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Abstract

Non-coding RNAs (ncRNAs) are important regulators of gene expression. They are
expressed not only in cells, but also in cell-derived extracellular vesicles (EVs). The
mechanisms controlling their loading and sorting remain poorly understood. Here,
we investigated the impact of TP53 mutations on the non-coding RNA content of
small melanoma EVs. After purification of small EVs from six different patient-
derived melanoma cell lines, we characterized them by small RNA sequencing and
IncRNA microarray analysis. We found that TP53 mutations are associated with a
specific micro and long non-coding RNA content in small EVs. Then, we showed
that long and small non-coding RNAs enriched in TP53 mutant small EVs share a
common sequence motif, highly similar to the RNA-binding motif of Samé68, a pro-
tein interacting with hnRNP proteins. This protein thus may be an interesting partner
of p53, involved in the expression and loading of the ncRNAs. To conclude, our data
support the existence of cellular mechanisms associate with TP53 mutations which
control the ncRNA content of small EVs in melanoma.
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1 | BACKGROUND

Exosome are small extracellular vesicles (EVs) (50-150 nm) generated from the late endosome, also called multivesicular bodies
(MVB), in a cell. The MVB then fuses with the plasma membrane leading to exosomes release. Depending on the cell origin,
these small EVs can contain lipids, proteins, DNA and RNAs. Actually, large amount of RNAs has been identified inside small
EVs by array profiling or next generation sequencing. RNAs has long been at the centre of molecular biology, first as a template
(messenger RNA, mRNA) or as an infrastructural platform (ribosomal RNA, rRNA and transfer RNA, tRNA), and then as
regulator of gene expression (non-coding RNA, ncRNA). Among this last group, a class of small ncRNAs, called microRNAs
(miRNAs) has been extensively studied. miRNAs are short ncRNAs of ~22 nucleotides that mediate gene silencing. They exhibit
tissue-specific expression patterns (Landgraf et al., 2007) and are epigenetically regulated (Ha & Kim, 2014). Up to now, more
than 2600 mature miRNAs have been described in Homo sapiens and more than 60% of the mRNA can be regulated by a least
one miRNA (Friedman et al., 2009). In the past decades, miRNAs have been demonstrated to be extensively dysregulated in
human cancers, showing their important role in tumour onset, growth, and metastasis (Goodall et al., 2020; He et al., 2020).
Another class of ncRNAs which has gain great interest in the cancer field is the long ncRNAs (IncRNAs). LncRNAs are longer
than 200 nucleotides and do not encode proteins. They tend to be shorter than mRNAs, have fewer exons, lack robust translated
open reading frames (ORFs) and are poorly conserved (Quinn & Chang, 2016). According to the ENCODE project, the human
genome includes more than 30,000 IncRNAs and this number is constantly evolving (Tragante & Moore, 2014). LncRNAs can be
classified according to their position relative to protein-coding genes (Mercer et al., 2009) such as “antisense IncRNAs”, which
are transcribed from the antisense strand of a protein coding gene, and which usually regulate its gene expression. Recent studies
have highlighted their implication in cancer onset, progression as well as in drug resistance (Goodall et al., 2020; Jiang et al.,
2019). Interestingly, like miRNAs, IncRNAs seem to be selectively packed into small EVs, such as exosomes (Gezer et al., 2014;
Zhang et al., 2015), to participate in cell-to-cell communication (O’Brien et al., 2020).

Metastatic cutaneous melanoma is a highly aggressive form of skin cancer which represents a major clinical problem. Its inci-
dence continues to rise in Western countries, and no curative treatments are available at this stage, although new treatments such
as targeted therapies and immunotherapies have significantly improved patient survival (Schadendorf et al., 2015). Melanoma
exhibits significantly elevated base mutation rates compared to other solid tumours (Pleasance et al., 2010), with enrichment of
the cytidine to thymidine (C > T) transitions characteristic of an ultraviolet light-induced mutational signature. About 50% of
melanoma patients harbour an activating BRAF (B-Raf proto-oncogene, serine/threonine kinase) mutation, and 15%-20% have
a NRAS (neuroblastoma RAS viral (v-ras) oncogene homolog) mutation, with high RAS/RAF kinase activity promoting tumour
growth (Forbes et al., 2006). As a major player in carcinogenesis, TP53 (tumour protein p53) is mutated in a majority of human
cancers including melanoma (Muller & Vousden, 2013), where 20% of cases carry a somatic mutation, which is not as rare as
previously thought (Hodis et al., 2012; Shtivelman et al., 2014). The tumour suppressor protein p53 is considered as the “guardian
of the genome”. It controls many cellular processes including proliferation, death and DNA repair. Therefore, loss of its tumour
suppressor function is a common feature of many cancers, and mutant p53 protein usually acquires oncogenic functions (Muller
& Vousden, 2013).

RAS and BRAF mutations have been previously associated with a specific miRNA cargo of EVs (Cha et al., 2015; Lunavat et al.,
2017; McKenzie et al., 2016). Since p53 is an important transcription factor, we hypothesized that the ncRNA populations present
in small EVs derived from TP53 mutant melanoma cells are different from those found in small EVs from TP53 WT melanoma
cells, as observed for RAS and BRAF in various cancers. Using six different melanoma cell lines established from local patients that
differ in TP53 gene mutational status, we showed that TP53 mutated cells release small EVs containing long and small ncRNAs
distinct from those of WT cells. Next, we demonstrated that the ncRNAs enriched in the mutant small EVs shared a common
sequence motif, very similar to the RNA-binding motif of Samé68. Finally, we found that Samé8 protein was enriched in TP53
mutant melanoma cell lines, which could explain a different expression profile and loading of ncRNAs in their small EVs.

2 | METHODS
2.1 | Celllines

The melanoma cell lines M113, M117, M28, M18, M88, and M6 were established from patient’s metastatic tumour fragments from
the Department of Dermato-Oncology (CHU Nantes) in our Inserm Unit or in the GMP Unit of Cell therapy of Nantes and are
registered in the Biocollection PC-U892-NL (CHU Nantes).

Cell lines were cultured in RPMI 1640 (Eurobio, Cat#CM1RPM00-01) supplemented with 10% exosome-depleted fetal bovine
serum (Gibco, Cat#A2720801), L-glutamine (2 mM, Gibco, Cat#25030-024) and penicillin-streptomycin (100 ug/mL, Gibco,
Cat#15140-122). Cell lines were tested each week for mycoplasma contamination using the PlasmoTest-Mycoplasma Detection
kit (Invivogen, Cat#Rep-ptrk) according to the manufacturer’s protocol. Contaminated cells were discarded. Fresh cell lines were
thawed every 2 months at approximately passage 10.
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2.2 | Analysis of mutational status

DNA was extracted from the cell lines using Gentra Puregene kit (Qiagen, Cat#1042606) according to the man-
ufacturer’s protocol. NGS libraries were then prepared using the QIAseq Targeted DNA Custom Panel (QIAGEN,
Courtaboeuf, France) Kit, an amplicon library construction kit based on the SPE (Single primer extension) technology
(https://www.qiagen.com/us/products/discovery-and-translational- research/next- generation- sequencing/dna-sequencing/
somatic-panels/qiaseq-targeted-dna-custom-panels). This panel targets 20 genes (AKTI (v-akt murine thymoma viral onco-
gene homolog 1), ALK (anaplastic lymphoma receptor tyrosine kinase), BRAF, CTNNBI (catenin (cadherin-associated protein),
beta 1), EGFR (epidermal growth factor receptor), ERBB2 (erb-b2 receptor tyrosine kinase 2), FGFR2 (fibroblast growth factor
receptor 2), FGFR3 (fibroblast growth factor receptor 3), HRAS (Harvey rat sarcoma viral oncogene homolog), IDHI (isocitrate
dehydrogenase 1 (NADP+), soluble), IDH2 (isocitrate dehydrogenase 2 (NADP+), mitochondrial), KIT (v-kit Hardy-Zuckerman
4 feline sarcoma viral oncogene homolog), KRAS (Kirsten rat sarcoma viral oncogene homolog), MAP2KI (mitogen-activated
protein kinase kinase 1), MET (MET proto-oncogene, receptor tyrosine kinase), NRAS, PDGFRA (platelet-derived growth
factor receptor, alpha polypeptide), PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha), RET (ret
proto-oncogene) and TP53). NGS libraries were prepared according to the supplier’s recommendations and then sequenced on
a MiSeq sequencer (Illumina, San Diego, CA, USA). NGS data were analysed with the CLC Genomics Workbench 12.0 software
(QIAGEN).

2.3 | Small EV purification

Melanoma-derived small EVs were isolated from 20 X 10° tumour cells cultured in exosome-depleted media for 24 h as
previously described (Vignard et al.,, 2019). Briefly, differential centrifugations were performed to isolate small EVs from
media: 5 min at 300 g, 10 min at 2000 g, 30 min at 10,000 g and two runs at 100,000 g for 120 min. The final pel-
let containing the small EVs was resuspended in PBS. We used a Beckman ultracentrifuge Optima L-80XP with a SW28
rotor.

The international society for extracellular vesicles (ISEV) recommends the use of the generic term small EVs instead of exo-
somes (Théry et al., 2018). According to our vesicle purification method and this recommendation, in the article we will refer to
our vesicles as small EVs.

2.4 | Tunable resistive pulse sensing

Small EV size and concentration distribution were quantified using Tunable Resistive Pulse Sensing (TRPS) technology
with qNano instrument (IZON). All sample were diluted in PBS 0.03% Tween 20 and recorded with two different pres-
sures on NP150 nanopore. To calibrate size and concentration, 110 nm (mode) carboxylated polystyrene beads (IZON) were
used.

For each recording, at least 500 particles were counted with a minimum rate of 100 particles/min. A stretch between 45 and
47 with a voltage between 0.5 and 0.7 V were used to achieve a stable current between 135 and 145 nA.

2.5 | Western-blot

To extract and study the subcellular distribution of proteins, small EVs and cells were lysed with NE-PER Nuclear and Cyto-
plasmic Extraction reagents (Thermo Scientific, Cat#78833) according to manufacturer’s protocol. Protein concentration was
determined by BCA (Interchim, Cat#UP40840A). Proteins were denatured at 95°C for 5 min in Laemmli buffer (Biorad,
Cat#1610747). Then, they were electrophoresed by SDS-PAGE and transferred onto a PVDF membrane. The membrane was
blocked for 2 h at room temperature with 5% non-fat milk. The membrane was incubated with primary antibody: mouse anti-
CD63 (Invitrogen Life technologies, Cat#10628D) (1 ug/mL), or mouse anti-CD81 (Invitrogen Life technologies, Cat#10630D)
(1 ug/mL), or mouse anti-Alix (Biolegend, Cat#634502) (2 ug/mL), or mouse anti-calnexin (Invitrogen Life technologies,
Cat#MA3-027) (4 ug/mL) or rabbit anti-Sam68 (Thermo Scientific, Cat#PA5-62364) (0.4 ug/mL)) or mouse anti-actin (Invitro-
gen, Cat#MA5-11869) (0.5 ug/mL) or mouse anti-Histone H3 (Active Motif, Cat#39763) (2 ug/mL) overnight at 4°C, followed
by a secondary antibody ((goat anti-mouse IgG, HRP-conjugated, Interchim, Cat#115-036-072) (0.8 ug/mL) or (goat anti-rabbit
IgG, HRP-conjugated, Interchim, Cat#111-035-006) (0.8 ug/mL)) for another 1 h. Blots were developed with enhanced chemilu-
minescent (ECL) substrate (Clarity Western ECL substrate, Biorad Cat#170-5061) and protein expression was assessed using a
ChemiDocMP Imaging System (Biorad).
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2.6 | Transmission electron microscopy

Small EVs were investigated by negative stain electron microscopy. Briefly, small EVs were placed for 20 min on formvar-carbon
coated cooper 200 mesh grids (AGS162 Agar Scientific, UK). Small EVs were then washed with PBS and fixed with 1% glutaralde-
hyde (Sigma Aldrich, Cat#G5882) dissolved in PBS for 5 min. After eight washes with deionized water, samples were stained with
Uranyless (Delta Microscopie, France) for 1 min. The grids were coated with a thin layer of platinum (3 nm) using a Leica EM
ACE600 high vacuum sputter coater. Grids with negative-stained vesicles were observed with a GeminiSEM 300 Zeiss scanning
electron microscope, equipped with a STEM detector. Observations were made at 29 keV, 7.5 um diaphragm, working distance
4 mm.

2.7 | Total RNA extraction

Total RNAs from cells and small EVs were extracted with QIAzol reagent (Qiagen) and the miRNeasy kit (Qiagen, Cat#217084)
according to the manufacturer’s protocols. RNA was screened for purity and concentration in a Nanodrop-1000 spectropho-
tometer (Thermofisher Scientific). The Agilent 2100 Bioanalyzer (Agilent) for total RNA (RNA nanochips, Cat#5067-1511) and
for small RNA (small RNA chips, Agilent, Cat#5067-1548) was used to assess the large and small RNA profiles.

2.8 | Small RNA sequencing and analysis

Small RNA libraries were prepared following the Qiaseq miRNA library prep kit protocol (Qiagen, Cat#331502), starting from
100 ng of QC controlled small RNA fraction. Libraries were then sequenced after QC control on a Nextseq 500 (Illumina) using a
single Read 75 bp mode. A minimum 12 million reads were obtained for each sample. Fastq files were uploaded on the QIAGEN
Online Data Analysis Centre, to align sequences to miRBase release 21 and use the UMI count to prevent PCR biases. Once
each sample associated with the right group, we performed a standard DESeq2 normalization method (DESeq2’s median of
ratios with the DESeq function). Following the package recommendations, we used the Wald test with the contrast function and
the Benjamini-Hochberg FDR control procedure to identify the differentially expressed miRNA. MiRecords and miRTarbase
databases implemented in multimiR (Ru et al., 2014) were used to identify validated target genes. Then, using PathfindR (Ulgen
etal., 2019), we identified the KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways which involved the validated target
genes.

2.9 | Longnon-coding RNA arrays and analysis

Expression of IncRNAs was assessed by the manufacturer using the Human LncRNA Expression Micro-arrays V5.0 (Arraystar,
Cat#AS-S-LNC-H). All experimental procedures were performed following Arraystar standard protocol. Briefly, RNA samples
were amplified and transcribed into Cy3-labelled cRNA by the random primer method of Quick Amp labelling kit One-color
(Agilent, Cat#5190-0442). Then, labelled cRNAs were hybridized using the Agilent Gene Expression Hybridization kit (Agilent,
Cat#5188-5242), and acquired array images were analysed by the Agilent feature extraction software (Agilent Technologies).
Raw signal intensities were normalized in quantile method by GeneSpring GX v12.1 (Agilent), and low intensity LncRNAs were
filtered. Differentially expressed LncRNAs with statistical significance were identified through Volcano Plot filtering between
two groups (Fold-change (FC) > 2, p-value < 0.05). All original microarray data were deposited in the NCBI's Gene Expression
Omnibus database under the reference GSE140531.

Predicting and analysing p53 binding sites

2.10
CiiiDER was used to predict potential p53 binding site within the differentially expressed ncRNAs (Gearing et al., 2019). All the
ncRNA sequences were download form the Ensembl website and scanned.

2.11 | Sequence motif analysis

MEME (Multiple Em for Motif Eliciation) Suite 4.12.0, a web-based tool for studying sequence motifs in RNA, was used
to determine a common motif to miRNAs and IncRNAs overexpressed in mutant TP53 small EVs or in the WT ones
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(Bailey et al., 2015). We applied a Markov model of order 0 to identify this motif. Tomtom was applied to compare our motif
against a database of known motifs (e.g., JASPAR), to rank it, to produce an alignment for each significant match, and to give us
a p-value and a corrected p-value (FDR) (Gupta et al., 2007). FIMO was used to scan sequences for motif matches (Grant et al,,
2011).

2.12 | cDNA synthesis and quantitative RT-qPCR of miRNAs

miR-27b-3p. miRNAs were reverse transcribed with the Mysticq microRNA ¢cDNA Synthesis Mix (Sigma-Aldrich, Cat#MIRRT)
and quantified on a QuantStudio3 system (Applied) using the Mysticq microRNA SYBR green Ready-Mix and primers (Sigma-
Aldrich, Cat#MIRRMO1). Each reaction sample was run in duplicate. Small nucleolar RNA 44 (snord44) (Sigma-Aldrich,
Cat#MIRCP00005) was used as internal reference gene. Primers used in these analyses were miR-27b-3p (Sigma-Aldrich,
Cat#MIRAP00068).

miR-23b-3p, miR-27b-3p, miR-193b-3p, miR-369-3p, miR-577, and miR-5582-3p. miRNAs were reverse transcribed with miR-
CURY LNA RT kit (Qiagen, Cat#339340) according to the manufacturer’s protocol. Quantitative PCR was performed on a
QuantStudio3 system (Applied) using the miRCURY LNA SYBR Green PCR kit (Qiagen, Cat#339346) and primers. Each reac-
tion sample was run in duplicate. Small nucleolar RNA 44 (snord44) (Qiagen, Cat#339306 — YP00203902) was used as internal
reference gene. Primers used in these analyses were YP02119314 for miR-23b-3p, YP00205915 for miR-27b-3p, YP00204226 for
miR-193b-3p, YP00206028 for miR-369-3p, YP00205998 for miR-577 and YP02111017 for miR-5582-3p (Qiagen, Cat#339306).

For all, melting curve analysis was performed at the end of the run to ensure specificity in the amplification. The 27A4Ct
method was used to calculate relative changes in expression.

2.13 | Sam68 knock-down

M117 cells (TP53 mutated cells) were transfected with 30 nM final of Sam68 siRNA or of scramble siRNA (Mission SiRNA
Universal negative 1, Sigma Cat#SIC001) using TransiT-X2 transfection reagent (Mirus, Cat# MIR6003) according to the protocol
of manufacturer. Cells were plated in a T75 flask at a density of 4.2 M cells/flask and 24 h after seeding, siRNA molecules were
added. The Samé68 siRNA target sequence was 5'-GCUCUUAUGGCCCAUGCCA-3'. Following 24 h of transfection, western-
blot analysis was carried out to confirm the Sam68 gene knockdown as well as RT-qPCR.

2.4 | RT-qPCR

Total RNA was reverse transcribed using M-MLV reverse transcriptase (Thermo Scientific, Cat#28025013) and the RT product
was used for expression analysis using Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific, Cat#K0223). Sam68
was amplified using the following primers: 5'-ATGAGAGACAAAGCCAAGGAGG-3'/5"-A TCACATGGGGGTCCAAAGAC-
3’. RPLPO (Ribosomal Protein Lateral Stalk Subunit PO, 5'-GTGATGTGCAGCTGATCAAGACT-3'/5'-GATGACC
AGCCCAAAGGAGA-3') gene was used as reference genes. Each reaction sample was run in duplicate. To circumvent
any issue of non-specific amplification melting curve analysis was performed with a temperature gradient of 70-95°C. The
27AACt method was used to calculate relative changes in expression.

2.15 | Co-immunoprecipitation

For pull down of endogenous Samé68 complexes, M117 cells (50 mg per condition) were lysed in lysis buffer according to the
manufacturer’s protocols (Invitrogen, Dynabeads Co-immunoprecipitation kit, Cat#14321D). One milligram of Dynabeads were
coupled with IgG (Invitrogen, Cat#31325) or Sam68 antibody (Thermofisher, Cat#A302111A) at 37°C overnight. Antibody-
coupled beads were subsequently incubated with cell lysate at 4°C for 30 min. Then the bound proteins were eluted and used for
Western blot analysis and miRNA analysis as previously described.

2.16 | Statistical analysis
Error bars indicate + SEM (Standard error of the mean) between biological replicates. Statistical significance was calculated by

nonparametric Wilcoxon test or t test when applicable. NS, nonsignificant; *p < 0.05, **p < 0.01, ***p < 0.001. All statistical
analyses were performed with R4.0.3.
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TABLE 1 Mutational status of the melanoma patient cell lines.

Patient Sex TP53 Consequence of the TP53 mutation* NRAS BRAF Type of cancer
M113 M Q6IR Melanoma
M28 E V600E Melanoma
M6 F Q61R Melanoma
Mi117 F C277F Loss of function Q61H Melanoma
Mi8 F P27S Reduced transcriptional activity V600E Melanoma
M88 M Cl76Y Impaired transcriptional activity V600E Melanoma

*according https://ckb.jax.org/gene/show?geneld=7157 or Fischer N. “The functional and clinical consequences of TP53 mutations in cancers” 2019.

3 | RESULTS

3.1 | Small EVs derived from TP53 WT or mutated melanoma cell lines exhibit typical vesicular
features

To characterize the small EVs secreted by melanoma cell lines according to their TP53 mutational status, we first cultured
melanoma cells in exosome-depleted medium at 90% confluence. Twenty-four hours later, supernatants were collected and the
small extracellular vesicles were purified by ultracentrifugation. To observe the morphology of the isolated small EVs, we first
performed transmission electron microscopy (TEM) analysis (Figure 1a). We confirmed that the purified particles possess a cir-
cular morphology with an intact membrane based on negative staining. Using TRPS technology, we found that the melanoma
vesicles have sizes comparable to those assessed by electron microscopy, and in the typical range of small EV range (Figure 1b).
Moreover, WT melanoma cells appear to produce less EVs than TP53 mutated cells, although this is not significant.

We next examined the presence of exosome marker proteins in our isolated small EVs by western blot analysis (Figure 1c).
Our results show that CD63, CD81 and Alix were enriched in our purifications. The absence of calnexin, a cytoplasmic marker
(Théry et al., 2018), in our vesicle preparations compared with cell lysate samples confirms the presence of purified small EVs
with minimal cytoplasmic contaminants in our preparations.

Together, our results show that our protocol efficiently purifies small EVs from melanoma cell lines.

3.2 | Small RNA profiling of melanoma small EVs from TP53 mutant and WT cells

First, to determine whether TP53 mutations can influence the small RNA content of melanoma small EVs, we conducted a small
RNA sequencing on vesicles derived from six melanoma cell lines with distinct genotypes (Table 1). All TP53 mutations lead to a
mutant p53 protein that is unable to transactivate its target genes, resulting in the loss of its tumour suppressor functions (Fischer,
2019). However, it is also known that most of mutant p53s acquire novel oncogenic functions that could induce the expression
of specific RNAs (Pitolli et al., 2019; Sabapathy, 2015; Shetzer et al., 2016). We identified 223 differentially expressed small RNAs
between small EVs derived from TP53 WT cells and mutant cells (Figure 2a, Table S1), including 118 miRNAs overexpressed in
the mutants. After correction for multiple testing, five miRNAs remained significantly overexpressed in small EV from TP53-
mutated cells compared to those from TP53 WT cells, and three miRNAs were underrepresented (Table 2). The highest fold
changes were detected for hsa-miR-5692b and hsa-miR-6508-3p, both of which were overexpressed in small EVs derived from
TP53 WT melanoma cells (log, FC = 6.25 and 6.34, respectively), whereas the most significant difference was found for hsa-miR-
577 overexpressed in mutant TP53 melanoma cell lines (adjusted p-value = 0.00133). Using mirTarbase (Huang et al., 2022) and
miRecords (Xiao et al., 2009) implemented in R (multimiR package), we identified 1888 experimentally validated target genes of
our five significantly overexpressed miRNAs in mutant TP53 small EV's (Table S2). Pathway analyses showed that they are mainly
enriched in the Cell cycle pathway, the Adherens junction pathway and in the Cellular senescence pathway (Figure 2b, Table
S3). Regarding the three significantly under-expressed miRNAs in mutant TP53 small EVs, we found that they could regulate
the expression of 496 target genes involved in numerous signalling pathways, including the Ras signalling pathway or the Erb
signalling pathway (Figure 2c, Table S4).

Interestingly, there is no difference in the small RNA content of small EV derived from BRAF or NRAS mutated melanoma
cells, excepted for hsa-miR-155-5p but with discrepancies inside the NRAS mutated group (Figures 2d, e).

Our small RNA sequencing also highlighted the presence of piwi-interacting RNAs (piR) in melanoma small EVs, with again
a different expression pattern according to the TP53 mutational status (Figure 2a, Table 1).

Taken together, our results suggest that small EVs secreted by mutant TP53 cancer cell lines carry a specific cargo of small
RNAs.
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FIGURE 1 Examples of characterization of small EVs purified from a WT TP53 cell line (M113) and a mutant TP53 cell line (M117). (a) Representative
transmission electron microscopy (TEM) images of melanoma-derived small EVs. Circular morphology and the absence of internal staining indicate intact,
compartmentalized vesicles. (b) Size distributions of the three independent small EV purifications/productions by cell line by qNano technology. Size is
consistent with results from TEM. (c) Protein characteristics of small EV's using western blotting technique. For consistency of comparison between small EV's
and cells, 3 ug of sample was loaded per well for western blotting. ***p < 0.001.
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FIGURE 2 Differential miRNA content of small EVs from TP53-mutated or WT melanoma cells. (a) Volcano plot of adjusted p value as a function of
weighted fold-change for small RNA (adjusted p value < 0.05). Red dots on the left represent significantly downregulated small RNAs in small EVs from TP53
WT melanoma cells and on the right the upregulated ones compared to small EVs from mutant TP53melanoma cells. In green, miRNAs with a log2 fold
change >2 or —2. (b) Enrichment analysis of the 1888 targets of the significantly enriched miRNAs in small EV's derived from TP53 mutant cells. (c)
Enrichment analysis of the 496 targets of the significantly enriched miRNAs in small EVs derived from TP53 WT cells. (d) Volcano plot of differentially
expressed small RNA between small EVs from NRAS or BRAF mutated melanoma cell lines. (e) Expression level of hsa-miR-155-5p in small EVs from NRAS
and BRAF mutated melanoma cells. *p < 0.05, **p < 0.01, ***p < 0.001.

3.3 | Small EV-derived from TP53 mutated cell lines have a specific IncRNA cargo

Next, we performed a IncRNA profiling assay using the Human V5.0 LncRNA array (ArrayStar), which contained 33,045 IncRNAs
to evaluate the influence of TP53 mutations on their expression in small EVs. We found that 1046 IncRNAs were differentially
expressed between TP53 mutant and WT small EV's (p < 0.05, Table S5). After correction for multiple testing (FDR < 0.05), 10
IncRNAs remained significantly overexpressed in the mutants, and 46 were downregulated (Table 3). The highest fold change was
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TABLE 2  Small RNAs differentially expressed between TP53 WT and mutated derived small EVss after correction for multiple testing.

Small RNA name log2FC Regulation p-value Adjusted p-value
hsa-miR-5692b —6.256 Upin WT 2.01e—05 0.01546
hsa-miR-6508-3p —6.342 Upin WT 8.35e—05 0.03261
hsa-miR-5582-3p —5.832 Upin WT 9.53e—05 0.03264
hsa_piR_016980_gb_DQ593423_Homo 7.625 Up in mutant 1.53e—07 0.00047
hsa-miR-577 3.827 Up in mutant 8.61e—07 0.00133
hsa-miR-23b-3p 3.811 Up in mutant 5.17e—06 0.00532
hsa-miR-27b-3p 2.979 Up in mutant 2.58e—05 0.01595
hsa-miR-193b-3p 1.886 Up in mutant 3.45e—05 0.01774
hsaﬁpiR7017l787gb7DQ5937447H0m0 1.799 Up in mutant 8.46e—05 0.03262
hsa-miR-369-3p 5.844 Up in mutant 0.00011 0.03558

Abbreviation: FC, fold change.

detected for LINCO0I531, which was overexpressed in small EVs derived from TP53 WT melanoma cells (FC = 18.4), whereas the
most significant difference was found for G065582 which was also overexpressed in small EVs derived from TP53 WT melanoma
cell lines.

We also compared the IncRNA content of small EVs derived from BRAF-mutated cells to small EVs derived from NRAS-
mutated cells. To avoid the effect of TP53 mutations, we first analysed small EVs from M28 versus those from M113 and M6
cell lines (Table 1). Few significant differences were observed and none remained significant after correction for multiple testing
except G014584 and G087573 (FDR = 0.046, FC = 2.12 and FC = 2.27, respectively) (Figure SI). Interestingly, we identified 915
IncRNAs differentially expressed between small EV's derived from M28 and M117 melanoma cell lines, probably explained again
by TP53 mutations (Table S6). Indeed, 16 remained significant after correction for multiple testing, and half of which had been
identified in our analysis according to the TP53 mutational status.

Opverall, our results suggest that TP53 mutations also modulate the IncRNA content of melanoma-derived small EVs.

3.4 | TP53does not directly regulate expression of the differentially expressed ncRNA

To decipher the mechanisms underlying these differences, we first postulated that p53, as a transcriptional factor, could directly
regulate the expression of these ncRNAs. Using Ciiider, we predicted and analysed the putative promoter regions (—1500 bases
upstream to +500 bases downstream of the transcriptional Start Site (TSS)) of the referenced ncRNAs. We found that no dif-
ferentially expressed miRNAs or IncRNAs between small EVs derived from WT and TP53 mutated melanoma cells has a p53
binding site (Figure S2). Based on this result, we postulated that a protein other than p53 might be involved in the differential
expression of these ncRNAs in small melanoma EVs.

To shed light on this protein, we performed an unbiased sequence motif search using the MEME suite and found a common
and conserved “AUMAAADW” motif (Figure 3a top, Figure S3A) among the ncRNAs (long and small) enriched in small EVs
derived from TP53 mutant cells. Only four of the 46 IncRNAs significantly overexpressed in WT ones displayed this motif and
no miRNAs (Figure S3B), all of which encompassed a different motif (Figure S3C).

To identify the RNA Binding Proteins (RBP) that might interact with the “AUMAAADW” motif, we compared it to known
motifs from JASPAR using Tomtom. We found a strong match with the RNA-binding motif of KHDRBSI (KH RNA Binding
Domain Containing, Signal Transduction Associated 1) protein, also called Sam68 (p = 4.10~%, FDR = 0.046, Figure 3a bottom).

Next, we quantified Samé68 expression in melanoma cell lines by western blot analysis to see whether this protein was uniformly
expressed in TP53 WT and mutated cells. We found that Sam68 was significantly overexpressed in TP53 mutated melanoma cells
compared to TP53 WT cells (p < 0.05, Figure 3b). Sam68 is a multifunctional player involved in RNA splicing in the nucleus, and
RNA trafficking in the cytoplasm. To go further, we then investigated its expression in these different compartments. We found
that Samé68 is mainly localized in the nucleus of TP53 mutant cells, while it is concentrated in the cytoplasm of TP53 WT cells,
and is never found in small EV (Figure 3c).

To further establish the relationship between Samé68 and the overexpressed miRNAs in TP53 mutant small EVs, we first
measured their expression in the parental melanoma cells by RT-qPCR. We found that hsa-miR-23b-3p, hsa-miR-27b-3p, hsa-
miR193b-3p and hsa-miR-577 were significantly upregulated in TP53 mutant melanoma cells compared to the WT ones as
observed in their small EVs. (Figure 4a). hsa-miR-369-3p showed the same trend and not hsa-miR-5582-3p as expected. We
conclude that the miRNA cargo of the small EVs reflects the miRNA content of the cell and that overexpression of Samé68 in
TP53-mutated cells could explain the increased expression of these miRNAs in mutated cells and in their small EVs.
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FIGURE 3  Sam68 is overexpressed in the nucleus of mutant TP53 melanoma cell lines to regulate RNA expression. (a) 8-mer motif enriched in RNA

overexpressed in mutant TP53 small EVs. On the top, RNA motif found in our enriched RNA according to MEME. On the bottom, the RNA-binding motif of
KHDRBSI protein (Samé68) found through Tomtom analysis. (b) Quantification of Samé68 expression and differences between TP53 WT and TP53 mutant
melanoma cells by western blot analysis. The optical density of each sample was measured and normalized using a housekeeping protein (Actin) run on the
same gel using Image]. Data are expressed as relative expression (ratio Sam68/Actin), n = 3. (c) Measurement of Samé8 expression in the cytoplasm, the
nucleus and the small EVs of TP53 mutant (M117) and WT (M113) melanoma cell lines by western blot analysis. Normalization of the Sam68 protein input was
performed using the actin protein in the cytoplasm and in small EVs and using the Histone 3 protein in the nucleus. *p < 0.05.

In addition, when Samé68 expression was reduced by a siRNA-mediated knock-down (KD) (Figure 4b, c), we observed a slight
decrease in hsa-miR-23b-3p, hsa-miR-27b-3p, hsa-miR193b-3p, hsa-miR-369-3p and hsa-miR-577 in KD Samé68 TP53-mutated
melanoma cells, and, to a greater extend, in their small EV's (Figure 4d). This suggests that Sam68 regulates, at least in part, their
expression and maybe more importantly their loading in melanoma derived small EVs.

Finally, to decipher whether these miRNAs directly interact with Sam68, we immunoprecipitated Sam68 from TP53 mutant
cells (Figure 4e) and conducted PCR analyses. We detected hsa-miR-23b-3p, hsa-miR-27b-3p and hsa-miR193b-3p but not hsa-
miR-5582-3p as expected since it did not encompass the Sam68 motif (Figure 4f). We also detected hsa-miR-369-3p and hsa-
miR-577 at a lower intensity.

In conclusion, Sam68 seems to be involve in the differential ncRNA cargo of TP53 mutant small EVs from melanoma cells
through direct interaction with some of them.

4 | DISCUSSION

Secretion and reciprocal exchange of small EVs between cells is an important step in cell-cell communication, especially in the
tumour microenvironment. Small EVs are particularly enriched in non-coding RNAs which upon uptake by recipient cells can
regulate gene expression and play a critical role. In this study, we showed that the TP53 mutational status of cells was associated
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FIGURE 4 Intronic miRNA expressions are correlated with Samé68 expression in TP53 mutated melanoma patients from TCGA. (a) Expression in

melanoma cells lines of the miRNAs overexpressed in TP53 mutant small EVs and of one downregulated (hsamiR- 5582-3p) (WT: M113, M28, M6 and mut:
MI17, M18, M88), n = 3. (b) Samé68 expression level in TP53 mutated cell line M117 after transfection with a siRNA targeting Sam68 or with a scramble siRNA
(si Neg). Normalization of the Sam68 protein input was performed using the actin protein. (c) Relative Sam68 mRNA expression was determined by qPCR
after normalization with the RPLP0 housekeeping gene, n = 3 (d) Expression of our candidate miRNAs overexpressed in TP53 mutant small EVs in M117 cells
transfected with Sam68 siRNA compared to siNeg, n = 3. (e) Western blot probed with anti-Sam68 antibody to assess Sam68 associated with the captured
beads following Sam68 immunoprecipitation compared to control IgG immunoprecipitated and total Input. (f) PCR analysis of candidate miRNAs following
immunoprecipitation of Samé8. *p < 0.05, **p < 0.01, ***p < 0.001.
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with a specific ncRNA cargo of their small EVs in melanoma. Current knowledge on the impact of TP53 on small EVss is limited
to its effect on the endosomal compartment of the cell and on the production of small EVs (Lespagnol et al., 2008; Yu et al., 2006,
2009), but nothing is known about its impact on their RNA content, although this has already been described for BRAF mutants
under vemurafenib treatment, for example (Lunavat et al., 2017).

RNA loading into small EVs is not fully understood, but it appears to be driven by specific sequences interacting with various
proteins (Santangelo et al., 2016; Vignard et al., 2019; Villarroya-Beltri et al., 2013, 2014; Wozniak et al., 2020), or dependent on
genetic mutations (Cooks et al., 2018; Lunavat et al., 2017; McKenzie et al., 2016). Indeed, we found that some mutations that
lead to loss-of-function or reduced function of p53 conduct to a specific pattern of expression of ncRNAs in the cell and in their
small EVs. This could be the consequence of a higher expression of Samé68 in the mutant cells than in the WT cells. This protein,
also known as KHDRBSI, was found in the nucleus and in cytoplasm of both melanoma cell types, but appeared enriched in the
nucleus of TP53-mutated cells and, conversely, enriched in the cytoplasm of the WT cells. Samé68 in the nucleus, can be involved
in numerous steps of RNA processing, form transcription to alternative splicing, to nuclear export, and in the cytoplasm, it takes
part to signalling complexes and associates with RNA trafficking and loading into vesicles (Bielli et al., 2011). Indeed, Cloutier
et al. showed that Samé68 interacted with hnRNP A1/A2 proteins, which are previously described in the loading of specific miRNA
into exosomes (Villarroya-Beltri et al., 2013). Our data point in both directions since we showed that miRNAs enriched in TP53
mutant small EVs were also more highly expressed in the cell. We therefore postulate that these miRNAs, all derived from intronic
regions of messenger RNAs (except hsa-miR-369-3p) could be more spliced in mutant cells than in TP53 W'T cells, leading not
only to their overexpression but also to greater loading of them in small EVs. Indeed, we found that knockdown of Samé68
in mutant cells led to a larger decrease in hsa-miR-23b-3p, hsa-mir-27b-3p, hsa-miR-193b-3p, hsa-miR-369-3p and hsa-mir-
577 in small EVs than in their parental cells. However, the exact relationship between p53, Sam68 and miRNAs remains to be
elucidated.

Our small RNA sequencing also identified enriched piwi-interacting RNA (piRNA) in small EVs. piRNAs can be divided into
three groups based on their origins (mRNA, transposon-derived or ncRNA) (Lin, 2007). They are small non-coding RNAs that
regulate transposon and gene expression through various processes. They can cleave mRNA directly or recruit histone or DNA
methyltransferases to induce histone modifications and DNA methylation (Iwasaki et al., 2015). Aberrant expressions of piRNAs
and Piwi proteins have been frequently reported in different cancers (Liu et al., 2019; Martinez et al., 2015), but so far have not
been observed in human melanoma. Interestingly, circulating piR have been described as promising biomarkers for gastric cancer
(Ameli Mojarad et al., 2022), colorectal cancer (Qu et al., 2019; Tosar et al., 2021), prostate cancer (Peng et al., 2021) and so on
(Zhou et al., 2023). piRNAs have several advantages as biomarkers. First, their number (~20-30,000) far exceeds the number
of miRNAs (at least 10 times more than miRNAs), they are stable in many body fluids and can be easily purified from urine,
serum, and EVs. However, many challenges remain, including how precisely quantify piRNAs or how distinguish real piRNA to
fragment of other coding or non-coding RNAs.

Our data support the hypothesis that long RNAs export as well in small EVs. It remains unknown whether there is a strict
RNA size limitation for inclusion into them; however, the mean size in small vesicles seems to be about 200 nucleotides (O’Brien
etal., 2020). One limitation of our study is the use of a microarray to investigate IncRNAs, so we cannot rule out that the IncRNAs
loaded into our small EVs are not of full-length.

Although the biological relevance of these findings remains to be determined, we found that miRNAs enriched in mutant small
EVs compared to WT small EVs target genes involved mainly in cell cycle. Cell cycle dysregulation is a classic feature of cancer
cells as they divide continuously and excessively. But tight control of the cell cycle is also important in potential recipient cells
located in the tumour microenvironment. For example, activated T cells must proliferate rapidly to engage an efficient response
against tumour cells (Hiam-Galvez et al., 2021). The functional role of most IncRNA remains to be discovered, making the effect
of their transfer by small EVs on recipient cells less straightforward, as well as the potential impact of their disappearance in cells.
However, one of them, LHFPL3-AS2 was previously described in lung cancer where low expression levels have been associated
with a poor overall survival, making it a potentially useful prognostic biomarker (Cheng et al., 2022).

A last limitation of our study is the heterogeneity of the TP53 mutations that we have investigated. Even if all conduct to a loss
or a reduce protein function, generated mutants can have different oncogenic functions according to their mutations.

In summary, our study catalogued the presence of different types of ncRNAs in small EVs from melanoma cells lines mutated
or not mutated for TP53. Further investigation is required to validate the function of these different ncRNA on recipient cells.
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