly deregulated lncRNAs in xenograft tumors derived  
from Mel272 parental and Spry1KO cells. RNA-seq data supporting Fig. 3 are available in ArrayExpress with 
accession number E-MTAB-1518649 (Mel 593 in vitro clones) and E-MTAB-1536951 (Mel 272 in vivo clones).
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Technical Validation
Spry1KO validation.  To validate the reliability and consistency of our experimental model, we have reported 
the western blot analysis of Spry1 depletion. As shown in Fig. 2a, Spry1 was not expressed in Spry1KOcells, thus 
confirming the complete loss of Spry1 protein expression, and ensuring the robustness of subsequent experimen-
tal analyses.

Assessment of RNA quality.  RNA purity and integrity are essential when preparing samples for RNA-seq 
experiments to ensure the reliability of subsequent experimental analyses. Hence, stringent quality control of 
RNA samples was performed before library preparation, as described in the methods section. All samples used 
for the small RNA-seq experiments had an RNA integrity number (RIN) ≥ 9.5, with 260/280 and 260/230 ratios 
between 1.9 and 2.2, indicating that the RNAs were intact and free of phenolic and protein contaminants (Fig. 2b, 
Table 4).

Total and Small RNA-seq summarization and quality controls.  To assess the sequencing data’s qual-
ity and reliability, we evaluated key sequencing parameters from both small RNA-seq (Table 5) and total RNA-seq 
(Table 6) experiments, including read count and base-call accuracy. The average number of raw reads per sample 
was 21.08 ± 4.94 million for small RNA-seq and 72.04 ± 20.8 million for total RNA-seq. Notably, the evaluation 
of alignment efficiency of small RNA-seq experiment revealed a mean alignment percentage to human genome 
of 92.58 ± 1.86%. The mean GC content per sample was 48.47 ± 0.96% for small RNA-seq and 45.13 ± 0.81% for 
total RNA-seq, and the average read length was consistent with the expected fragment size for each sequencing 
approach. The mean Phred score was 35 for both small RNA-seq and total RNA-seq, indicating high base calling 
accuracy. Additionally, we assessed the same key sequencing parameters for in vivo total RNA-seq experiment 
(Supplementary Table 3).

Fig. 4  Analysis of circRNA expression profiles. (a) Volcano plot summarizing significantly up-regulated (red) 
and down-regulated (green) circRNAs in SpryKO clones;circRNAs with insignificant expression values are 
reported in grey. Significance was determined based on log2FC cutoff of ± 1.5 and adjusted p-values threshold 
of 0.05. (b) Heatmaps showing expression (left) with respect to FC (right) of common, concordantly deregulated 
circRNAs (|FC| ≥ 1.5, adjusted p-value ≤ 0.05) across Spry1KO clones compared to the parental cell lines.  
(c) Heatmap showing expression of the same commonly deregulated circRNAs in xenograft tumors derived 
from Mel272 parental and Spry1KO cells. RNA-seq data supporting Fig. 4 are available in ArrayExpress with 
accession number E-MTAB-1518649 (Mel 593 in vitro clones) and E-MTAB-1536951 (Mel 272 in vivo clones).
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Reproducibility validation.  Principal component analysis (PCA) was performed to assess the biological 
significance of Spry1KOon sncRNA and ncRNA expression profiles and to evaluate the accuracy of library prepa-
ration and sequencing procedures. The variation along the principal component (PC) 1 axis was above 60% for 
sncRNAs and above 95% for ncRNAs across all three cell lines, indicating that Spry1KO significantly altered both 
expression profiles. The variation along the PC2 was below 20% for sncRNAs and 2% for ncRNAs, validating the 
reproducibility of biological replicates and repeatability of technical assessments (Fig. 2c,d). Furthermore, we 
performed a correlation analysis on the normalized read counts of miRNAs, lncRNAs, and circRNAs across all 
samples. The resulting correlation heatmap showed a high intra-group correlation among biological and technical 
replicates for all ncRNA classes, both before and after Spry1 depletion (Fig. 2e).

ncRNAs differential expression analyses.  To further validate our new datasets, lncRNAs and circRNAs 
derived from Mel 593 were compared to those obtained from Mel 599, and Mel 611 cell lines following Spry1KO 12,13, 
to enable comprehensive overview of ncRNAs that might be related to Spry1 in BRAFV600E-mutant CM. This 
revealed 3869, 9397, and 781 differentially expressed lncRNAs (Fig. 3a, Supplementary Table 4) and 1804, 3909, and 

Fig. 5  Analysis of miRNA expression profiles. (a) Heatmaps showing up-regulated (red) and down-regulated 
expressed (green) miRNAs upon Spry1 depletion (|FC|) ≥ 1.5, adjusted p-value ≤ 0.05) in the indicated cell 
lines. (b) Volcano plot summarizing significantly up-regulated (red) and down-regulated (green) miRNAs in 
SpryKO clones; miRNAs with insignificant expression values are reported in grey. Significance was determined 
based on log2 FC cutoff of ± 1.5 and adjusted p-values threshold of 0.05. Commonly deregulated miRNAs 
across the clones are highlighted in bold. Small RNA-seq data supporting Fig. 5 are available in ArrayExpress 
with accession number E-MTAB-1518550 (Mel 593, Mel 599, and Mel 611 parental and Spry1KO cells).
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656 differentially expressed circRNAs (Fig. 4a, Supplementary Table 5) in Mel 593, Mel 599, and Mel 611, respec-
tively. Moreover, 79 lncRNAs and 90 circRNAs were commonly deregulated across all three cell lines, validating 
our new datasets, as showed by their expression levels in both parental cell lines and Spry1KO clones (Figs. 3b, 4b, 
Supplementary Tables 6, 7). Then, we newly assessed their expression in xenograft tumors derived from parental 
and Mel272 Spry1KO Cl4 cells and observed similar dysregulation for most of them (Figs. 3c, 4c, Supplementary 
Tables 6, 7). The same approach was applied for miRNAs. The analysis led to the identification of 256, 130, and 96 
differentially expressed miRNAs in Mel 593, Mel 599, and Mel 611, respectively (Fig. 5a,b, Supplementary Table 8). 
This confirmed the reliability of our RNA-seq data sustaining that the experiments were conducted appropriately 
and match among different methods and settings.
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