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Summary  

One-third of skin melanomas arise from melanocytic nevi, benign skin lesions composed of 

clustered melanocytes. Benign nevi are associated with overactivation of the mitogen-activated 

protein kinase RAS/ERK pathway, resulting from driver mutations, most commonly in the 

BRAF or NRAS gene. However, this overactivation in melanocytes is insufficient to induce 

melanoma formation, as only a minority of benign nevi give rise to melanoma. Overactivation 

of the RAS/ERK pathway promotes genetic and epigenetic alterations by inducing aneuploidy, 

but the processes by which nevi evolve into melanoma via RAS/ERK pathway-dependent 

aneuploidy are only partially understood. Using single-nucleus RNA sequencing after 

overactivation of the RAS/ERK pathway in the chicken embryo, we discovered that RIPOR2 is 

a positive transcriptional target of this pathway, including in melanocyte precursors. Similar 

transcriptional control of RIPOR2 by RAS/ERK is conserved in human melanoma cells. 

RIPOR2 emerged as an attractive target because it encodes an atypical RHOA inhibitory protein 

involved in the development of physiologically multinucleated cell types. Multinucleation in 

cancer has been shown to promote aneuploidy, which correlates with tumor aggressiveness. We 

found that RIPOR2 is ectopically expressed in human nevi and skin melanomas and 

functionally promotes multinucleation in both an animal model and human tumor-derived cells, 

including melanoma cell lines. Our results suggest that RIPOR2 expression, downstream of 

RAS/ERK overactivation in skin melanocytes, promotes the emergence of multinucleated cells, 

a previously overlooked step in melanoma formation. 
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Introduction 

Cutaneous melanoma is aggressive: although it only accounts for 5% of all skin cancers, it is 

the leading cause of skin cancer-related deaths. Approximately one-third of melanomas arise 

from benign melanocytic nevi, neoplasms of melanocytes, the skin’s normal pigment-

producing cells1. During melanoma development, the RAS/RAF/MEK/ERK (RAS/ERK) 

pathway in melanocytes is overactivated in more than 80% of cutaneous melanomas 2. Genomic 

and transcriptomic analyses have revealed that RAS/ERK signaling is overactivated in nevi and 

melanomas from the earliest stages of neoplasia, with melanocyte clones reflecting individual 

driver mutations 3. From the early neoplasm stage, overactivation of the RAS/ERK pathway 

correlates with tumor progression as malignant transformation advances 4–6. Although 

overactivation of the RAS/ERK pathway is central to melanoma development, it is not directly 

sufficient to induce malignancy since most nevi remain benign 7. The process of nevus 

progression to melanoma is only partially understood. 

Many molecular effectors of the RAS/ERK pathway have been identified for decades, 

but its modulators continue to be discovered. Ligand stimulation of cell surface receptors, 

usually of the tyrosine kinase type, induces the conversion of RAS homologs (such as HRAS, 

NRAS, KRAS) into active forms, leading to the recruitment of homodimers or heterodimers of 

the RAF family (ARAF, BRAF, or CRAF, also known as RAF1) to the plasma membrane. RAF 

kinases phosphorylate MEKs (MEK1 and MEK2), which in turn phosphorylate two ERKs 

(ERK1 and ERK2) to transduce signals to hundreds of cytosolic and nuclear substrates 8–10. 

While the effects of oncogenic RAS signaling on cell cycle G1/S checkpoint clearance are well 

known, there is also evidence that RAS/ERK activation promotes aneuploidy 11–16.  Several 

lines of evidence now support the argument that aneuploidy promotes tumorigenesis rather than 

being a transient event 13–19. In particular, enforced nuclear localization of MEK1, which leads 

to overactivation of ERK1/2 signaling, is sufficient to induce polyploidization and neoplastic 

transformation of cells in vivo 14, demonstrating that early oncogenic RAS/ERK activation 

contributes to tumor progression to melanoma via inducing aneuploidy.   

The mechanisms by which oncogenic activation of the RAS/ERK pathway contributes 

to aneuploidy and melanoma progression remain poorly understood. Defects in 

mitosis/cytokinesis and non-physiological cell-cell fusion, resulting in multinucleated cells, 

have been shown to give rise to aneuploidy 20,21. Interestingly, in cutaneous melanoma, 

constitutive overactivation of the RAS/ERK pathway promotes the formation of senescent-like 

multinucleated cells by promoting cell-cell fusion and fragmentation following mitotic defects 

that confer better cell survival 15.  In vitro, long-term expression of NRASQ61K in melanocytes 
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also triggers a strong senescent-like phenotype associated with multinucleation, followed by 

the generation of tumor-initiating cells with stem cell-like properties 16.  

 In a RAS/ERK-induced neoplasm model, we generated multinucleated cells in vivo 22. 

This model consists of expression of a constitutively active form of MEK1 (MEK1ca) in the 

developing spinal cord of two-day-old chicken embryos. By targeting this tissue and stage, 

dorsal midline neural crest cells were transfected, including progenitors of all cutaneous 

melanocytes from both the dorsolateral migratory pathway and the later emerging multipotent 

Schwann cell precursors. Multinucleated cells appeared de novo in this neoplasia model as early 

as two days after electroporation, showing that induction of multinucleation is an early 

consequence of RAS/ERK overactivation in the multipotent neuroectoderm.  

 In this study, using single-nucleus RNA sequencing (snRNAseq), we discovered that 

the RIPOR2 gene (RHO family-interacting cell polarization regulator 2, previously known as 

FAM65B) is a transcriptional target of the oncogenic RAS/ERK pathway. Furthermore, 

RIPOR2 is ectopically expressed in congenital human melanocytic nevi and melanomas. Its 

gain-of-function promotes multinucleation in vivo in chicken embryos and in human cell 

cultures, including in melanoma cells. These correlations suggest that RIPOR2 expression in 

nevi, triggered by overactivation of RAS/ERK by driver mutations, may contribute to the 

transition from nevus to melanoma by causing the appearance of abnormally multinucleated 

cells.   
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RESULTS 

MEK1ca induces a transcriptional program overriding positional identity in the chicken 

neural tube   

To identify RAS/ERK pathway effectors that may control the oncogenic progression of 

melanoma, we used an in vivo tumor model induced by MEK1ca-mediated ERK activation in 

the neural tube of two-day-old chicken embryos 22. At this stage, the trunk neural tube is 

composed of neural progenitors of the future spinal cord and premigratory neural crest cells in 

its most dorsal part, which will give rise to all cutaneous melanocytes 23. To isolate the 

transcriptional response of neural crest cells and their immediate progeny to MEK1ca 

expression, we performed single-nucleus RNA sequencing (snRNAseq) to compare the effects 

of electroporating a vector co-expressing MEK1ca and GFP with those of a vector expressing 

only GFP. One day after bilateral electroporation of the trunk neural tube, the entire body 

segment was dissected at the level of electroporation (Fig. 1A). Twenty-four embryos were 

pooled for each condition, yielding 17,070 nuclei for analysis by snRNAseq, of which 7,098 

nuclei (168 GFP+ and 6,930 GFP-) were from the MEK1ca condition and 9,972 nuclei (394 

GFP+ and 9,578 GFP-) from the control condition. The two datasets were merged using Seurat 

(Fig. 1B). We analyzed the dataset at a resolution of 0.6, resulting in 23 clusters. 

A small population of 201 cells, corresponding to cluster 20, was found only in the 

MEK1ca sample (Fig. 1B-D). Feature plots of GFP expression (the transfection marker) showed 

that this cluster consisted of MEK1ca-transfected cells (Fig. 1C). All clusters were annotated 

using differentially expressed markers of major cell types in the three-day-old chicken embryo 

trunk (Fig. 1D and Supplementary Fig. 1).  Among these, we annotated six neural tube clusters: 

cluster 1 (dorsal-intermediate neural tube, preferentially expressing SCUBE2 24), cluster 6 

(WNT3A+ roof plate 25, containing neural crest/melanocyte progenitors), cluster 7 (motoneuron 

progenitors, OLIG2+ 26), cluster 10 (floor plate, SHH+ 27), cluster 17 (interneuron progenitors, 

PROX1+ 28), and cluster 18 (definitive motoneurons, ISL2+ 29) (Fig. 1D and Supplementary 

Fig. 1B-G). Migrating neural crest cells of the trunk constituted cluster 9 (differentially 

expressing SOX10 30, Supplementary Fig. 1H). Among additional cell types, we identified the 

notochord (cluster 16, TBXT+ 31, Supplementary Fig. 1I) , vascular/endothelial cells (cluster 8, 

EGFL7+ 32, Supplementary Fig. 1J), mesonephric duct cells (ASTL+ 33, Supplementary Fig. 

1K), intermediate mesoderm (clusters 2, 5, and 12, WT1+ 34, Supplementary Fig. 1L), 

sclerotome (clusters 0 and 4, PAX1+ 35, Supplementary Fig. 1M), ectoderm (clusters 13 and 22, 

WNT6+ 36, Supplementary Fig. 1N), myotome (cluster 15, RBM24+ 37, Supplementary Fig. 
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1O), and dermomyotome (cluster 3, DRMT2 38, Supplementary Fig. 1P) (Fig. 1D and 

Supplementary Fig. 1).  

 In the control condition, GFP-positive cells one day after electroporation were assigned 

in the UMAP to all six neural tube clusters as well as to cluster 9, corresponding to migrating 

neural crest cells (Fig. 1C-D). In contrast, while GFP-positive cells of the MEK1ca condition 

in the embryo were physically present in the neural tube 22, their snRNAseq assignment to the 

new cluster 20 (Fig. 1C-E) indicates that neural tube cells (including neural crest-derived 

melanocyte progenitors) respond similarly to MEK1ca. Furthermore, their collective 

transcriptome indicates a novel cell type. 

Analysis of differential gene expression after MEK1ca expression in the chicken embryo 

neural tube using snRNAseq is highly consistent with bulk RNAseq data 

Differentially expressed genes (DEGs) were assessed among GFP-expressing cells (GFP>1) in 

the MEK1ca and control conditions. 424 upregulated and 528 downregulated transcripts were 

distinguished (Supplementary Table 1). Of the 50 most upregulated genes (Fig.  2A), 86% 

(43/50) were also present among the DEGs when assessed in independent bulk RNAseq 

experiments (p-value <0.05) performed in the same model at the same stage 22. For example, 

IL1R1, the most significantly upregulated gene in bulk RNAseq 22, was also among the top 

three most significantly upregulated genes in this comparison (Fig. 2A). This suggests that 

MEK1ca cell-autonomously activates IL1R1 in transfected cells, as confirmed by in situ 

hybridization after neural tube electroporation (Supplementary Fig. 2). CDX4, IL17RD, 

CHST15, and TMEM132C (Fig. 2A) were previously validated to be upregulated in the neural 

tube after MEK1ca electroporation by in situ hybridization 22,39. In conclusion, the snRNAseq 

experiment replicated and provided finer resolution than our previous bulk RNAseq analysis 22. 

The list of MEK1ca versus control DGEs among GFP-positive cells (Supplementary Table 1) 

represents potential RAS/ERK pathway effectors responsible for the multinucleation observed 

in the chicken embryo neural tube after MEK1ca expression.  

RIPOR2 is a general and conserved transcriptional target of the RAS/ERK oncogenic 

signaling pathway  

Based on the gene list from the intersection of bulk and snRNAseq transcriptomic results (Fig. 

2A), we identified RIPOR2 as a general and conserved RAS/ERK oncogenic transcriptional 

target. Indeed, we took advantage of published data that present transcriptomic results for four 

different conditions of RAS/ERK signal overactivation in mouse embryonic fibroblast MEF 

cells 40. Three of these murine conditions result from expression of mutant oncogenes 
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(HRasG12V, KRasG12V, or BRafV600E expressing MEF cells), and the last is a knockout of Sprouty 

genes (Spry 1,2,4 -/- MEF cells) 40. Sprouty genes are part of the negative feedback loops that 

limit the activation of the RAS/RAF/MEK/ERK pathway. There is a high degree of overlap in 

genes deregulated in response to KRasG12V, HRasG12V, and BRafV600E, but the genes modulated 

in Spry1,2,4-/- are largely different 40. Applying a Fold Change > 2 filter to MEF transcriptomic 

data, only 43 of the 573 genes modulated in Spry1,2,4-/- are also deregulated in response to 

KRasG12V, HRasG12V, and BRafV600E (7.5%) (Fig. 2B-C). Comparing these 43 genes commonly 

upregulated in these four conditions in mouse MEF cells (Fig. 2C) with the list of 43 

upregulated genes after MEK1ca expression in chicken embryo neural tube (common between 

bulk and snRNAseq data, Fig. 2A) allowed us to identify RIPOR2 at the intersection (Fig. 2D). 

The particularly stringent conditions for identifying this gene resulted in identifying only one 

at the intersection of the five conditions in which the RAS/ERK pathway is overactivated, 

suggesting that the regulation of RIPOR2 by the RAS/ERK pathway is a conserved feature of 

RAS/ERK overactivation. 

RIPOR2, or FAM65B (also known as PL48, MYONAP, and C6orf32) encodes for a 

protein that is upregulated during  placenta and skeletal muscle differentiation, two 

multinucleated tissues involving cell fusion 41,42. It has been shown to induce the formation of 

membrane protrusions in muscle cells 42 and to act as an unusual RHOA regulator in T-

lymphocytes 43 and neutrophils 44. In T-lymphocytes, RIPOR2 acts as a quiescence factor and 

can inhibit cell proliferation via mitotic spindle defects leading to mitotic failures, both in a T-

cell line and transformed cell lines (such as HeLa cells) 22, 43. So far, no link between RIPOR2 

and the RAS/ERK pathway has been described. The function of the RIPOR2 protein in solid 

tumors has not been described. Interestingly, it has been shown to be highly expressed in 

prostate cancer cells with stem cell-like properties 45, but its role in this cancer remains 

unknown.  

The RIPOR2 gene is one of the most upregulated genes after MEK1ca expression in the 

chicken embryo neural tube, with a fold change >26 and padj= 3.9 x 10-257 in bulk data 22 (Fig. 

2E). It is also at the top of the list on the heatmap of genes upregulated by MEK1ca according 

to snRNAseq data (Fig. 2A). The violin plot (in GFP-expressing cells) and the feature plot of 

RIPOR2 expression confirm that MEK1ca cell-autonomously activates RIPOR2 in transfected 

cells (Fig. 2 F-G). The expression pattern of RIPOR2 had not been described in the chicken 

embryo. We have shown by in situ hybridization that RIPOR2 is not expressed in the neural 

tube or more generally in the trunk of two- and three-day-old chicken embryos (Fig. 2H). Its 

expression in the head placodes and at later stages is consistent with its described function in 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 29, 2025. ; https://doi.org/10.1101/2025.06.26.661696doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.26.661696
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

8 
 

controlling otic vesicle and muscle development in vertebrates (Fig. 2H and Supplementary 

Fig. 3) 46,47. We found that it is also expressed in the intermediate zone of the differentiated 

neural tube from E4, as well as in the dorsal root ganglia (Supplementary Fig. 3). We confirmed 

by in situ hybridization in tissue sections after in ovo electroporation that overactivation of 

ERK1/2 by MEK1ca expression leads to ectopic expression of RIPOR2 in the trunk neural tube 

of the chicken embryo (Fig. 2I-J and Supplementary Fig. 4). MEK1ca-induced ectopic 

expression of RIPOR2 one day after electroporation was observed in all transfected cells, 

regardless of the dorsoventral zone of the neural tube (Fig. 2I), including melanocyte precursors 

located in the most dorsal part of the neural tube. 

Altogether, these data show that the RIPOR2 gene is a general and conserved 

transcriptional target of the RAS/ERK oncogenic signaling pathway, including in melanocyte 

progenitors, and is a good candidate for inducing multinucleation when abnormally expressed. 

In vivo gain-of-function of RIPOR2 in the chicken embryo trunk neural tube promotes 

multinucleation 

To understand the consequences of ectopic RIPOR2 expression in an in vivo context, we 

utilized trunk neural tube development in the chicken embryo model and performed a RIPOR2 

gain-of-function experiment at E2, the stage of MEK1ca transfection 22. At this stage, RIPOR2 

is not endogenously expressed at the electroporation site (Fig. 2H). RIPOR2 has two major 

isoforms (iso1 and iso2, with 1068 and 591 amino acids in humans) 43. We focused on the 

shorter iso2, which has a sequence entirely included in the longer isoform and shows stronger 

affinity to RHOA 43. We performed a RIPOR2 gain-of-function experiment on two-day-old 

chicken embryos by electroporating a vector (pCAGGS-RIPOR2-iresGFP)  co-expressing 

wild-type chicken RIPOR2 iso2 (602 aa) and GFP as a reporter into the right side of the trunk 

neural tube. This resulted in neuroepithelial disorganization observed as early as one day after 

electroporation, with cells invading the neural tube lumen (Supplementary Figs. 5 and 6). 

Morphological changes in the neural tube are visible both in whole-mounted embryos using 

binocular fluorescence microscopy (Supplementary Fig. 5B, n=22 embryos, phenotype 

observed in 100% of the embryos one day after electroporation; Supplementary Fig. 5 D, n=19 

embryos, in 100% of embryos two days after electroporation) and in tissue sections with F-

ACTIN staining (Supplementary Fig. 5C,E). The controlateral (non-electroporated) side of the 

neural tube, or the neural tube electroporated with a control vector (pCAGGS) expressing only 

GFP (n>20 embryos), exhibits normal neuroepithelial organization (Supplementary Fig. 6). 

Immunofluorescence in tissue sections using antibodies against the progenitor marker SOX2 
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and the pan-neuronal marker TUJ1 reveals neuroepithelial disorganization induced by RIPOR2 

electroporation (Supplementary Fig. 7), and TUJ1 staining was observed in cells at the apical 

face of the neural tube.  

Immunofluorescence staining of tissue sections one and two days after electroporation 

with an anti-cleaved-caspase 3 (CASP3) antibody reveals that RIPOR2 gain-of-function in the 

trunk neural tube triggers massive apoptosis in electroporated cells (Fig. 3A and Supplementary 

Fig. 8). Interestingly, two days after electroporation, we observed that some CASP3 positive 

cells were multinucleated (Fig. 3A) (n=3, observed in 3/3 embryos and not observed in the 

control condition). To decrease cell death, we co-electroporated a vector expressing RIPOR2 

into the trunk neural tube of chicken embryos along with a vector expressing the P35 protein, 

known to inhibit apoptosis 48. In this context, we observed multinucleated electroporated cells 

in all embryos analyzed three days after electroporation with RIPOR2 and P35 condition 

(100%, n=4, Fig. 3B-C); this was not observed in control embryos electroporated with P35 

alone (0%, n=3, Supplementary Fig. 9). F-ACTIN staining reveals that, similar to RIPOR2 

electroporation without P35, co-transfected cells accumulate at the apical side of the 

neuroepithelium, loss their apico-basal polarity and invade the lumen, and are positive for TUJ1 

staining (Fig. 3B-C and Supplementary Fig. 10). We also observed cells with ectopic 

protrusions, which is consistent with findings from a RIPOR2 gain-of-function study in cell 

culture  (Fig. 3C) 42.  

Overall, these results demonstrate that in an in vivo developmental context, RIPOR2 

promotes multinucleation when ectopically expressed in a tissue consisting exclusively of 

mononucleated cells.   

RIPOR2 is expressed in benign human melanocytic nevi and melanomas, but not in 

healthy skin 

We then asked whether the RIPOR2 gene might be relevant in human cutaneous melanoma, 

specifically, whether its expression was ectopically induced by RAS/ERK oncogenic activity 

in human melanoma cells, particularly early in disease progression.  

To determine whether RIPOR2 is ectopically expressed in melanocytes of human 

melanoma early in the disease, we performed immunofluorescence with a RIPOR2 antibody on 

biopsies of healthy human skin tissue (Fig. 4), of benign melanocytic nevi, and of intermediate 

melanocytic neoplasms (morphologically between dysplastic nevus and melanoma in situ) (Fig. 

5, Supplementary Figs. 11-13, and Supplementary Table 2). To validate RIPOR2 antibody, we 

performed immunofluorescence with a RIPOR2 antibody on transverse sections of human 
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placenta at 10 weeks of gestation to validate the specificity of the antibody. Staining with the 

RIPOR2 antibody is localized to the outer edge of the syncytiotrophoblast 41 and to immune 

cells 43,44, as previously described  (Supplementary Fig. 11A). Then, we performed hematoxylin 

and eosin staining and immunostaining on adjacent sections of skin biopsies with anti-

BRafV600E and SOX10 (melanocyte marker) antibodies. We found that although RIPOR2 is not 

expressed in melanocytes of healthy skin (Fig. 4), it is expressed in the cytoplasm of 

melanocytes in benign melanocytic nevi (Supplementary Fig. 11B-D and Supplementary Fig. 

12) and intermediate melanocytic lesions (Fig. 5 and Supplementary Fig. 13). In intermediate 

melanocytic lesions, RIPOR2 is expressed in a pattern similar to that of BRafV600E-positive cells 

(nested pattern) in SOX10-positive areas (Fig. 5). As expected, RIPOR2 is also expressed in 

immune cells of the skin (Fig. 5 and Supplementary Fig. 13). In nine analyzed skin lesion 

biopsies, we observed ectopic expression of RIPOR2 in seven, suggesting that this is a common 

phenomenon in nevi and melanoma (Supplementary Table 2). 

Bioinformatics data confirm that RIPOR2 is expressed in melanocytes and immune cells 

of human melanoma. Data mining analysis using BBrowser2 49 with single-cell RNAseq data 

from Tirosh et al. (2016) 50 indicates that RIPOR2 expression in melanocytes of human 

melanoma is a characteristic feature of most melanomas. Indeed, single-cell RNA analysis of 

19 melanoma samples, using violin plots on melanocyte cells, showed that despite some 

variation among patients, 18 of 19 samples express RIPOR2 in melanocytes (Supplementary 

Fig. 14 A-E). RIPOR2 is highly expressed in blood/immune cells, compared to melanocyte 

cells, with little variation among patients (Supplementary Fig. 15 A-C). 

Altogether, immunohistochemistry of human skin samples and single-cell RNAseq data 

of human melanoma show that ectopic expression of RIPOR2 in melanocytes in pre-cancerous 

lesions, intermediate melanoma, and late-stage melanoma is a common event. 

RIPOR2 is expressed in human melanoma cell lines and its expression is regulated by the 

RAS/ERK pathway 

Since RIPOR2 is expressed in transformed human melanocytes, we next investigated whether 

its expression was dependent on the RAS/ERK pathway in these cells. By immunofluorescence, 

we found that RIPOR2 is expressed in the cytoplasm of melanoma cells (SK-MEL-28), 

exhibiting high expression in approximately 5% of SK-MEL-28 cells. RIPOR2 expression in 

SK-MEL-28 cells depends on the ERK pathway, as 24-hour treatment with the ERK inhibitor 

SCH772984 (Fig. 6B) decreased RIPOR2 expression (Fig. 6A, C, and D).  By data mining an 

RNAseq dataset from the human melanoma cell line A37551, we found that the transcriptomic 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 29, 2025. ; https://doi.org/10.1101/2025.06.26.661696doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.26.661696
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

11 
 

expression of RIPOR2 in these cells also depends on the RAS/ERK pathway. Indeed, after three 

hours of incubation with the ERK inhibitor SCH772984, the MEK inhibitor PD0325901 or the 

BRAF inhibitor vemurafenib, RIPOR2 expression was significantly reduced (Fig. 6E).  

 Overall, our data demonstrated that the transcriptional expression of RIPOR2 depends 

on the RAS/ERK pathway in melanoma cells. Ectopic expression of RIPOR2 in human 

melanocytic lesions could therefore be the consequence of overactivation of RAS/ERK 

triggered by a driver mutation such as BRafV600E. 

RIPOR2 promotes multinucleation in human melanoma cell line  

Since we have shown that RIPOR2 is ectopically expressed in human melanocytic lesions and 

promotes ectopic multinucleation in vivo in the chicken embryo neural tube, we next sought to 

test whether RIPOR2 also promotes multinucleation in human melanoma cells. We therefore 

tested whether RIPOR2 gain-of-function increases the number of multinucleated cells in human 

melanoma cells. Transfection of SK-MEL-28 melanoma cells with a vector expressing human 

RIPOR2 (iso2) fused with GFP at the C-terminus 43 induces an increase in the number of 

multinucleated cells 48 hours after transfection (8.4% in cells transfected with a vector 

expressing only GFP versus 26.2% in cells transfected with the vector expressing hRIPOR2-

GFP, Fig. 7). This phenotype is not limited to melanoma cells, as transfection of hRIPOR2-

GFP into HeLa cells in both transiently transfected (Supplementary Fig. 16) and stable 

inducible cell lines (Supplementary Fig. 17) also induced an increase in the number of 

multinucleated cells. This increase was observed as early as one day after transfection or 

following doxycycline induction (3.6% in cells transfected with a vector expressing only GFP 

versus 12.3% in cells transfected with the vector expressing hRIPOR2-GFP, Supplementary 

Fig. 16; 3.3% in cells expressing only GFP versus 6.8% in cells expressing hRIPOR2-GFP, 

Supplementary Fig. 17). We conclude that RIPOR2 promotes multinucleation in human cancer 

cell lines, including melanoma. 
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DISCUSSION 

In this study, we identified a mechanism downstream of RAS/ERK oncogenic activation that 

may contribute to the transformation of benign nevi into melanoma. Although the risk may be 

very low 7, this implies that overactivation of RAS/ERK signaling is not sufficient to cause 

tumor transformation. In this study, we combined in vivo experiments using the chicken embryo 

model, bioinformatic analysis, human cell culture experiments, and human skin biopsies. We 

showed that the RAS/ERK oncogenic pathway triggers ectopic expression of RIPOR2, and that 

the RIPOR2 protein promotes the emergence of multinucleated cells. There is some evidence 

that multinucleated melanocytes are a source of tumor-initiating cells16. One reason why the 

transition from nevi to melanoma is rare may be that the appropriate response to multinucleated 

melanocytes is cell death or senescence 16. However, multinucleation-induced aneuploidy may 

fuel cellular heterogeneity. Inactivation of RIPOR2 may therefore limit cancer aggressiveness 

by limiting multinucleation. Some individuals develop only a few nevi, while others develop 

hundreds. The number of nevi is a combination of environmental mutagens, including 

ultraviolet radiation, and hereditary factors 52. Although resection of suspicious nevi is a 

common and effective strategy to limit the development of melanoma53, it is not realistic in 

patients with hundreds of nevi or with giant congenital melanocytic nevi, and has never been 

directly tested for prophylaxis. It is therefore important to have alternative prevention solutions 

for these patients, because once initiated, melanoma lacks satisfactory therapeutic solutions. 

Since the RAS/ERK pathway is overactivated in almost all types of cancer54, RIPOR2 may also 

have a similar function in other solid tumors where the RAS/ERK pathway is deregulated. Thus, 

it constitutes a therapeutic target for most cancers.  

One mechanism by which RIPOR2 may promote tumor cell multinucleation is by 

disrupting mitotic spindle formation and causing cytokinesis failure. Indeed, RIPOR2 has been 

described to control proliferation via its interaction with two proteins involved in cell 

proliferation, namely the HDAC6 deacetylase and the 14-3-3 scaffolding protein. RIPOR2 

expression disrupts mitotic spindle formation, leading to mitotic failure in T-cells and HeLa 

cells 55. Mitotic failure is known to lead primarily to cell death 56, as observed after RIPOR2 

gain-of-function in T-cells and HeLa cells 55. The increased cell death phenotype we observed 

after RIPOR2 gain-of-function in the chicken embryo trunk neural tube could therefore be a 

consequence of mitotic failure that triggers apoptosis. In the context of RIPOR2 ectopic 

expression induced by oncogenic RAS/ERK activation leading to inhibition of cell death 57, 

mitotic failure might escape cell death more frequently than in the gain-of-function of the 

protein alone.  
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A second mechanism by which RIPOR2 could promote multinucleation in tumor cells 

is by inducing cell-cell fusion. Indeed, RIPOR2 is expressed in two developing tissues at the 

beginning of their multinucleation, the placenta 58 and skeletal muscle 42, and has been 

suggested to control myocyte cell fusion 42. Its ectopic expression triggered by RAS/ERK 

overactivation could hijack its developmental function and promote ectopic cell-cell fusion. 

The fusion of one cell with another occurs in development, upon injury, and cell fusion is 

suggested to be a possible cause of some cancers, as it could explain the occurrence of multiple 

genetic changes considered to underlie cancer. Indeed, cell fusion likely stimulates tumor 

evolution by compromising chromosome and DNA stability and/or by generating phenotypic 

diversity; however, it remains unproven in vivo whether a cell fusion event can initiate 

malignancy and direct tumor evolution. Some have reported fusion events giving rise to tumor 

cells with CSC characteristics, e.g., in the spontaneous fusion of two human breast cancer cell 

lines 59, two transformed human fibroblast cell lines 60, or mesenchymal adipose-derived stem 

cells with breast cancer cells 61. In all these cases, the hybrid cells expressed more stem cell 

markers associated with higher tumorigenic potential. In addition, artificial cell fusion events 

triggered by polyethylene glycol in normal, non-transformed, cytogenetically stable epithelial 

cells can initiate chromosomal instability, DNA damage, cellular transformation, and 

malignancy 62. Clonal analysis of fused cells reveals that the karyotypic and phenotypic 

potential of tumors formed by cell fusion is established immediately or within a few cell 

divisions after the fusion event, without further ongoing genetic and phenotypic plasticity. The 

subsequent evolution of these tumors reflects selection from the initial diverse population rather 

than ongoing plasticity of the progeny 62. This suggests that a cell fusion event could both 

initiate malignancy and fuel subsequent tumor evolution.  

In conclusion, it is likely that RIPOR2-induced multinucleation impacts the 

aggressiveness of melanocytic lesions and other tumor cells in which it is ectopically expressed 

downstream of RAS/ERK overactivation. It would therefore be relevant to evaluate its potential 

as a therapeutic target in early melanoma and other cancers. Further studies could also identify 

the cellular and molecular mechanisms by which RIPOR2 promotes multinucleation in tumor 

cells downstream of the RAS/ERK pathway.  
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MATERIALS AND METHODS 

Ethics statement 

The chicken embryos analyzed were in early stages of embryonic development (between E2 

and E5). Therefore, no specific approval from the Institutional Animal Care and Use Committee 

was sought (French decree 2013-118 from 1st February 2013 and Directive 2010/63/EU 

(http://data.europa.eu/eli/dir/2010/63/2019-06-26) of the European Parliament and of the 

Council of 22 September 2010 on the protection of animals used for scientific purposes). 

Unstained slides, cut from archival FFPE material of patients with melanoma, 

melanocytic nevi, and dysplastic nevi were collected from a previous study, and for which all 

patients gave informed consent to include their anonymized samples in the APHM Biobank 63. 

The slides were provided by the Assistance Publique Hôpitaux de Marseille, Biological 

Resources Center (BRC AP-HM Biobank), CRB-TBM component (NF S96-900 & ISO 9001 

v2015 Certification), from the dermatopathology collection of Pr. Gaudy-Marqueste and Dr. 

Nicolas Macagno. These bioresources belong to a biological sample collection declared to the 

French Ministry of Health (Declaration: DC-2013-1781) whose use for research purposes was 

authorized by the French Ministry of Higher Education, Research and Innovation 

(Authorization: AC-2011-2018-3105). Adjacent unaffected skin from the same patients was 

also used as controls. 

Human embryonic material was obtained after informed consent through the HuDeCA 

INSERM Transverse Program under Biomedicine Agency protocol PFS14-011 and ministerial 

authorization DC-2019-3716. 

Chicken embryos  

Fertilized chicken eggs were obtained from EARL les Bruyeres (Dangers, France) and 

incubated horizontally at 38°C in a humidified incubator. Embryos were staged according to 

the developmental table of Hamburger and Hamilton (HH) 64 or by days of incubation (E). 

In ovo electroporation and plasmids 

Uni- or bilateral neural tube in ovo electroporation was performed around HH12, as already 

described 65. The plasmids used co-express cytoplasmic or nuclear GFP (pCAGGS or pCIG, 

respectively) and the coding sequence (CDS) of the gene of interest. The pCAGGS and pCIG 
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plasmids were used alone as controls. Vectors used were: pCIG, pCIG-MEK1ca 66, pCAGGS, 

pCAGGS-RIPOR2 (co-expressing GFP and the coding sequence (CDS) of the gene of isoform 

2 of chicken RIPOR2) and pCAGGS-P35 (co-expressing GFP and the CDS of the P35 

protein48). The plasmids used for electroporation were purified using the Nucleobond Xtra Midi 

kit (Macherey-Nagel). The final concentration of DNA delivered to each embryo for 

electroporation was up to 2 µg/µl.  

Single-nuclei preparation and 5′ Gene expression single nuclei library preparation  

For each of the two conditions (pCIG or pCIG-MEK1ca), 24 trunks of embryos one day after 

electroporation were pooled, frozen in liquid nitrogen, and stored at – 80°C in subgroups of six 

samples each. Single nuclei were isolated using an in-house protocol developed by the CYBIO 

core facility at Institut Cochin, Paris (previously described 67).  Samples were then suspended 

in 2% BSA in PBS, filtered through 100 µm cell strainers (VWR), centrifuged twice for 10 min 

at 500g, and resuspended in 2% BSA in PBS. Nuclei were incubated with an Alexa Fluor® 647 

anti-Nuclear Pore Complex Proteins Antibody Mab414 (BioLegend), then sorted using a 

FACSAria III (BD Biosciences) with the 85 μm nozzle and the BD FACSDIVA software. 

Sorted nuclei were immediately processed on a Chromium Controller (10x Genomics). The 

mRNA was reverse-transcribed, converted to barcoded cDNA with sample indexing, purified 

using DynaBeads, and amplified by PCR. To construct the 5′ gene expression library, the 

amplified barcoded cDNA was fragmented, end-repaired, poly-A-tailed, sample-indexed, and 

double-size selected with SPRI beads (average size 450 bp). The DNA was quantified, and 

fragment size distribution of the libraries was determined using the Qubit dsDNA HS assay kit 

(ThermoFisher, Q32851) and Agilent 2100 BioAnalyzer High Sensitivity DNA kit (Agilent 

Technologies, 5067-4626). Pooled libraries were then sequenced on an Illumina Nextseq 500 

sequencing platform to a minimum sequencing depth of 20,000 reads per nucleus using read 

lengths of 26 bp read 1, 10 bp dual indexes, and 90 bp read 2. 

 

Bioinformatics 

Fastq files were then aligned, counted, and assigned to nuclei using the ‘CellRanger’ algorithm 

(version 6.0.1, with STAR v2.7.2a), based on the Ensembl GRCg6a_v6 reference. The quality 

controls were performed with R (version 3.6.3) and the Seurat package (seurat_4.0) on raw 

unfiltered expression matrices. We kept cells that detect more than 200 genes and less than 

2500 genes and that detect less than 5% of mitochondrial genes. 
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After filtering, we took both expression matrices (PCIG-Bis and MEK1ca samples) and 

checked if we have a batch effect (ie, technical variations that generate a bias, preventing direct 

comparison between several samples). To do this, we normalized data together with the 

function “NormalizeData” from seurat (v5.1.0, R v4.3.1), with the method “LogNormalize”. 

All parameters were set to default except for the “scale.factor” where we took the median of all 

total counts. Then we performed a Principal Component Analysis (PCA) with the RunPCA 

function (default parameters). When inspecting the PCA, we see a good overlap between the 

two samples confirming the fact that there were no technical variations and no need to correct 

a potential batch effect. We cluster nuclei thanks to FindNeighbors and FindClusters functions. 

We took the first 50 first Principal Components (PCs) based on the results of the JackStraw 

methods implemented in Seurat where we saw that all PCs got a p-value inferior to 1e-30, and 

we looked at partitions with different resolutions (0.2 to 1.2 with a step of 0.2).  We inspect 

clustering results with the R package clustree (v0.5.1). It represents the relationships and the 

distribution of the cells within the clusters at different resolutions, when a cluster has several 

clusters of origin at a lower resolution it probably means that we took too high a resolution. 

Since the results were quite clean, we took a resolution of 0.6 because it seemed to be a good 

compromise between a fine clustering without over-clustering. After, we export the results to a 

cloupe file for further analysis in Loupe Browser thanks to the R package loupeR (v1.1.1).  

Feature plots, violin plots, and Differential Expression were done using Loupe Browser (8.0.0). 

“Advanced Selection” of Loupe Browser was used to make the custom group expressing 

GFP>1 for MEK1ca and Control conditions. Single-cell RNAseq data mining on human 

melanoma 50 (t-SNE (visualization of cell types among patients), feature plots and violin plots), 

was done using BBrowser2 (https://bioturing.com/bbrowser/download)49. 

Immunofluorescence on tissue section 

Tissue preparation, sections and immunofluorescence were performed as already described 22. 

The following primary antibodies were used in this study: chicken anti-GFP 1:1000 (1020 

AVES), rabbit anti-SOX2 1:500 (AB5603 Merck Millipore), mouse anti-Tuj1 1:500 (801202 

Biolegend), rabbit anti-Caspase 3 1:500 (Asp175, CST 9661). The secondary antibodies used 

were: anti-chicken, anti-rabbit, anti-mouse, or anti-rat with fluorochromes (488, 568, or 647) at 

1:500 (Alexa Fluor, abcam). They were incubated for one hour in the blocking solution 

containing Hoechst (1:1000). F-ACTIN staining was performed using Phalloidin-

AlexaFluor568 (1:70) (ThermoFisher). Slides were mounted in ThermoFisher Shandon Immu-

Mount and imaged with a Zeiss Z1 Apotome or a Zeiss LSM 780 confocal microscope. 
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Immunofluorescence on paraffine sections 

The sections were deparaffinized in xylene twice for 5 min, rehydrate with sequential washes 

of 100%, 96%, 70%, 50% EtOH, and then rinsed with distilled water. Antigens were retrieved 

in a boiling solution of Antigen Unmasking Solution (pH 6, Vector H-3300) in distilled water. 

To reduce nonspecific staining, the slides were incubated 20 min in a solution of 50 mM 

glycine, 0.1 M NH4Cl in H2O. After blocking for one hour in 2% FBS in PBS with 0.1% Tween-

20, slides were incubated overnight with the primary antibodies in the blocking solution. The 

primary antibodies used were: rabbit anti-RIPOR2 (1:100, 17015-1-AP, Proteintech) and rabbit 

anti-SOX10 (1:250, abcam). The next day, slides were washed 5 times in PBS with 0.1% 

Tween-20, and incubated 2 hours with the secondary antibodies (rabbit anti- fluorochromes 568 

or 647 at 1:500, Alexa Fluor, abcam) in the blocking solution, containing Hoechst (1:1000).  

In situ hybridization 

The IL1R1 and RIPOR2 probes were produced from PCR products amplified from cDNA from 

the neural tube of an E3 chicken embryo transfected with MEK1ca 22 (IL1R1 primers: fw 

tgccgataaccacagagaga, rev: TAATACGACTCACTATAGGGCccggtctcatcttcagtgga; RIPOR2 

primers: fw CGACCTGCCTTATGAAGACC, rev: 

TAATACGACTCACTATAGGGTCCAGATGCATCACTTCCTG, containing the T7 RNA 

polymerase promoter sequence). Fluorescent in situ hybridization on tissue sections and in 

whole mounts was performed as described before 22.  

Cell culture 

HeLa and SK-MEL-28 cell lines were cultured at 37 °C with 5% CO2 in Dulbecco’s Modified 

Eagle’s Medium (DMEM) GlutaMAX. For the SKMEL-28 cell line, the medium was 

supplemented with 1% FBS (ATCC) and 1% Gibco Sodium Pyruvate (100 mM).  

SKMEL-28 ERK inhibitor treatment 

The day prior, 4x105 cells/ml were seeded on coverslips in 24-well plates for 

immunofluorescence and in 100 mm cell culture dishes for Western blotting. The cell medium 

was supplemented for 24 hours with either SCH772984 (HY-50846) at 1 µM or DMSO (Sigma) 

at 1:10,000, replaced 3 times within 24 hours.  

Western blotting  

On ice, cells were washed twice with PBS and incubated with RIPA buffer (0.15 M NaCl, 0.01 

M Na3PO4 pH 7.2, 2 mM EDTA, 50 mM NaF, supplemented with 0.2 mM Na3VO4 and 
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protease inhibitor (Roche)) for 10 min. Cells were scraped and centrifuged at 15,000 rpm for 

10 min. The eluted proteins were heated for 5 min at 95°C and mixed with 6x reducing Laemmli 

buffer. They were resolved on a 12% SDS-PAGE acrylamide gel and subjected to 

immunoblotting. After one hour of blocking in 5% BSA in PBS with 0.1% Tween-20, 

membranes were incubated overnight at 4°C in the blocking buffer containing the following 

primary antibodies: rabbit anti-Phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) Antibody 

#9101 (Cell Signaling Technology, 1:1000) and rat anti-β-tubulin (ab15568, Abcam, 1:2500). 

After 3 washes in PBS with 0.1% Tween-20, the following secondary antibodies were used for 

1 hour at room temperature:  rabbit anti-HRP and rat anti-HRP (Jackson Immuno, 1:20,000). 

The kit ECL Western Blot Substrates (ThermoFisher) was used for detection and we used a 

ChemiDoc (Bio-Rad) for imaging. 

 

Transient cell transfection and immunofluorescence 

The day prior, 8x105 SK-MEL-28 cells/ml and 6x105 HeLa cells/ml were seeded on coverslips 

in 24-well plates in complete medium without antibiotics. Transient transfection with the 

plasmid N1-GFP or N1-hRIPOR2-GFP was performed with X-tremeGENE™ HP DNA 

Transfection Reagent (Sigma-Aldrich) with 0.5 µg of DNA per well, following the 

manufacturer’s instructions. Cells were fixed in 4% formaldehyde 4% sucrose in 0.1 M 

phosphate buffer (0.2 M Na2HPO4, 0.2 M NaH2PO4, 1 M CaCl2) overnight at 4°C, rinsed in 

4% sucrose in 0.1 M phosphate buffer, and then rinsed in 15% sucrose in 0.1 M phosphate 

buffer overnight. Coverslips were then frozen and stored at -20°C  until further processing. 

Coverslips were washed three times in PBS, permeabilized with PBS containing 0.3% Triton, 

and blocked for 1 hour in 4% BSA and 0.3% Triton in PBS. Primary antibodies used were 

chicken anti-GFP (1:1000, 1020, AVES) and rabbit anti-RIPOR2 (1:500, 17015-1-AP, 

Proteintech), incubated overnight in the blocking solution. After three PBS washes, the 

coverslips were incubated with secondary antibodies (1:500, Alexa Fluor, Abcam), Phalloidin 

AlexaFluor568 (1:70, ThermoFisher), and Hoechst (1:1000). Coverslips were mounted in 

ProLong™ Gold Antifade Mountant (ThermoFisher) and imaged with a Zeiss M2 microscope 

equipped with Apotome. 

 

Tetracycline-inducible HeLa cell lines and immunofluorescence 

The cDNA encoding hRIPOR2 isoform 2 was subcloned into the pLVX-TetOne-Puro 

lentivector. HeLa inducible cell lines were established using lentiviral transduction strategy 

with empty pLVX-TetOne-Puro or hRIPOR2-containing pLVX-TetOne-Puro vectors. 
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Transduced cells were then selected with 1 µg/ml puromycin for 3 days.  Cells were fixed with 

3.7% formaldehyde for 15 min at room temperature. Cells were washed twice in PBS, 

permeabilized with PBS containing 0.5% Triton X-100 for 5 min, and then blocked for 30 min 

with PBS containing 0.2% Tween, 1% BSA, and 1% SVF to prevent non-specific staining. 

Cells were incubated with primary antibodies diluted in PBS with 0.2% Tween-20 at room 

temperature for 40 min to 1 hour.  After washing in PBS with 0.2% Tween-20, cells were 

incubated for 30 min with secondary antibodies. Following washing in PBS with 0.2% Tween-

20, coverslips were directly mounted using VECTASHIELD® Antifade Mounting Medium 

with DAPI.  Images of immunofluorescence staining were captured with a fluorescent 

microscope Leica Inverted 6000 using MetaMorph software.  

 

Quantifications of the multinucleated cells 

The number of nuclei per transfected cell for transient transfection or in all the cells in an area 

for stable transfection was counted after acquiring random images on the coverslips. The 

number of cells counted per condition is indicated in the figure legends and repeated 

independently at least three times. Fisher’s exact test was performed to analyze the proportion 

of single-nucleated cells vs multinucleated cells, and the percentage of multinucleated cells for 

each condition was plotted. The P-value was considered significant when P<0.05. All P-values 

are indicated on the graphs. The error bars represent the standard deviation (s.d.).   

Acknowledgements 

We thank Muriel Andrieu at the CYBIO platform (Cochin), and in particular Céline Bertholle 

and Vaarany Karunanithy who performed the single-nucleus preparation and 5′ gene expression 

single-nucleus library preparation. We thank Franck Letourneur at the GENOM’IC plarform 

(Cochin), and in particular Benjamin Saintpierre who performed part of the snRNAseq 

statistical analyses. We thank the Optical Imaging Platform of the IBDM. We thank Thomas 

Vannier from the CENTURI Multi-Engineering Platform for his advice on the analysis of 

single-cell RNAseq data using BBrowser2. We thank Héloïse Toraille and Tamaki Kurosawa 

for critically reading the manuscript. ARTbio was supported by the CNRS, SU, the Institut 

Français de Bioinformatique (IFB), and a grant from SIRIC CURAMUS. A.W. was awarded 

Ph.D. fellowships from La Ligue contre le Cancer and the IBDM. We warmly thank La Ligue 

contre le cancer, Cancéropôle PACA, AMIDEX, ANR, IBDM, LBD, Dev2A, and IBPS for 

their founding support. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 29, 2025. ; https://doi.org/10.1101/2025.06.26.661696doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.26.661696
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

20 
 

AUTHOR CONTRIBUTIONS 

Conceptualization: M.C.D., A.W. and E.H.; Methodology: M.C.D., A.W. , A.R., H.E., E.H., 

T.G.; L.Be. ; N.N. and S.M. ; Software: E.H., L.Be., N.N. and T.G.; Investigation: M.C.D., 

A.W., A.R., N.M., E.H., T.G., L.Be, N.N., C.G., S.M., N.D., L.Bo., N.C. ; Resources : M.C.D. 

; A.W. E.H., N.M.; C.G.; S.M.; N. D.; H.E.; Validation: M.C.D., A.W., S.M. and E.H.; 

Visualization: M.C.D., A.W and H.E.; Writing – original draft: M.C.D., A.W. and H.E.; Writing 

– review and editing: M.C.D., A.W and H.E.; Supervision: M.C.D ; Project administration: 

M.C.D..; Funding acquisition: M.C.D. ,Y. G. ,D.D. 

DECLARATION OF INTERESTS 

The authors declare no competing interests. 

 

REFERENCES 

1. Damsky, W.E., and Bosenberg, M. (2017). Melanocytic nevi and melanoma: 
unraveling a complex relationship. Oncogene 36, 5771–5792. 
https://doi.org/10.1038/onc.2017.189. 
2. Wang, A., and Qi, X. (2013). Targeting RAS/RAF/MEK/ERK signaling in metastatic 
melanoma. IUBMB Life 65, 748–758. https://doi.org/10.1002/iub.1193. 
3. Wang, A.-X., and Qi, X.-Y. (2013). Targeting RAS/RAF/MEK/ERK signaling in 
metastatic melanoma: RAS/RAF/MEK/ERK Signaling in Metastatic Melanoma. IUBMB Life 
65, 748–758. https://doi.org/10.1002/iub.1193. 
4. Shain, A.H., Joseph, N.M., Yu, R., Benhamida, J., Liu, S., Prow, T., Ruben, B., North, 
J., Pincus, L., Yeh, I., et al. (2018). Genomic and Transcriptomic Analysis Reveals 
Incremental Disruption of Key Signaling Pathways during Melanoma Evolution. Cancer Cell 
34, 45-55.e4. https://doi.org/10.1016/j.ccell.2018.06.005. 
5. Al Mahi, A., and Ablain, J. (2022). RAS pathway regulation in melanoma. Disease 
Models & Mechanisms 15, dmm049229. https://doi.org/10.1242/dmm.049229. 
6. Schubbert, S., Shannon, K., and Bollag, G. (2007). Hyperactive Ras in developmental 
disorders and cancer. Nat Rev Cancer 7, 295–308. https://doi.org/10.1038/nrc2109. 
7. Tsao, H. (2003). The Transformation Rate of Moles (Melanocytic Nevi) Into 
Cutaneous Melanoma: A Population-Based Estimate. Arch Dermatol 139, 282. 
https://doi.org/10.1001/archderm.139.3.282. 
8. Pearson, G., Robinson, F., Beers Gibson, T., Xu, B., Karandikar, M., Berman, K., and 
Cobb, M.H. (2001). Mitogen-Activated Protein (MAP) Kinase Pathways: Regulation and 
Physiological Functions*. Endocrine Reviews 22, 153–183. 
https://doi.org/10.1210/edrv.22.2.0428. 
9. Samatar, A.A., and Poulikakos, P.I. (2014). Targeting RAS–ERK signalling in cancer: 
promises and challenges. Nat Rev Drug Discov 13, 928–942. https://doi.org/10.1038/nrd4281. 
10. Malumbres, M., and Barbacid, M. (2003). RAS oncogenes: the first 30 years. Nat Rev 
Cancer 3, 459–465. https://doi.org/10.1038/nrc1097. 
11. Kamata, T., and Pritchard, C. (2011). Mechanisms of aneuploidy induction by RAS 
and RAF oncogenes. Am J Cancer Res 1, 955–971. 
12. Yang, G., Mercado-Uribe, I., Multani, A.S., Sen, S., Shih, I.-M., Wong, K.-K., 
Gershenson, D.M., and Liu, J. (2013). RAS promotes tumorigenesis through genomic 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 29, 2025. ; https://doi.org/10.1101/2025.06.26.661696doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.26.661696
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

21 
 

instability induced by imbalanced expression of Aurora-A and BRCA2 in midbody during 
cytokinesis: Dysregulation of Aurora-A and BRCA2 by RAS oncogene. Int. J. Cancer 133, 
275–285. https://doi.org/10.1002/ijc.28032. 
13. Castagnola, P., and Giaretti, W. (2005). Mutant KRAS, chromosomal instability and 
prognosis in colorectal cancer. Biochimica et Biophysica Acta (BBA) - Reviews on Cancer 
1756, 115–125. https://doi.org/10.1016/j.bbcan.2005.06.003. 
14. Duhamel, S., Hébert, J., Gaboury, L., Bouchard, A., Simon, R., Sauter, G., Basik, M., 
and Meloche, S. (2012). Sef Downregulation by Ras Causes MEK1/2 to Become Aberrantly 
Nuclear Localized Leading to Polyploidy and Neoplastic Transformation. Cancer Research 
72, 626–635. https://doi.org/10.1158/0008-5472.CAN-11-2126. 
15. Dikovskaya, D., Cole, J.J., Mason, S.M., Nixon, C., Karim, S.A., McGarry, L., Clark, 
W., Hewitt, R.N., Sammons, M.A., Zhu, J., et al. (2015). Mitotic Stress Is an Integral Part of 
the Oncogene-Induced Senescence Program that Promotes Multinucleation and Cell Cycle 
Arrest. Cell Reports 12, 1483–1496. https://doi.org/10.1016/j.celrep.2015.07.055. 
16. Leikam, C., Hufnagel, A.L., Otto, C., Murphy, D.J., Mühling, B., Kneitz, S., Nanda, I., 
Schmid, M., Wagner, T.U., Haferkamp, S., et al. (2015). In vitro evidence for senescent 
multinucleated melanocytes as a source for tumor-initiating cells. Cell Death Dis 6, e1711–
e1711. https://doi.org/10.1038/cddis.2015.71. 
17. Kamata, T., and Pritchard, C. (2011). Mechanisms of aneuploidy induction by RAS 
and RAF oncogenes. Am J Cancer Res 1, 955–971. 
18. Yang, G., Mercado-Uribe, I., Multani, A.S., Sen, S., Shih, I.-M., Wong, K.-K., 
Gershenson, D.M., and Liu, J. (2013). RAS promotes tumorigenesis through genomic 
instability induced by imbalanced expression of Aurora-A and BRCA2 in midbody during 
cytokinesis. Int J Cancer 133, 275–285. https://doi.org/10.1002/ijc.28032. 
19. Bielski, C.M., Zehir, A., Penson, A.V., Donoghue, M.T.A., Chatila, W., Armenia, J., 
Chang, M.T., Schram, A.M., Jonsson, P., Bandlamudi, C., et al. (2018). Genome doubling 
shapes the evolution and prognosis of advanced cancers. Nat Genet 50, 1189–1195. 
https://doi.org/10.1038/s41588-018-0165-1. 
20. Zhang, L., Zhang, D., Yang, L., Gu, Y., Zuo, Q., Wang, H., Xu, J., and Liu, D. (2021). 
Roles of cell fusion between mesenchymal stromal/stem cells and malignant cells in tumor 
growth and metastasis. The FEBS Journal 288, 1447–1456. 
https://doi.org/10.1111/febs.15483. 
21. Lens, S.M.A., and Medema, R.H. (2019). Cytokinesis defects and cancer. Nat Rev 
Cancer 19, 32–45. https://doi.org/10.1038/s41568-018-0084-6. 
22. Wilmerding, A., Bouteille, L., Caruso, N., Bidaut, G., Etchevers, H.C., Graba, Y., and 
Delfini, M.-C. (2022). Sustained experimental activation of FGF8/ERK in the developing 
chicken spinal cord models early events in ERK-mediated tumorigenesis. Neoplasia 24, 120–
132. https://doi.org/10.1016/j.neo.2021.12.006. 
23. Etchevers, H.C., Dupin, E., and Le Douarin, N.M. (2019). The diverse neural crest: 
from embryology to human pathology. Development 146, dev169821. 
https://doi.org/10.1242/dev.169821. 
24. Kawakami, A., Nojima, Y., Toyoda, A., Takahoko, M., Satoh, M., Tanaka, H., Wada, 
H., Masai, I., Terasaki, H., Sakaki, Y., et al. (2005). The Zebrafish-Secreted Matrix Protein 
You/Scube2 Is Implicated in Long-Range Regulation of Hedgehog Signaling. Current 
Biology 15, 480–488. https://doi.org/10.1016/j.cub.2005.02.018. 
25. Muroyama, Y., Fujihara, M., Ikeya, M., Kondoh, H., and Takada, S. (2002). Wnt 
signaling plays an essential role in neuronal specification of the dorsal spinal cord. Genes 
Dev. 16, 548–553. https://doi.org/10.1101/gad.937102. 
26. Mukouyama, Y., Deneen, B., Lukaszewicz, A., Novitch, B.G., Wichterle, H., Jessell, 
T.M., and Anderson, D.J. (2006). Olig2+ neuroepithelial motoneuron progenitors are not 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 29, 2025. ; https://doi.org/10.1101/2025.06.26.661696doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.26.661696
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

22 
 

multipotent stem cells in vivo. Proc Natl Acad Sci U S A 103, 1551–1556. 
https://doi.org/10.1073/pnas.0510658103. 
27. Cruz, C., Ribes, V., Kutejova, E., Cayuso, J., Lawson, V., Norris, D., Stevens, J., 
Davey, M., Blight, K., Bangs, F., et al. (2010). Foxj1 regulates floor plate cilia architecture 
and modifies the response of cells to sonic hedgehog signalling. Development 137, 4271–
4282. https://doi.org/10.1242/dev.051714. 
28. Kaltezioti, V., Antoniou, D., Stergiopoulos, A., Rozani, I., Rohrer, H., and Politis, 
P.K. (2014). Prox1 Regulates Olig2 Expression to Modulate Binary Fate Decisions in Spinal 
Cord Neurons. J. Neurosci. 34, 15816–15831. https://doi.org/10.1523/JNEUROSCI.1865-
14.2014. 
29. Lee, Y., Yeo, I.S., Kim, N., Lee, D.-K., Kim, K.-T., Yoon, J., Yi, J., Hong, Y.B., Choi, 
B.-O., Kosodo, Y., et al. (2023). Transcriptional control of motor pool formation and motor 
circuit connectivity by the LIM-HD protein Isl2. eLife 12, e84596. 
https://doi.org/10.7554/eLife.84596. 
30. Giovannone, D., Ortega, B., Reyes, M., El-Ghali, N., Rabadi, M., Sao, S., and De 
Bellard, M.E. (2015). Chicken trunk neural crest migration visualized with HNK1. Acta 
Histochemica 117, 255–266. https://doi.org/10.1016/j.acthis.2015.03.002. 
31. Knezevic, V., De Santo, R., and Mackem, S. (1997). Two novel chick T-box genes 
related to mouse Brachyury are expressed in different, non-overlapping mesodermal domains 
during gastrulation. Development 124, 411–419. https://doi.org/10.1242/dev.124.2.411. 
32. Parker, L.H., Schmidt, M., Jin, S.-W., Gray, A.M., Beis, D., Pham, T., Frantz, G., 
Palmieri, S., Hillan, K., Stainier, D.Y.R., et al. (2004). The endothelial-cell-derived secreted 
factor Egfl7 regulates vascular tube formation. Nature 428, 754–758. 
https://doi.org/10.1038/nature02416. 
33. Acloque, H., Lavial, F., and Pain, B. (2012). Astacin‐like metallo‐endopeptidase is 
dynamically expressed in embryonic stem cells and embryonic epithelium during 
morphogenesis. Developmental Dynamics 241, 574–582. https://doi.org/10.1002/dvdy.23737. 
34. Ishii, Y., Langberg, J.D., Hurtado, R., Lee, S., and Mikawa, T. (2007). Induction of 
proepicardial marker gene expression by the liver bud. Development 134, 3627–3637. 
https://doi.org/10.1242/dev.005280. 
35. Watanabe, Y., Duprez, D., Monsoro-Burq, A.-H., Vincent, C., and Douarin, N.M.L. 
(1998). Two domains in vertebral development: antagonistic regulation by SHH and BMP4 
proteins. Development 125, 2631–2639. https://doi.org/10.1242/dev.125.14.2631. 
36. Mok, G.F., Turner, S., Smith, E.L., Mincarelli, L., Lister, A., Lipscombe, J., Uzun, V., 
Haerty, W., Macaulay, I.C., and Münsterberg, A.E. (2024). Single cell RNA-sequencing and 
RNA-tomography of the avian embryo extending body axis. Front. Cell Dev. Biol. 12, 
1382960. https://doi.org/10.3389/fcell.2024.1382960. 
37. Grifone, R., Xie, X., Bourgeois, A., Saquet, A., Duprez, D., and Shi, D.-L. (2014). The 
RNA-binding protein Rbm24 is transiently expressed in myoblasts and is required for 
myogenic differentiation during vertebrate development. Mechanisms of Development 134, 
1–15. https://doi.org/10.1016/j.mod.2014.08.003. 
38. Seo, K.W., Wang, Y., Kokubo, H., Kettlewell, J.R., Zarkower, D.A., and Johnson, 
R.L. (2006). Targeted disruption of the DM domain containing transcription factor Dmrt2 
reveals an essential role in somite patterning. Dev Biol 290, 200–210. 
https://doi.org/10.1016/j.ydbio.2005.11.027. 
39. Wilmerding, A., Bouteille, L., Rinaldi, L., Caruso, N., Graba, Y., and Delfini, M.-C. 
(2021). HOXB8 Counteracts MAPK/ERK Oncogenic Signaling in a Chicken Embryo Model 
of Neoplasia. Int J Mol Sci 22, 8911. https://doi.org/10.3390/ijms22168911. 
40. Nabet, B., Ó Broin, P., Reyes, J.M., Shieh, K., Lin, C.Y., Will, C.M., Popovic, R., 
Ezponda, T., Bradner, J.E., Golden, A.A., et al. (2015). Deregulation of the Ras-Erk Signaling 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 29, 2025. ; https://doi.org/10.1101/2025.06.26.661696doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.26.661696
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

23 
 

Axis Modulates the Enhancer Landscape. Cell Reports 12, 1300–1313. 
https://doi.org/10.1016/j.celrep.2015.06.078. 
41. Dakour, J., Li, H., and Morrish, D.W. (1997). PL48: a novel gene associated with 
cytotrophoblast and lineage-specific HL-60 cell differentiation. Gene 185, 153–157. 
https://doi.org/10.1016/S0378-1119(96)00587-2. 
42. Yoon, S., Molloy, M.J., Wu, M.P., Cowan, D.B., and Gussoni, E. (2007). C6ORF32 is 
upregulated during muscle cell differentiation and induces the formation of cellular filopodia. 
Developmental Biology 301, 70–81. https://doi.org/10.1016/j.ydbio.2006.11.002. 
43. Rougerie, P., Largeteau, Q., Megrelis, L., Carrette, F., Lejeune, T., Toffali, L., Rossi, 
B., Zeghouf, M., Cherfils, J., Constantin, G., et al. (2013). Fam65b Is a New Transcriptional 
Target of FOXO1 That Regulates RhoA Signaling for T Lymphocyte Migration. J.I. 190, 
748–755. https://doi.org/10.4049/jimmunol.1201174. 
44. Gao, K., Tang, W., Li, Y., Zhang, P., Wang, D., Yu, L., Wang, C., and Wu, D. (2015). 
Front-signal-dependent accumulation of the RHOA inhibitor FAM65B at leading edges 
polarizes neutrophils. J Cell Sci 128, 992–1000. https://doi.org/10.1242/jcs.161497. 
45. Zhang, K., and Waxman, D.J. (2010). PC3 prostate tumor-initiating cells with 
molecular profile FAM65Bhigh/MFI2low/LEF1low increase tumor angiogenesis. Mol Cancer 
9, 319. https://doi.org/10.1186/1476-4598-9-319. 
46. Balasubramanian, A., Kawahara, G., Gupta, V.A., Rozkalne, A., Beauvais, A., 
Kunkel, L.M., and Gussoni, E. (2014). Fam65b is important for formation of the HDAC6‐
dysferlin protein complex during myogenic cell differentiation. FASEB j. 28, 2955–2969. 
https://doi.org/10.1096/fj.13-246470. 
47. Diaz-Horta, O., Abad, C., Cengiz, F.B., Bademci, G., Blackwelder, P., Walz, K., and 
Tekin, M. (2018). Ripor2 is involved in auditory hair cell stereociliary bundle structure and 
orientation. J Mol Med 96, 1227–1238. https://doi.org/10.1007/s00109-018-1694-x. 
48. Sahdev, S., Saini, K.S., and Hasnain, S.E. (2009). Baculovirus P35 protein: An 
overview of its applications across multiple therapeutic and biotechnological arenas. 
Biotechnol Progress, NA-NA. https://doi.org/10.1002/btpr.339. 
49. Le, T., Phan, T., Pham, M., Tran, D., Lam, L., Nguyen, T., Truong, T., Vuong, H., 
Luu, T., Phung, N., et al. (2020). BBrowser: Making single-cell data easily accessible 
(Bioinformatics) https://doi.org/10.1101/2020.12.11.414136. 
50. Tirosh, I., Izar, B., Prakadan, S.M., Wadsworth, M.H., Treacy, D., Trombetta, J.J., 
Rotem, A., Rodman, C., Lian, C., Murphy, G., et al. (2016). Dissecting the multicellular 
ecosystem of metastatic melanoma by single-cell RNA-seq. Science 352, 189–196. 
https://doi.org/10.1126/science.aad0501. 
51. Yue, J., Lai, F., Beckedorff, F., Zhang, A., Pastori, C., and Shiekhattar, R. (2017). 
Integrator orchestrates RAS/ERK1/2 signaling transcriptional programs. Genes Dev 31, 
1809–1820. https://doi.org/10.1101/gad.301697.117. 
52. Damsky, W.E., and Bosenberg, M. (2017). Melanocytic nevi and melanoma: 
unraveling a complex relationship. Oncogene 36, 5771–5792. 
https://doi.org/10.1038/onc.2017.189. 
53. Kociałkowski, K., Prazyński, A., Urbański, G., and Gertig, G. (1993). [Removal of 
melanocytic nevi as a prophylaxis and early recognition of cutaneous and mucous malignant 
melanoma]. Ginekol Pol 64, 16–18. 
54. Sanchez-Vega, F., Mina, M., Armenia, J., Chatila, W.K., Luna, A., La, K.C., 
Dimitriadoy, S., Liu, D.L., Kantheti, H.S., Saghafinia, S., et al. (2018). Oncogenic Signaling 
Pathways in The Cancer Genome Atlas. Cell 173, 321-337.e10. 
https://doi.org/10.1016/j.cell.2018.03.035. 
55. Froehlich, J., Versapuech, M., Megrelis, L., Largeteau, Q., Meunier, S., Tanchot, C., 
Bismuth, G., Delon, J., and Mangeney, M. (2016). FAM65B controls the proliferation of 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 29, 2025. ; https://doi.org/10.1101/2025.06.26.661696doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.26.661696
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

24 
 

transformed and primary T cells. Oncotarget 7. https://doi.org/10.18632/oncotarget.11438. 
56. Castedo, M., Perfettini, J.-L., Roumier, T., Andreau, K., Medema, R., and Kroemer, G. 
(2004). Cell death by mitotic catastrophe: a molecular definition. Oncogene 23, 2825–2837. 
https://doi.org/10.1038/sj.onc.1207528. 
57. Sheridan, C., Brumatti, G., and Martin, S.J. (2008). Oncogenic B-RafV600E inhibits 
apoptosis and promotes ERK-dependent inactivation of Bad and Bim. J Biol Chem 283, 
22128–22135. https://doi.org/10.1074/jbc.M800271200. 
58. Dakour, J., Li, H., and Morrish, D.W. (1997). PL48: a novel gene associated with 
cytotrophoblast and lineage-specific HL-60 cell differentiation. Gene 185, 153–157. 
https://doi.org/10.1016/S0378-1119(96)00587-2. 
59. Gauck, D., Keil, S., Niggemann, B., Zänker, K.S., and Dittmar, T. (2017). Hybrid 
clone cells derived from human breast epithelial cells and human breast cancer cells exhibit 
properties of cancer stem/initiating cells. BMC Cancer 17, 515. 
https://doi.org/10.1186/s12885-017-3509-9. 
60. Merle, C., Lagarde, P., Lartigue, L., and Chibon, F. (2021). Acquisition of cancer stem 
cell capacities after spontaneous cell fusion. BMC Cancer 21, 241. 
https://doi.org/10.1186/s12885-021-07979-2. 
61. Chan, Y.W., So, C., Yau, K.L., Chiu, K.C., Wang, X., Chan, F.L., and Tsang, S.Y. 
(2020). Adipose‐derived stem cells and cancer cells fuse to generate cancer stem cell‐like 
cells with increased tumorigenicity. J Cell Physiol 235, 6794–6807. 
https://doi.org/10.1002/jcp.29574. 
62. Zhou, X., Merchak, K., Lee, W., Grande, J.P., Cascalho, M., and Platt, J.L. (2015). 
Cell Fusion Connects Oncogenesis with Tumor Evolution. The American Journal of 
Pathology 185, 2049–2060. https://doi.org/10.1016/j.ajpath.2015.03.014. 
63. Gaudy-Marqueste, C., Macagno, N., Loundou, A., Pellegrino, E., Ouafik, L., Budden, 
T., Mundra, P., Gremel, G., Akhras, V., Lin, L., et al. (2021). Molecular characterization of 
fast-growing melanomas. J Am Acad Dermatol, S0190-9622(21)02101-0. 
https://doi.org/10.1016/j.jaad.2021.07.011. 
64. Hamburger, V., and Hamilton, H.L. (1992). A series of normal stages in the 
development of the chick embryo. Dev. Dyn. 195, 231–272. 
https://doi.org/10.1002/aja.1001950404. 
65. Wilmerding, A., Rinaldi, L., Caruso, N., Lo Re, L., Bonzom, E., Saurin, A.J., Graba, 
Y., and Delfini, M.-C. (2021). HoxB genes regulate neuronal delamination in the trunk neural 
tube by controlling the expression of Lzts1. Development 148, dev195404. 
https://doi.org/10.1242/dev.195404. 
66. Delfini, M.-C., Dubrulle, J., Malapert, P., Chal, J., and Pourquié, O. (2005). Control of 
the segmentation process by graded MAPK/ERK activation in the chick embryo. Proc Natl 
Acad Sci U S A 102, 11343–11348. https://doi.org/10.1073/pnas.0502933102. 
67. Lerond, J., Mathon, B., Scopin, M., Nichelli, L., Guégan, J., Bertholle, C., Izac, B., 
Andrieu, M., Gareau, T., Donneger, F., et al. (2023). Hippocampal and neocortical BRAF 
mutant non‐expansive lesions in focal epilepsies. Neuropathology Appl Neurobio 49, e12937. 
https://doi.org/10.1111/nan.12937. 
 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 29, 2025. ; https://doi.org/10.1101/2025.06.26.661696doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.26.661696
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Figure 1 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 29, 2025. ; https://doi.org/10.1101/2025.06.26.661696doi: bioRxiv preprint 

https://doi.org/10.1101/2025.06.26.661696
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1: Neural tube cells expressing MEK1ca acquire a common, new molecular 

signature independent of their initial position. A- One day after bilateral electroporation of 

the neural tube of two-day old chicken embryos with PCIG (control vector expressing only 

GFP) or PCIG-MEK1ca (co-expressing the constitutively active form of MEK1 in addition to 

GFP), embryos were dissected at the electroporated level. snRNAseq analysis was conducted 

on nuclei of transfected (GFP+) cells as well as on nuclei from the surrounding tissues of the 

trunk (excluding therefore the head and the tail bud) (nt, neural tube; n, notochord; ect, 

ectoderm; da, dorsal aorta; m, myotome; dm, dermomyotome; s, sclerotome; end, endoderm). 

B- UMAP plot of the merged dataset (17,070 nuclei in total, including 9972 cells (394 GFP+ 

and 9578 GFP-) from the control condition, and 7098 cells (168 GFP+ and 6930 GFP-) from 

the MEK1ca condition.), showing distribution of each datasets of origin. C- Feature plots 

showing the distribution of GFP positive cells (GFP>1) in the control and MEK1ca datasets. 

D- An unsupervised UMAP subdivides cells within the trunk into 23 clusters at snn_res.0.6). 

E- Violin plots for GFP expression showing the distribution of transfected cells in each cluster.  
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Figure 2 

Figure 2: RIPOR2 is commonly upregulated across conditions of ERK overactivation in 

mouse and chicken embryos 

A – Heat map from snRNAseq analysis showing the 50 most upregulated genes in transfected 

cells after MEK1ca expression (MEK1ca versus Control in GFP>1 cells). Genes with red stars 

(43/50) are in the list of upregulated genes in bulk RNAseq after MEK1ca expression 

(Wilmerding et al., 2022). B - Venn diagram of the upregulated genes (fold change>2) between 

4 conditions (HRasG12V, KRasG12V, BRafV600E and Spry124−/−) in which RAS/ERK signaling 

is overactivated in MEFs (from Nabet et al., 2015). 43 genes (C) are commonly regulated 

between those 4 conditions. D- Venn diagram comparing the list of 43 upregulated genes in 

MAPK gain-of-function mouse models with the 43 genes upregulated in the chicken embryo 

neural tube after MEK1ca expression (A). Only RIPOR2 is commonly deregulated. E- Mean 
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expression of RIPOR2 in TPM (transcripts per kilobase million), obtained for the two replicates 

of the control (pCIG) and MEK1ca in the chicken embryo (one day after electroporation) from 

bulk data (Wilmerding et al., 2022). F- Violin plot for RIPOR2 expression in transfected/GFP 

expressing cells (GFP>1) for the two conditions from snRNAseq. G- Feature plots for RIPOR2 

expression in the control and MEK1ca datasets. H- Dorsal view of two- and three-day-old 

chicken embryo after a whole-mount in situ hybridization with the chicken probe RIPOR2 I-J- 

Fluorescent in situ hybridization with a chicken RIPOR2 probe and immunofluorescence with 

anti-GFP antibody on trunk transverse section of chicken embryo one day after electroporation 

of the MEK1ca plasmid, confirm the upregulation of RIPOR2 by MEK1ca, which is statistically 

significant in the quantification compared to control (pCIG). (n=3 animals/18 sections, two-

tailed Mann–Whitney test, error bars represent s.d.). Blue is Hoechst staining. Scale bar: 50µm.  
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Figure 3: The gain of function of RIPOR2 in the trunk neural tube of chicken embryo 

promotes cell multinucleation 

A- Immunofluorescence with anti-GFP and anti-CASP3 antibodies on trunk transverse section 

of chicken embryo two days after electroporation of RIPOR2. RIPOR2 gain of function induces 

cells death, but also the apparition of cells with several nuclei (white arrowhead) B-C-

Immunofluorescences with anti-GFP antibody and F-ACTIN staining on trunk transverse 

sections of chicken embryo three days after co-electroporation of RIPOR2 + P35 vectors, B- 

which promotes the multinucleation of cells (white arrowhead) and C- and ectopic cellular 

protrusions (dotted boxes). Blue is Hoechst staining in all the panels. Scale bar: 50µm 
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Figure 4 

 

Figure 4: RIPOR2 is not expressed in healthy human epidermal melanocytes 

Adjacent sections of healthy skin at the border of an early melanoma biopsy. Dotted boxes are 

magnified in the bottom panel A- Haematoxylin and eosin stain (H&E stain). B-

Immunofluorescence with an anti-SOX10 antibody shows melanocytes scattered in the 

epidermis (white arrowhead) C- Immunofluorescence with an anti-RIPOR2 antibody shows 

that it is not expressed in the epidermis including in melanocytes. Blue is Hoechst staining in 

all the panels. Scale bar: 100µm 
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Figure 5 

Figure 5: RIPOR2 is expressed in the melanocytes of an intermediate-grade melanocytic 

lesion  

Adjacent sections of an early BRAFV600E-positive intraepidermal melanoma. Dotted boxes are 

magnified in the adjacent panels.  A- H&E stain shows tissue disorganization in the centre of 

the section. B-Immunohistochemistry with an anti-BRAFV600E antibody stains the mutated 

melanocytes and highlights the malignant lesion zone. C-Immunofluorescence with anti-

SOX10 and D- anti-RIPOR2 antibodies demonstrated that RIPOR2 is expressed in SOX10+ 
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epidermal nests of BRAFV600E-positive melanocytes, suggesting that it is expressed in 

malignant melanocytes. The RIPOR2 staining is cytoplasmic. Blue corresponds to Hoechst 

nuclear staining in all panels. Scale bar: 100µm. 
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Figure 6 

 

Figure 6: RIPOR2 expression in human melanoma cell lines is dependent of ERK1/2 

activity 

A- Immunofluorescence with an anti-RIPOR2 antibody and F-ACTIN staining in SKMEL-28 

cell line, treated either with DMSO (control) or ERK inhibitor (ERKi - SCH772984) for 24h. 

In the control condition, RIPOR2 protein is expressed in the cytoplasm and is enriched in a few 

cells. White dotted boxes are magnified in the bottom panel.  ERKi treatment downregulates 

RIPOR2 expression. Blue is Hoechst staining. Scale bar: 50µm. B- Confirmation by western 

blot that ERKi treated cells display a downregulation of pERK1/2. C- ERKi treatment leads to 

a diminution of the number of SKMEL-28 cells with an enriched expression of RIPOR2 D- In 

these cells, the cytoplasmic corrected cell fluorescence was measured (DMSO, 247 cells; ERKi, 

219 cells of 3 independent experiments; two-tailed Mann–Whitney test, error bars represent 

s.d) which demonstrated global downregulation of RIPOR2 expression. E- RNAseq data from 

Yue et al., 2017 show the FPKM (Fragments per kilo base per million mapped reads) level of 
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RIPOR2 transcripts in the A375 melanoma cell line, stimulated for 20 minutes with EGF and 

then incubated 3 hours with either vehicle, ERKi (1µM SCH772984), MEKi (200 nM 

PD0325901), or BRAFi (1µM vemurafenib).  This highlights that RIPOR2 is also expressed in 

A375 cells and that its transcriptomic expression is also dependent on the RAS-ERK pathway. 
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Figure 7 

 

Figure 7: RIPOR2 overexpression in human melanoma cell line SKMEL-28 promotes 

multinucleation   

A- Immunofluorescence with anti GFP, anti- RIPOR2 antibodies and F-ACTIN staining in 

SKMEL-28 cell line, transfected either with a control plasmid expressing only GFP (N1-GFP) 

or human RIPOR2-GFP (hRIPOR2-GFP) for 48h. The transitory expression of h RIPOR2 

increases the number of transfected (GFP+) multinucleated cells, quantify in B- represented as 

the percentage of transfected multinucleated cells (N1-GFP, 127 cells, h RIPOR2,165 cells, 4 

independent experiments, Fisher’s exact test). Blue is Hoechst staining. Scale bar: 50µm 
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