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RIPOR2 promotes multinucleation of melanoma cells
downstream of the RAS/ERK oncogenic pathway
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SUMMARY

Multinucleation in cancer has been shown to promote aneuploidy, which correlates with tumor aggressive-
ness. This is particularly true for melanoma, a cancer caused by excessive proliferation of melanocytes,
whose RAS/ERK pathway is overactivated. Using single-nucleus RNA sequencing after overactivation of
the RAS/ERK pathway in the chicken embryo as an in vivo model, 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 multi-
nucleated cell types. We found that RIPOR2 is ectopically expressed in human melanoma 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, may

contribute to melanocyte transformation by promoting multinucleation.

INTRODUCTION

Cutaneous melanoma is aggressive: although it only accounts
for 5% of all skin cancers, it is the leading cause of skin can-
cer-related deaths. Approximately one-third of melanomas
arise from benign melanocytic nevi, neoplasms of melano-
cytes, the skin’s normal pigment-producing cells.” During mel-
anoma development, the RAS/RAF/MEK/ERK (RAS/ERK)
pathway in melanocytes is overactivated in more than 80% of
cutaneous melanomas.” 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.?
From the early neoplasm stage, overactivation of the RAS/
ERK pathway correlates with tumor progression as malignant
transformation advances.> 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.® The process of nevus progression to mela-
noma is only partially understood.

)
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Many molecular effectors of the RAS/ERK pathway have been
identified for decades, but its modulators continue to be discov-
ered. Ligand stimulation of cell surface receptors, usually of the
tyrosine kinase type, induces the conversion of RAS homologs
(such as HRAS, NRAS, and 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 mem-
brane. RAF kinases phosphorylate MEKs (MEK1 and MEK2),
which in turn phosphorylate two ERKs (ERK1 and ERK2) to trans-
duce signals to hundreds of cytosolic and nuclear substrates.”™
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.'®"® Several lines of
evidence now support the argument that aneuploidy promotes
tumorigenesis rather than being a transient event.'®'?"'" In partic-
ular, enforced nuclear localization of MEK1, which leads to over-
activation of ERK1/2 signaling, is sufficient to induce polyploidiza-
tion and neoplastic transformation of cells in vivo, 13 demonstrating
that early oncogenic RAS/ERK activation contributes to tumor
progression to melanoma via inducing aneuploidy.
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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 aneu-
ploidy."®"9 Interestingly, in cutaneous melanoma, constitutive
overactivation of the RAS/ERK pathway promotes the forma-
tion of senescent-like multinucleated cells by promoting cell-
cell fusion and fragmentation following mitotic defects that
confer better cell survival.'® In vitro, long-term expression of
NRAS®6™K in melanocytes also triggers a strong senescent-
like phenotype associated with multinucleation, followed
by the generation of tumor-initiating cells with stem cell-like
properties.'®

In a RAS/ERK-induced neoplasm model, we generated multi-
nucleated cells in vivo.?° This model consists of expression of a
constitutively active form of MEK1 (MEK1ca) in the developing
spinal cord of 2-day-old chicken embryos. By targeting this
tissue and stage, dorsal midline neural crest cells were trans-
fected, 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
2 days after electroporation, showing that induction of multinu-
cleation is an early consequence of RAS/ERK overactivation in
the multipotent neuroectoderm.

In this study, using single-nucleus RNA sequencing (sSnRNA-
seq), we discovered that the RIPOR2 gene (RHO family interact-
ing 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 corre-
lations 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 appear-
ance of abnormally multinucleated cells.

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 neu-
ral tube of 2-day-old chicken embryos.?° 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.”' To isolate
the transcriptional response of neural crest cells and theirimme-
diate progeny to MEK1ca expression, we performed snRNA-seq
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 electropo-
ration (Figure 1A). Twenty-four embryos were pooled for each
condition, yielding 17,070 nuclei for analysis by snRNA-seq, of
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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 (Figure 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 (Figures 1B-1D). Feature
plots of GFP expression (the transfection marker) showed that
this cluster consisted of MEK1ca-transfected cells (Figure 1C).
All clusters were annotated using differentially expressed
markers of major cell types in the 3-day-old chicken embryo
trunk (Figures 1D and S1). Among these, we annotated six neural
tube clusters: cluster 1 (dorsal-intermediate neural tube, pref-
erentially expressing SCUBE2),?* cluster 6 (WNT3A + roof
plate, containing neural crest/melanocyte progenitors),®® cluster
7 (motoneuron progenitors and OLIG2+),>* cluster 10 (floor
plate and SHH+),?® cluster 17 (interneuron progenitors and
PROX1+),°° and cluster 18 (definitive motoneurons and
ISL2+)* (Figures 1D and S1B-S1G). Migrating neural crest cells
of the trunk constituted cluster 9 (differentially expressing
SOX10; Figure S1H).?® Among additional cell types, we identified
the notochord (cluster 16, TBXT+; Figure S1 I),29 vascular/endo-
thelial cells (cluster 8, EGFL7+; Figure S1J),°° mesonephric duct
cells (ASTL+; Figure S1K),*" intermediate mesoderm (clusters 2,
5, and 12, WT1+; Figure S1L),*® sclerotome (clusters 0 and 4,
PAX1+; Figure S1M),*® ectoderm (clusters 13 and 22, WNT6+;
Figure S1N),** myotome (cluster 15, RBM24+; Figure S10),%°
and dermomyotome (cluster 3, DRMT2; Figure S1P)*°
(Figures 1D and S1).

In the control condition, GFP-positive cells at 1 day after
electroporation were assigned in the uniform manifold approx-
imation and projection (UMAP) to all six neural tube clusters as
well as to cluster 9, corresponding to migrating neural crest
cells (Figures 1C and 1D). In contrast, while GFP-positive cells
of the MEK1ca condition in the embryo were physically present
in the neural tube,?® their snRNA-seq assignment to the new
cluster 20 (Figures 1C, 1D, and S1Q) indicates that neural
tube cells (including neural crest-derived melanocyte progeni-
tors) 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
snRNA-seq is highly consistent with bulk RNA-seq data
Differentially expressed genes (DEGs) were assessed among
GFP-expressing cells (GFP>1) in the MEK1ca and control condi-
tions. A total of 424 upregulated and 528 downregulated tran-
scripts were distinguished (Table S1). Of the 50 most upregu-
lated genes (Figure 2A), 86% (43/50) were also present among
the DEGs, when assessed in independent bulk RNA-seq exper-
iments (p value <0.05) performed in the same model at the same
stage.”® For example, IL1R1, the most significantly upregulated
gene in bulk RNA-seq,?° was also among the top three most
significantly upregulated genes in this comparison (Figure 2A).
This suggests that MEK1ca cell-autonomously activates IL1R1
in transfected cells, as confirmed by in situ hybridization after
neural tube electroporation (Figure S2). CDX4, IL17RD,
CHST15, and TMEM132C (Figure 2A) were previously validated
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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 2-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. snRNA-seq analysis was con-
ducted 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 9,972 cells (394 GFP+ and 9,578 GFP—) from the control condition, and 7,098 cells
(168 GFP+ and 6,930 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.
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Figure 2. RIPOR2 is commonly upregulated across conditions of ERK overactivation in mouse and chicken embryos

(A) Heatmap from snRNA-seq 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 RNA-seq after MEK1ca expression.””

(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). A total of 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 expression of RIPOR2 in TPM (transcripts per kilobase million), obtained for the two replicates of the control (pCIG) and MEK1ca in the chicken embryo
(1 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 snRNA-seq.

(G) Feature plots for RIPOR2 expression in the control and MEK1ca datasets.

(H) Dorsal view of 2- and 3-day-old chicken embryo after a whole-mount in situ hybridization with the chicken probe RIPOR2.

(I and 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 quantifi-
cation 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,
50 pm.
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to be upregulated in the neural tube after MEK1ca electropora-
tion by in situ hybridization.?>*” In conclusion, the snRNA-seq
experiment replicated and provided finer resolution than our pre-
vious bulk RNA-seq analysis.”° The list of MEK1ca versus control
DGEs among GFP-positive cells (Table S1) 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 snRNA-
seq transcriptomic results (Figure 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 mouse em-
bryonic fibroblast, murine embryonic fibroblast (MEF) cells.*®
Three of these murine conditions result from expression of
mutant oncogenes (HRas®'2V, KRas®'?", or BRaf"®"°F express-
ing MEF cells), and the last is a knockout of sprouty genes (Spry
1,2,4 ~/~ MEF cells).®® 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 de-
regulated in response to KRas®'?Y, HRas®'?Y, and BRaf¢°°F,
but the genes modulated in Spry1,2,4~/~ are largely different.*®
Applying a fold change >2 filter to MEF transcriptomic data,
only 43 of the 573 genes modulated in Spry1,2,4~'~ are also de-
regulated in response to KRas®'?V, HRas®'2V, and BRaf"6%°F
(7.5%) (Figures 2B and 2C). Comparing these 43 genes
commonly upregulated in these four conditions in mouse MEF
cells (Figure 2C) with the list of 43 upregulated genes after
MEK1ca expression in chicken embryo neural tube (common
between bulk and snRNA-seq data, Figure 2A) allowed us to
identify RIPOR2 at the intersection (Figure 2D). The particularly
stringent conditions for identifying this gene resulted in identi-
fying 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.>*“° It has been shown to induce the
formation of membrane protrusions in muscle cells*® and to act
as an unusual RHOA regulator in T lymphocytes®' and neutro-
phils.*? 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).?’*! 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 ex-
pressed in prostate cancer cells with stem cell-like properties,*®
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 107257 in bulk data®®
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(Figure 2E). ltis also at the top of the list on the heatmap of genes
upregulated by MEK1ca according to snRNA-seq data (Figure
2A). The violin plot (in GFP-expressing cells) and the feature
plot of RIPOR2 expression confirm that MEK1ca cell-autono-
mously activates RIPOR2 in transfected cells (Figures 2F and
2G). 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 gener-
ally in the trunk of 2- and 3-day-old chicken embryos (Figure 2H).
Its expression in the head placodes and at later stages is consis-
tent with its described function in controlling otic vesicle and
muscle development in vertebrates (Figures 2H and S3).%**°
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 (Figure S3). 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
(Figures 21, 2J, and S4). 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 (Figure 2l), 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 anin 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.*°
At this stage, RIPOR2 is not endogenously expressed at the
electroporation site (Figure 2H). RIPOR2 has two major isoforms
(iso1 and is02, with 1,068 and 591 amino acids (aa) in humans).*’
We focused on the shorter iso2, which has a sequence entirely
included in the longer isoform and shows stronger affinity to
RHOA.*" We performed a RIPOR2 gain of function experiment
on 2-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 disorga-
nization observed as early as 1 day after electroporation, with
cells invading the neural tube lumen (Figures S5 and S6).
Morphological changes in the neural tube are visible both in
whole-mounted embryos using binocular fluorescence micro-
scopy (Figure S5B, n = 22 embryos, phenotype observed in
100% of the embryos 1 day after electroporation; Figure S5D,
n =19 embryos, in 100% of embryos 2 days after electropora-
tion) and in tissue sections with F-actin staining (Figures S5C
and S5E). The controlateral (non-electroporated) side of the neu-
ral tube, or the neural tube electroporated with a control vector
(PCAGGS) expressing only GFP (n > 20 embryos), exhibits
normal neuroepithelial organization (Figure S6). Immunofluores-
cence in tissue sections using antibodies against the progenitor
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marker SOX2 and the pan-neuronal marker Tud1 reveals neuro-
epithelial disorganization induced by RIPOR2 electroporation
(Figure S7), and Tud1 staining was observed in cells at the apical
face of the neural tube.

Immunofluorescence staining of tissue sections 1 and 2 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
(Figures 3A and S8). Interestingly, 2 days after electroporation,
we observed that some GFP positive cells were multinucleated
(Figure 3A) (n = 3, observed in 3/3 embryos and not observed
in the control condition). To decrease cell death, we co-electro-
porated a vector expressing RIPOR2 into the trunk neural tube of
chicken embryos along with a vector expressing the P35 protein,
known to inhibit apoptosis.*® In this context, we also observed
multinucleated electroporated cells in all embryos analyzed
3 days after electroporation with RIPOR2 and P35 condition
(100%, n = 4, Figures 3B and 3C); this was never observed in
control embryos electroporated with P35 alone (0%, n = 3,
Figure S9). F-actin staining reveals that, similar to RIPOR2 elec-
troporation 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 Tud1 staining
(Figures 3B, 3C, and S10). We also observed cells with ectopic
protrusions, which is consistent with findings from a RIPOR2
gain of function study in cell culture (Figure 3C).*°

Overall, these results demonstrate that in an in vivo develop-
mental 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 (Figure 4), of benign mel-
anocytic nevi, and of intermediate melanocytic neoplasms
(morphologically between dysplastic nevus and melanoma in
situ) (Figures 5, S11-S14, and Table S2). To validate RIPOR2
antibody, we performed immunofluorescence with a RIPOR2
antibody on transverse sections of human placenta at 10 weeks
of gestation. Staining with the RIPOR2 antibody is localized to
the outer edge of the syncytiotrophoblast®® and to immune
cells,"""*? as previously described (Figure S11A). Then, we
performed hematoxylin and eosin staining and immunostaining
on adjacent sections of skin biopsies with anti-BRaf'%°°F and
SOX10 (melanocyte marker) antibodies. We found that
although RIPOR?2 is not expressed in melanocytes of healthy
skin (Figure 4); it is expressed in the cytoplasm of melanocytes
in benign melanocytic nevi (Figures S11B-S11D and S12) and
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intermediate melanocytic lesions (Figures 5, S13, and S14).
In intermediate melanocytic lesions, RIPOR2 is expressed in
a pattern similar to that of BRaf'®°°E_positive cells (nested
pattern) in SOX10-positive areas (Figure 5). Although the
expression zones of RIPOR2 and BRAFV®°F are very similar
on adjacent sections of these lesions, it cannot be rule out
that there is also non-autonomous cellular expression of
RIPOR2 around BRAFE®%V mutant cells, and/or that all
BRAFY69°E mutant cells activate RIPOR2 expression. As
expected, RIPOR2 is also expressed in immune cells of
the skin (Figures 5 and S138). In nine analyzed skin lesion bi-
opsies, we observed ectopic expression of RIPOR2 in seven,
suggesting that this is a common phenomenon in nevi and
melanoma (Table S2).

Bioinformatics data confirm that RIPOR2 is expressed in
melanocytes and immune cells of human melanoma. Data
mining analysis using BBrowser2*” with single-cell RNA
sequencing (scRNA-seq) data from Tirosh et al. indicates that
RIPOR2 expression in melanocytes of human melanoma is a
characteristic feature of most melanomas. Indeed, scRNA-
seq 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
(Figures S15A-S15E). RIPOR2 is expressed regardless of
the mutation status in melanocytes of melanoma patients
(Figure S15E). RIPOR2 is highly expressed in blood/immune
cells, compared to melanocyte cells, with little variation among
patients (Figures S16A-S16C).

Altogether, immunohistochemistry of human skin samples
and scRNA-seq 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 melano-
cytes, we next investigated whether its expression was
dependent on the RAS/ERK pathway in these cells. By immu-
nofluorescence, 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 h treatment with the ERK inhibitor SCH772984 (Figure
6B) decreased RIPOR2 expression (Figures 6A-6D). By data
mining an RNA-seq dataset from the human melanoma
cell line A375,*% we found that the transcriptomic expression
of RIPOR2 in these cells also depends on the RAS/ERK
pathway. Indeed, after 3 h of incubation with the ERK
inhibitor SCH772984, the MEK inhibitor PD0325901 or the
BRAF inhibitor vemurafenib, RIPOR2 expression was signifi-
cantly reduced (Figure 6E).

Overall, our data demonstrated that the transcriptional
expression of RIPOR2 depends on the RAS/ERK pathway in
melanoma cells with BRAFY6°E mutation. 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 BRaf6%%F,
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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 2 days after electroporation of RIPOR2. RIPOR2
gain of function induces cells death, but also the apparition of cells with several nuclei (white arrowhead) (100%, n = 3 and never observed in the control condition).
(B and C) Immunofluorescences with anti-GFP antibody and F-actin staining on trunk transverse sections of chicken embryo 3 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 (100%, n = 4, never observed in the P35 control condition). Scale bars, 50 pm.
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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 (A) Hematoxylin 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 or very faintly expressed in the epidermis including in melanocytes. Blue is Hoechst

staining in all the panels. Scale bars, 100 pm.

RIPOR2 promotes multinucleation in human melanoma
cell line

Since we have shown that RIPOR2 is ectopically expressed in
human melanocytic lesions and promotes ectopic multinuclea-
tion 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®' induces an increase in the number of multi-
nucleated cells 48 h after transfection (8.4% in cells transfected
with a vector expressing only GFP versus 26.2% in cells trans-
fected with the vector expressing hRIPOR2-GFP, Figure 7).
This phenotype is not limited to melanoma cells, as transfection
of hRIPOR2 or hRIPOR2-GFP into Hela cells in both transiently
transfected (Figure S17) and stable inducible cell lines
(Figures S18 and S19) also induced an increase in the number
of multinucleated cells. This increase was observed as early as
1 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 hRI-
POR2-GFP, Figure S17; 3.3% in cells expressing only GFP
versus 6.8% in cells expressing hRIPOR2-GFP; Figure S18).
We conclude that RIPOR2 promotes multinucleation in human
cancer cell lines, including melanoma.

DISCUSSION
In this study, we identified a mechanism downstream of RAS/
ERK oncogenic activation that may contribute to the transforma-

tion of benign nevi into melanoma. The rate of transformation of
benign nevi into melanomais low,° thus implying that overactiva-
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tion of RAS/ERK signaling is not sufficient to cause tumor trans-
formation. 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 ERK oncogenic activation triggers ectopic expression
of RIPOR2, and that the RIPOR2 protein promotes the emer-
gence of multinucleated cells. Most melanoma display overacti-
vation of MAPK/ERK regardless their mutations.” Since we
showed that RIPOR2 is upregulated in the melanocytes of
melanoma patients, regardless of their NRAS or BRAF mutation
status (NRAS®'™R NRAS®®'L BRAFV6%E and BRAFYEPOK),
RIPOR2 might be activated in most prospective melanoma cells
upon ERK signaling overactivation. There is some evidence that
multinucleated melanocytes are a source of tumor-initiating
cells."”® Most of these multinucleated melanocytes will go
through cell-cycle arrest and senescence; hence the transition
from nevi to melanoma is rare.'> However, multinucleation-
induced aneuploidy fuels cellular heterogeneity and single multi-
nucleated cancer cells are able to form tumors.*® Numerous
cellular and molecular mechanisms lead to multinucleation
including in melanoma.'* >89 Further work will determine
whether or not RIPOR2 is related to these mechanisms. In any
case, results obtained in this study suggest that 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 envi-
ronmental mutagens, including ultraviolet radiation and heredi-
tary factors. Although resection of suspicious nevi is a common
and effective strategy to limit the development of melanoma,° 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
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Figure 5. RIPOR2 is expressed in the melanocytes of an intermediate-grade melanocytic lesion
Adjacent sections of an early BRAFV8%°E_positive intraepidermal melanoma. Dotted boxes are magnified in the adjacent images.

(A) H&E stain shows tissue disorganization in the center of the section.
(B) Immunohistochemistry with an anti-BRAFY6°°F
(C) Immunofluorescence with antiSOX10.

antibody stains the mutated melanocytes and highlights the malignant lesion zone.

(D) Anti-RIPOR2 antibodies demonstrated that RIPOR2 is expressed in SOX10+ epidermal nests of BRAFVSOOE—positive melanocytes, suggesting that it is ex-
pressed in malignant melanocytes. The RIPOR2 staining is cytoplasmic. Blue corresponds to Hoechst nuclear staining in all panels. Scale bars, 100 pm.

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 can-
cer,”! RIPOR2 may also have a similar function in other solid tu-
mors where the RAS/ERK pathway is deregulated. Thus, it might
constitute a therapeutic target for most cancers. Thanks to our
data, we expect the transformation potential of RIPOR2 to be
long-term. Therefore, we do not expect to see it in in vitro clono-
genic assays. However, long-term in vivo tumor assays in mice
should confirm that RIPOR2 promotes tumor aggressiveness.
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
HelLa cells.>® Mitotic failure is known to lead primarily to cell
death,®® as observed after RIPOR2 gain of function in T cells
and Hela cells.®” 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
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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 (ERKIi,
SCH772984) for 24 h. 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. ERKi treatment downregulates RIPOR2 expression. Blue is Hoechst staining. Scale bars, 50 pm.

(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; ERKIi, 219 cells of 3 independent experiments; two-tailed Mann-
Whitney test, error bars represent s.d), which demonstrated global downregulation of RIPOR2 expression.

(E) RNA-seq data from Yue et al., 2017 50 show the FPKM (fragments per kilo base per million mapped reads) level of RIPOR2 transcripts in the A375 melanoma
cell line, stimulated for 20 min with EGF and then incubated 3 h with either vehicle, ERKi (1 pM SCH772984), MEKi (200 nM PD0325901), or BRAFi (1 uM ve-
murafenib). This highlights that RIPOR2 is also expressed in A375 cells and that its transcriptomic expression is also dependent on the RAS-ERK pathway.

inhibition of cell death,>* mitotic failure might escape cell death
more frequently than in the gain of function of the protein alone.

A second mechanism by which RIPOR2 could promote multi-
nucleation 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,®® and skeletal muscle,*
and has been suggested to control myocyte cell fusion.’® 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 develop-
ment, 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
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two human breast cancer cell lines,® two transformed human
fibroblast cell lines,*® or mesenchymal adipose-derived stem
cells with breast cancer cells.®” 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,
and cytogenetically stable epithelial cells can initiate chromo-
somal instability, DNA damage, cellular transformation, and
malignancy.®® 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.®® This suggests that a cell
fusion event could both initiate malignancy and fuel subsequent
tumor evolution.

In conclusion, it is likely that RIPOR2-induced multinuclea-
tion impacts the aggressiveness of melanocytic lesions and
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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 48 h. 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, and 4 independent

experiments, Fisher’s exact test). Blue is Hoechst staining. Scale bars, 50 pm.

other tumor cells in which it is ectopically expressed down-
stream of RAS/ERK overactivation. It would therefore be rele-
vant to evaluate its potential as a therapeutic target in early
melanoma and other cancers. Further studies would also
identify the cellular and molecular mechanisms by which
RIPOR2 promotes multinucleation in tumor cells downstream
of the RAS/ERK pathway.

Limitations of the study

Firstly, this study suggests that RIPOR2 may increase the
aggressiveness of cancer by favoring multinucleation; however,
this hypothesis was not tested. Long-term in vivo tumor assays in
mice are required to confirm this hypothesis.

Secondly, we hypothesize that cancers other than melanoma
will exhibit increased RIPOR2 expression when RAS/ERK
signaling is upregulated; however, the scope of this study was
limited to one type of cancer. The generic nature of RIPOR2
transcriptomic regulation by the RAS-ERK oncogenic pathway
merits further investigation.

Thirdly, this study demonstrates that RIPOR2 induces multinu-
cleation in both in vivo model (chicken neural tube) and in two
different cancer cell lines, but does not identify the mechanistic
pathway involved. Further experiments are required to deter-
mine whether RIPOR2-induced multinucleation relies on cell-
cell fusion, through cytokinesis failure or other mechanisms.

Fourthly, the presence of the RIPOR2 protein in human can-
cer cells and tissues was studied using only one antibody. The
second antibody that we have tested was ineffective for immu-
nohistochemistry. Strong staining in human placental tissue
and in immune cells, where it was expected to be specifically
expressed, gives us confidence in the specificity of the first
antibody used. Additionally, RIPOR2 expression is observed
in a similar manner at the transcript level. However, complete
validation of immunostaining would require staining cells with
and without RIPOR2 expression.

Finally, RIPOR2 has two isoforms. This study only addressed
the consequences of the gain of function of isoform 2. In future
studies, it would be useful to characterize the expression and
functions of the two respective isoforms in multinucleation
processes.
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taatacgactcactatagggcccggtctcatcttcagtgga

Primer for PCR RIPOR2 (chicken) probe - fw: This paper N/A
cgacctgccttatgaagacc

Primer for PCR RIPOR2 (chicken) probe - rev: This paper N/A
taatacgactcactatagggtccagatgcatcacttcctg

Recombinant DNA

pCIG Delfini et al., 2005°" N/A
pCIG-MEK1ca Delfini et al., 2005°" N/A
pCAGGS Wilmerding et al., 20212 N/A
pCAGGS-RIPOR2 (chicken, iso2) This paper N/A
pCAGGS-P35 Sahdev et al., 2009 N/A
pEGFP-N1 Clontech 6085-1
N1-hRIPOR2-GFP This paper N/A
pLVX-TetOne-Puro lentivector NovoPro V014344
hRIPOR2-containing pLVX-TetOne-Puro This paper N/A

Software and algorithms

Seurat (v5.1.0, R v4.3.1)
Loupe Browser (8.0.0)

BBrowser2

Stuart et al., 2019%°
10X

Le et al., 2020*"

https://satijalab.org/seurat/

https://www.10xgenomics.com/support/software/

loupe-browser/

https://bioturing.com/bbrowser/download

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Chicken embryo

Fertilized chicken eggs (Gallus gallus, RRID:NCBITaxon_9031) were obtained from EARL les Bruyeres (Dangers, France). They
were stored at 14°C upon arrival and incubated horizontally at 38.5°C in a humidified incubator. Embryos were staged according
to the developmental table of Hamburger and Hamilton (HH)®* or according to the number of days of incubation (E). The chicken
embryos analyzed in this study 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 15 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). Sex determination is not performed for chicken
embryos at these stages.

Human skin biopsies

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.*®
The slides were provided by the Assistance Publique Hopitaux 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. Biopsies are analyzed without consideration of sex and gender.

Human embryonic material
Human embryonic material was obtained after informed consent through the HuDeCA INSERM Transverse Program under Biomed-
icine Agency protocol PFS14-011 and ministerial authorization DC-2019-3716. The sex/gender of the embryo is unknown.

Human cell lines

HelLa cells

HelLa cells are epithelial cell. They are the first immortal human cells to be grown in culture. They were isolated in 1951 from a cervical
carcinoma derived from a 31-year-old women patient (ATCC).
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SK-MEL-28 cells
SK-MEL-28 cells are melanocytes isolated from the skin tissue of a 51-year-old, male patient with malignant melanoma (ATCC).

METHOD DETAILS

In ovo electroporation and plasmids

Uni- or bilateral neural tube in ovo electroporation was performed around HH12, as already described.®” An opening approx-
imately 2 cm in diameter was made in the shell at the top of the egg. The DNA solutions were injected into the lumen of the trunk
neural tube using a tapered glass capillary. L-shaped platinum electrodes (CUY613P5, 5 mm apart) were placed on either side
of the neural tube, with the cathode on the right. Five 25-volt pulses, each lasting 50 ms and spaced 50 ms apart, were then
applied using the NEPA21 (Nepagene) electroporator. 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 plasmids were used alone
as controls. The vectors used were: pCIG, pCIG-MEK1ca,®’ pCAGGS, pCAGGS-RIPOR2 (co-expressing GFP and the coding
sequence (CDS) of the chicken RIPOR2 protein isoform 2 gene) and pCAGGS-P35 (co-expressing GFP and the CDS of the P35
protein?®). 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 pg/uL.

Single-nuclei analysis

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®). Frozen tissues were minced in 1 mL of
cold lysis buffer (10-mM TrisHCI, 10-mM NaCl, 3-mM MgCI2 and 0.1% NP40 solution in Nuclease-Free Water) with scissors for
1 min and then incubated for 9 min at 4°C, with gently regular shaking. One milliliter of lysis buffer was added, and samples
lysates were transferred into 2-mL Kimble homogeniser dounce (Dominique Dutscher, Issy-Les-Moulineaux, France) on ice.
A and B pestle gently lowered and raised 15 times each successively avoiding too much pressure. Samples were then sus-
pended in 2% BSA in PBS, filtered through 100 um 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 lll (BD Biosciences) with the 85 pm nozzle and the BD FACSDIVA software. Sorted
nuclei were immediately processed on a Chromium Controller (10x Genomics, V3.1). The mRNA was reverse-transcribed, con-
verted 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 lllumina 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.

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.

After filtering, we took both expression matrices (PCIG-Bis and MEK1ca samples) and checked if we have a batch effect (i.e.,
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 (0.2-1.2 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 resolu-
tions, 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. The snRNAseq data have been deposited in NCBI’s SRA and are accessible through Bioproject accession
number PRJNA1330042.
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Sc-RNAseq data mining on human melanoma
Single-cell RNAseq data mining on human melanoma® (t-SNE (visualization of cell types among patients), feature plots and violin
plots), was performed using BBrowser2 (https://bioturing.com/bbrowser/download).*”

Immunofluorescence on chicken tissue section

Tissue preparation, sections and immunofluorescence were performed as previously described.?® Collected chicken embryos
are fixed in 4% formaldehyde in PBS, then put in 15% and 30% sucrose in PBS, embedded in OCT (optimal cutting temper-
ature) medium and stored at —80°C. Embryos were then sectioned into 16 um slices with a Leica cryostat and the slides
conserved at — 80°C or directly used for immunofluorescence. Slides were rehydrated in PBS then blocked with 10% goat
serum, 3% BSA, 0.4% Triton X-100 in PBS for 1 h. Primary antibodies were incubated overnight diluted in the same solution
at 4°C. 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)
and rabbit anti-phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) 1:250 (Cell signaling #9101). 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.

Immunohistochemistry on skin human biopsies

Immunohistochemistry targeting the V600E mutated form of the B-Raf protein was performed as described in.® 3.5 pm thick
paraffine sections were done from samples and staining was done on a Benchmark ULTRA immunohistochemistry automated
system (Ventana, Roche Diagnostics), using the anti-BRAF antibody directed against the V600OE mutant form (clone VE1, Euro-
bio Scientific), dilution 1:250, Optiview DAB detection (Ventana).

Immunofluorescence on skin human biopsies

The sections were deparaffinized in xylene twice for 5 min, rehydrate with sequential washes of 100%, 96%, 70%, 50% EtOH,
and then rinsed in 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 NH4CI in H,O. After blocking for 1 h 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 on chicken embryo

Fluorescent in situ hybridization on tissue sections and in whole mounts was performed as previously described.?® The IL1R1
and RIPOR2 probes were produced from PCR products amplified from cDNA from the neural tube of an E3 chicken embryo trans-
fected with MEK1ca®® (IL1R1 primers: fw tgccgataaccacagagaga, rev: TAATACGACTCACTATAGGGCccggtctcatcttcagtgga;
RIPOR2 primers: fw CGACCTGCCTTATGAAGACC, rev: TAATACGACTCACTATAGGGTCCAGATGCATCACTTCCTG, containing
the T7 RNA polymerase promoter sequence).

Fluorescent ISH on tissues sections

Slides were treated with 10 pg/mL proteinase K (3 min at 37°C) in a solution of Tris-HCI 50 mM pH 7.5, then in triethanolamine
0.1M and 0.25% acetic anhydride. They were pre-incubated with hybridization buffer (50% formamide, SSC 5X, Denhardt
5X, yeast tRNA 250 pg/mL and herring sperm DNA 500 pg/mL) for 3 h at room temperature, then incubated in the same buffer
with digoxygenin (DIG)- labeled RNA probes overnight at 55°C in a humid chamber. The slides were then washed twice
with 0.2X SSC for 30 min at 65°C. After 5 min in TNT buffer (100 mM Tris pH7.5, 150 mM NaCl and 0.1% Tween 20), they
were blocked for one hour in buffer containing 1X TNT, 1% Blocking Reagent (BR, Merck 11096176) and 10% goat serum,
then incubated in the same buffer for 3h with anti-DIG-peroxidase antibodies (1:500, Roche) and revealed using the TSA-
Plus Cyanine-3 kit (Perkin- Elmer).

Whole-mount ISH

For whole-mount in situ hybridization, embryos were fixed 2 hours at room temperature in 4% buffered formaldehyde in PBS.
Embryos were dehydrated with sequential washes in 50% ethanol/PBS+ 0.1% Tween 20 then 100% ethanol and conserved
at —20°C. Embryos were bleached for 45 min in 80% ethanol, 6% aqueous H202 and then rehydrated. They were treated
10 min with 10 pg/mL proteinase K at room temperature and refixed with 4% formaldehyde, 0.2% glutaraldehyde. After 1 h
of blocking in the hybridization buffer (50% formamide, SSC 5x, 50 pg/mL heparin, yeast tRNA 50 pg/mL, SDS 1%), hybridiza-
tion with DIG-labelled RNA probes was performed at 68°C overnight. The next day, embryos were washed in hybridization
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buffer then once in TBS (25 mM Tris, 150 mM NaCl, 2 mM KCI, pH 7.4) + 0.1% Tween 20. They were incubated 1 h at room
temperature in a blocking buffer (20% Blocking Reagent [Merck/Roche] + 20% goat serum) and then overnight with an anti-
DIG-AP antibody (1:2000, Merck) in the blocking buffer. After 3 washes (1 h) in TBS+0.1% Tween 20, embryos were equilibrated
in NTMT buffer (NaCl 100 mM, Tris HCI 100 mM pH 9.5, MgCI2 50 mM, 0.2% Tween 20) and incubated in NBT/BCIP (Promega)
at room temperature in the dark until color development.

Cell culture

HelLa 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, 4x10° cells/ml were seeded onto coverslips in 24-well plates for immunofluorescence and into 100 mm cell culture
dishes for Western blotting. The cell medium was supplemented for 24 hours with either SCH772984 (HY-50846) at 1 pM 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 Na3P0O4 pH 7.2, 2 mM EDTA,
50 mM NaF, supplemented with 0.2 mM Na3VO4 and protease inhibitor (Roche)) for 10 min. Cells were scraped and centrifuged
at 15,000 rpm for 10 min. 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 1 h 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-
B-tubulin (ab15568, Abcam, 1:2500). After 3 washes in PBS with 0.1% Tween 20, the following secondary antibodies were used
for 1 h at room temperature: rabbit anti-HRP and rat anti-HRP (Jackson Immuno, 1:20,000). Detection was performed with the
ECL Western Blot Substrates kit (ThermoFisher) and imaging with a ChemiDoc (Bio-Rad).

Transient cell transfection

The day prior, 8x10° SK-MEL-28 cells/ml and 6x10° HeLa cells/ml were seeded on coverslips in 24-well plates in complete
medium without antibiotics. Transient transfection with the N1-GFP or N1-hRIPOR2-GFP plasmids was performed with
X-tremeGENE HP DNA Transfection Reagent (Sigma-Aldrich) with 0.5 pg of DNA per well, following the manufacturer’'s
instructions.

Immunofluorescence on cells

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 h in 4% BSA and 0.3% Triton in PBS. The primary an-
tibodies 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 Alexa Fluor 568 (1:70, ThermoFisher), and Hoechst (1:1000). The coverslips were mounted in
ProLong Gold Antifade Mountant (ThermoFisher) and imaged with a Zeiss M2 microscope equipped with Apotome.

Tetracycline-inducible HelLa cell lines

The cDNA encoding hRIPOR2 isoform 2 was subcloned into the pLVX-TetOne-Puro lentivector. HeLa inducible cell lines were estab-
lished using lentiviral transduction strategy with empty pLVX-TetOne-Puro or hRIPOR2-containing pLVX-TetOne-Puro vectors.
Transduced cells were then selected with 1 ug/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 one 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 acquired with a fluorescent microscope Leica Inverted 6000 using
MetaMorph software.
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QUANTIFICATION AND STATISTICAL ANALYSIS

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 random image acquisitions on the coverslips. The number of cells counted per condition is indicated in
the figure legends and repeated independently at least three times. A Fisher’s exact test was performed to analyze the propor-
tion 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 shown on the graphs. The error bars represent the stan-
dard deviation (s.d.).

Quantification of RIPOR2 immunofluorescence in human tissues

Three samples of melanocytic lesions positive for BRAFV6°E staining of human skin were analyzed. SOX10 positive (SOX10+)
and SOX10 low (SOX10-) areas were defined on an adjacent section, and the mean intensity of RIPOR2 was measured on 4 ROI
for each SOX10+/SOX10-area. A paired t test was applied.
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