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Abstract
Purpose

Receptor tyrosine kinase-like orphan receptor 2 (ROR2) has been shown to play opposite roles in the
progression of different tumor types. In melanoma, ROR2 was shown to associate with a more invasive
phenotype and to contribute to experimental lung colonization. However, the underlying mechanisms
regulated by ROR2 have not been elucidated. More importantly, it has not been established whether ROR2
is just a marker or a driver of melanoma aggressiveness. 

Methods

Gain and loss-of-function experiments were applied to study the biological function of ROR2 in
melanoma. Transwell assays and Western blots were used to evaluate cell migration and both expression
and activation of Epithelial-Mesenchymal Transition (EMT) markers and signaling proteins. The role of
ROR2 in vivo was assessed in xenotransplantation experiments.

Results

We describe that ROR2 promotes EMT by inducing cadherin switch and the upregulation of the
transcription factors ZEB1, Twist, Slug, Snail, and HIF1A, together with a mesenchymal phenotype and
increased migration. ROR2 association with EMT is also observed in melanoma samples. ROR2 exerts
these effects by hyperactivating the MAPK/ERK pathway far above the typical high constitutive activity
observed in melanoma. ROR2 also promoted EMT, invasion, and necrosis in xenotransplanted mice. This
important role of ROR2 translates into melanoma patient’s prognosis since patients with lymph node
metastasis displaying elevated ROR2 levels have reduced overall survival and distant metastasis-free
survival.

Conclusions

These results demonstrate that ROR2 contributes to melanoma progression by hyperactivating ERK and
inducing EMT and necrosis. Thus, ROR2 can be an attractive therapeutic target for metastatic melanoma.

Introduction
Melanoma is responsible for 80% of skin cancer-related deaths. Furthermore, melanoma incidence rates
have been increasing steadily for several decades and it currently accounts for 6% of new cancer cases in
the United States [1]. Although the survival of melanoma patients has improved signi�cantly since the
implementation of both targeted and immune-based treatments [2], a large fraction of patients are
resistant or not eligible for the current therapeutical approaches, highlighting the need to identify novel
targets to improve melanoma therapy. A major obstacle toward this goal is our poor understanding of the
molecular mechanisms leading to metastasis, the primary cause of death of cancer patients.
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Epithelial-mesenchymal transition (EMT) is a process through which epithelial tumor cells undergo
profound morphological, biochemical, and transcriptomic changes to acquire a mesenchymal cell
phenotype. EMT is critical in cancer since the resulting mesenchymal-type tumor cell possess enhanced
migratory capacity, invasiveness, resistance to apoptosis, and production of extracellular matrix (ECM)
components which results in greater metastatic dissemination and therapy resistance [3]. Although EMT
was initially described for epithelial tumors, it has been shown that non-epithelial tumors, including
melanoma, experience a similar process [4, 5]. In cancer, EMT is induced by hypoxia, cytokines, and
growth factors that promote the activation of several intracellular pathways including the
phosphoinositide 3-kinase (PI3K)/Akt, mitogen-activated protein kinase (MAPK), SMAD, or nuclear factor-
kappa B (NF-κB) [6]. In turn, these pathways activate EMT-transcription factors (EMT-TFs) from the Snail,
Twist, and ZEB families, which regulate the expression of genes that establish the mesenchymal
phenotype [7].

Receptor tyrosine kinase-like orphan receptor 2 (ROR2) is a receptor for the Wnt5a ligand that plays a
major role during embryonic development but is strongly downregulated after birth [8]. ROR2 expression
is often dysregulated in human cancers and, similar to Wnt5a, its functions vary depending on the cancer
type, functioning either as a tumor-suppressor or as a tumor-promoter [9]. ROR2 played as a tumor
promoter in non-small cervical cancer [10], renal cell carcinoma [11, 12], colon cancer [13], melanoma [14],
and breast cancer [15]. In contrast, ROR2 has anti-oncogenic functions in endometrial [16], colon [17], and
gastric [18] cancer as well as in medulloblastoma [19] and hepatocellular carcinoma [20]. The effect of
ROR2 in cancer is mediated by the regulation of cell proliferation, cell migration and invasion, and in vivo
tumor growth, which are modulated either positively or negatively depending on the tumor type. In
melanoma, ROR2 has been scarcely investigated. It was shown that Ror2 enhanced the migration and
metastasis ability of B16 murine melanoma cells in a Src-dependent manner that is negatively regulated
by Neurotrophin receptor-interacting MAGE homolog (NRAGE) [21]. In addition, ROR2 expression
associates with a more invasive phenotype [14] and is required for the pro-metastatic effect of Wnt5A on
melanoma cells [22]. However, it is still not clear weather ROR2 is just a marker or a driver of melanoma
invasiveness. In the event that the latter is correct, it is necessary to establish the underlying mechanisms.
In the present study, we have evaluated the hypothesis that ROR2 promotes melanoma progression by
inducing EMT, a process with wide-ranging consequences for the progression of melanoma [7, 23].

Results
ROR2 promotes EMT in melanoma cell lines

To investigate the role of ROR2 in melanoma progression we used both gain- and loss-of-function
approaches based on A375 and UACC903 cell lines overexpressing ROR2 (Fig. 1A) and MeWo and M2
cell lines with ROR2 silencing (Fig. 1B). Upon generation of these cell lines, we observed that ROR2
expression induced marked morphological changes in both A375 and MeWo cells (Fig. 1C). This effect
was also detected, albeit less noticeably, in UACC903 and M2 cells (data not shown). Compared to
control cells, A375-ROR2 cells presented a more elongated spindle morphology, were more scattered, and
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made cell-cell contacts more randomly. Measurement of morphometric parameters revealed an increase
in elongation and a decrease in roundness in A375-ROR2 cells (Fig. 1D). On the other hand, the typically
thin and elongated MeWo cells turn to a more compact shape upon ROR2 silencing (Fig. 1C) that was
evidenced by a decrease in elongation and an increase in roundness (Fig. 1D). The morphological
features of ROR2 expressing cells induced by ROR2 are similar to those described in cells undergoing
EMT [24]. Although neural crest-derived melanocytes are not epithelial in origin, an EMT-like process is a
well-documented phenomenon contributing to the metastatic potential of melanoma [7]. To further
evaluate the induction of EMT by ROR2 we determined the expression of both epithelial and
mesenchymal markers upon ROR2 overexpression and silencing. We found that ROR2 decreased the
expression of the epithelial marker E-cadherin and increased the expression of both the mesenchymal
markers N-cadherin and Vimentin and the EMT-inducing transcription factors Twist, Slug, ZEB1, and
Snail [25](Fig. 1E). In contrast, the expression levels of these proteins were altered in the opposite
direction by ROR2 knocking-down in both M2 and MeWo cells (Fig. 1F). Furthermore, both overexpression
and silencing experiments con�rmed that ROR2 positively regulates the protein levels of HIF-1a, another
major EMT driver (Fig. 1G). Finally, we measured ROR2-dependent changes in cell migration as a cellular
read-out of EMT induction. We determined that ROR2 overexpression in both A375 and UACC903 cells
increased cell migration (Fig. 1H and Suppl. Fig. S1). In contrast, silencing of ROR2 decreased cell
migration in M2 cells (Fig. 1I). These results demonstrate that ROR2 promotes EMT in melanoma cells.

ROR2 promotes EMT in melanoma patients

In a previous report, we described six prognostic gene expression signatures (LMC classes) from the
analysis of a large cohort of primary melanoma patients (LMC, Leeds Melanoma Cohort) [26]. Among the
six classes, ROR2 is highest in class 6, characterized by having a high EMT score, upregulation of both c-
JUN and AXL, and a bad prognosis [26] (Fig. 2A). To con�rm this role of ROR2 in EMT, we sought to
identify Differentially Expressed Genes (DEGs) between melanoma samples from the independent
dataset TCGA-SKCM with high and low ROR2 levels. In agreement with the observations above, the DEGs
upregulated in tumors with high ROR2 expression (Supplementary Table S1) were signi�cantly enriched
in signatures associated with invasion, extracellular matrix organization, and EMT (Fig. 2B). Altogether,
these results demonstrate that ROR2 promotes EMT in human melanoma. 

Induction of EMT by ROR2 is mediated by ERK hyperactivation

Since it was recently shown that p38 signaling promoted EMT in breast cancer downstream of ROR2 [27],
we evaluated the effect of ROR2 in p38 phosphorylation in melanoma cells. We found that ROR2
overexpression increased p38 phosphorylation and ROR2 silencing inhibited this pathway (Suppl. Fig.
S2). However, inhibition of p38 using the pharmacological inhibitor SB202190 did not alter the expression
of the EMT marker Vimentin (Suppl. Fig. S3). These results suggest that although ROR2 activates
MAPK/p38, this pathway is not implicated in EMT in melanoma. Next, we looked at the effect of ROR2 on
the MAPK/ERK pathway. Despite melanoma cells present constitutive activation of ERK, we found that
ROR2 overexpression increased around 10-fold the phosphorylation of ERK (Fig. 3A). In contrast,
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silencing of ROR2 abolished ERK phosphorylation (Fig. 3B). To determine the role of ERK on EMT
induction by ROR2 we used PLX-4032 (PLX), an inhibitor of the ERK pathway. Before doing so, we
corroborated that 10 mM PLX similarly inhibited p-ERK levels in both A375-Empty and A375-ROR2 (Fig.
3C). The addition of PLX induced the expression of E-cadherin and potently inhibited Vimentin and N-
cadherin expression in A375-ROR2 cells but not in A375-Empty cells (Fig. 3D). PLX also inhibited Snail
levels in both cell lines although the inhibition observed in A375-ROR2 was much potent (Fig. 3D).
Similarly, PLX abrogated both basal and ROR2-induced HIF-1a levels (Fig. 3E). These results demonstrate
that ROR2 induces ERK hyperactivation and that the induction of EMT by ROR2 is highly dependent on
this event. 

ROR2 induces in vivo EMT, invasion, and necrosis

To evaluate the role of ROR2 in vivo we injected both A375-Empty and A375-ROR2 cells into nude mice.
After 6 weeks, tumors from A375-ROR2 were signi�cantly smaller than those from control mice (Fig. 4A).
Histological analysis of tumor sections revealed that the tumor cells from mice injected with A375-Empty
had a cobblestone-like shape whereas those from the A375-ROR2 derived tumors had an elongated
shape (Fig. 4B), suggestive of epithelial-like and mesenchymal-like phenotypes, respectively. In line with
this observation, western blot analysis revealed that A375-ROR2 tumors express low levels of the
epithelial marker E-cadherin and high levels of the mesenchymal markers Vimentin, N-cadherin, ZEB1,
Twist, Slug, Snail, and Fibronectin together with higher expression of p-ERK (Fig. 4C). The upregulation of
p-ERK, Vimentin, and Snail in A375-ROR2 tumors was con�rmed by immunohistochemistry of tumor
sections (Fig. 4D). In agreement with this mesenchymal pro�le and the increased in vitro migration of
A375-ROR2 cells, tumors from mice injected with these cells were found to invade adjacent muscles (Fig.
4E). 

Interestingly, unlike tumors from control mice, those from mice injected with A375-ROR2 cells presented
extensive necrosis (Fig. 5A). The induction of necrosis was con�rmed by the observation of an increased
expression of the necrotic markers 14-3-3 and HSP90 [28] (Fig. 5B) and necrotic PARP cleavage [29] (Fig.
5C). The necrotic areas from A375-ROR2 tumors were delimited by cells presenting high levels of both p-
ERK and Snail nuclear staining (Fig. 5D). In contrast, the cells delimiting the small regions of necrosis
present in control tumors displayed both negative Snail and low p-ERK staining (Fig. 5D). These results
demonstrate that ROR2 promotes in vivo necrosis, EMT, and tumor cells with invasive features. 

ROR2 expression at latter stages reduces melanoma survival

Following our observation that ROR2 promotes EMT and invasion and previous reports showing that
ROR2 increased lung colonization in mouse models of tail vein injection, we sought to evaluate whether
ROR2 contributes to metastasis in melanoma patients. To this end, we determined the impact of ROR2
levels on melanoma-speci�c overall survival, a direct indicator of distant metastasis. To avoid the
confounding effect of comparing primary tumors with ample differences in their clinico-pathological
features (i.e. AJCC stage) we restricted our analysis to patients with lymph node metastasis (LNM), an
early step on the metastatic cascade that is also a good indicator of distant metastasis and survival.
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Thus, the relationship between ROR2 levels in LNM samples and survival was evaluated in a cohort of
130 samples from dataset GSE65904. High levels of ROR2 signi�cantly correlated with shorter overall
survival (Fig. 6A). Although ROR2-high and ROR2-low patients presented similar distant metastasis-free
survival (dMFS), the subgroup of patients with the highest ROR2 levels (Z-score > 1) exhibited a
signi�cantly shorter dMFS (Fig. 6B). These results indicate that tumors expressing high levels of ROR2
are prone to form metastasis and have shorter survival. Furthermore, ROR2 not only favors metastasis
but its expression is also important in established metastasis as revealed by transcriptomic data showing
that ROR2 levels are signi�cantly higher in metastasis than in primary tumors in both the TCGA-SKCM
and GSE46517 datasets (Fig. 6C and 6D). Moreover, analysis of matched primary and metastatic
samples from the same patients revealed a signi�cant ROR2 increase in the latter with seven out of nine
patients displaying higher ROR2 levels in the metastatic sample (Fig. 6E). Altogether, our results
demonstrate that ROR2 promotes EMT and invasion and contributes to melanoma metastasis. 

Discussion
ROR2 plays a dual role in cancer, either by acting as a tumor suppressor or an oncogene depending on
the tumor type [9]. ROR2 exerts these roles by regulating either positively or negatively various processes
including proliferation, invasion, tumor growth, and EMT. Regarding this last process, the investigations
published so far have revealed opposites roles for ROR2. In both invasive ductal carcinoma and
esophageal squamous cell carcinoma, ROR2 was shown to inhibit EMT through repressing β-catenin and
Akt signaling [30]. In contrast, ROR2 promoted EMT following activation of p38 in breast cancer [27] and
of Rac1 and RhoA in ovarian cancer [31]. Meanwhile, other studies concluded that although ROR2
promoted cell motility and invasiveness, it did not affect the expression of EMT markers in both
squamous cell carcinoma [32] and the epidermoid carcinoma cell line A-431 [33].

In melanoma, it was shown that ROR2 silencing in both mouse B16 cells [14, 21] and human M93-047
cells [14] reduced lung colonization of cells after intravenous injection, suggesting that ROR2 is important
for melanoma metastasis. In addition, ROR2 expression was found to be upregulated in melanoma cells
with an invasive phenotype [14], providing a plausible explanation for its role in metastasis. However, the
precise cellular and molecular mechanisms regulated by ROR2 have not been studied. In the present
manuscript, we demonstrate that ROR2 promotes melanoma progression by inducing EMT and provide a
detailed characterization of the underlying mechanism. We have described that ROR2 promotes both
morphological changes toward a mesenchymal phenotype and the expression of EMT markers such as
Vimentin and N-cadherin as well as of the prototypical EMT transcription factors Snail, ZEB1, Twist, and
Slug. In addition, we described that ROR2 promotes in vitro migration and in vivo invasion. We also
demonstrated that ROR2 was associated with EMT induction in both primary and metastatic melanoma
samples. Among the six classes of stage I melanoma tumors identi�ed by transcriptomic analysis of the
LMC, ROR2 expression was highest in class 6, the only one presenting an EMT expression signature.
Furthermore, DEGs upregulated in melanoma tumors expressing high ROR2 were enriched in signatures
of EMT and migration.
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We have determined that ROR2 promotes EMT by activating the phosphorylation and activity of ERK and
the subsequent upregulation of EMT-related proteins. Notably, the relationship between ROR2 and the
MAPK/ERK pathway had not been explored in depth to this date. Only a recent article, described that
ROR2 is required for Wntless-dependent activation of ERK in neuroendocrine prostate cancer [34]. Despite
melanoma cells present high constitutive activity of ERK, overexpression of ROR2 increased p-ERK levels
even further. In addition, silencing of ROR2 abrogates p-ERK levels providing evidence of the striking
capacity of ROR2 to manipulate the activity of such a critical pathway. The ability of ROR2 to
hyperactivate ERK is reminiscent of the increase in p-ERK levels observed in melanoma cells addicted to
MAPK inhibitors upon drug withdrawal. Interestingly, in both hyperactive ERK models, excessive ERK
activity is associated with an EMT-like switch [7, 35, 36] and a deleterious effect on melanoma cells by
inducing cell death via necrosis or parthanatos [35–37]. In our model, we have observed that tumors
generated upon injection with A375-ROR2 cells present abundant necrosis. We have ruled out tumor
hypoxia as the culprit not only because of the reduced size of the tumors (compared with that of control
mice) but primarily because we showed that ROR2 promotes HIF-1α upregulation. Interestingly, the
necrotic areas were surrounded by intense nuclear staining of both p-ERK and Snail. This observation is
consistent with both a Snail positive feedback loop with nuclear p-ERK [38] and the induction of
metabolic stress-induced necrosis as demonstrated in other tumor types [39, 40]. Since necrosis is often
associated with metastasis and poor prognosis of cancer patients [41] this �nding add another
mechanisms to the tumor progressing effects of ROR2 in melanoma.

It has been shown that ROR2 is a HIF-1α target [42]. Along these lines, O’Connell et al showed that
melanoma cells with an invasive phenotype induced by a hypoxic stimulus, present upregulation of ROR2
[22]. Our results suggest a far more important role for ROR2. Instead of being a marker of a more invasive
phenotype that requires a hypoxic environment to be upregulated, our data demonstrate that ROR2 is a
driver of EMT and migration in normoxic conditions. Moreover, our data reveal that ROR2 is a potent
inductor of HIF-1α in normoxia. This not only suggests a positive feedback loop between ROR2 and HIF-
1α but also that this loop, driven by ROR2 upregulation, may take place before the tumor becomes
hypoxic.

The few previous studies that investigated ROR2 in melanoma agreed that it contributes to melanoma
metastasis, following the analysis of lung colonization experiments upon intravenous injection of cells
[14, 21]. Following these observations and our �ndings on the role of ROR2 in EMT, we wanted to
determine the role of ROR2 in human melanoma metastasis. To this end, we focused on the development
of systemic metastasis in patients with regional melanoma spread. The reasons why we did not evaluate
the spread from primary tumors to distant metastasis are two-fold. First, because as opposed to patients
with regional spread (i.e. LNM), most primary tumors will never form distant metastasis. The second
reason is that primary tumors have many confounding variables affecting metastasis that can interfere
with the assessment of ROR2’s role. In contrast, many of these primary tumor features (i.e. tumor
thickness) are much less relevant for melanoma prognosis when lymph nodes spread had already
occurred. It is important to stress that the use of patients with LNM does not imply introducing a bias
with respect to ROR2 expression. Given that lymphatic dissemination does not require EMT, both ROR2-
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high and ROR2-low primary tumors are equally capable of forming LNM. Our analysis revealed that high
expression of ROR2 in LNM correlates with shorter overall and distant metastasis survival. This allows us
to speculate that, regardless of the debate about whether distant metastasis derives from the primary
tumor or LNM, increased ROR2 expression at this stage favors enhanced ERK activity, migration, and
EMT, leading to a worse prognosis. It should be noted, however, that we did not �nd any association
between ROR2 and the overall survival of metastatic samples from the TCGA-SKCM dataset
(Supplementary Fig. S4). A critical difference between the two cohorts that might explain the different
results is that the TCGA dataset is composed largely of samples from distant metastasis and therefore
their ROR2 expression values correspond to a time frame where systemic spread had already occurred.

Several pieces of evidence demonstrate that ROR2 expression is signi�cantly higher in metastasis than in
primary melanomas. These include data from melanoma tissue microarrays [14], analysis of mRNA
expression on large cohorts of patients, and data from primary and metastatic matched samples from
the same patients (this article). The high expression of ROR2 in metastatic tissues might indicate that
beyond promoting EMT and metastasis, this receptor has additional functions in metastatic outgrowths.
This observation, together with the role of ROR2 described here and in previous publications, encourages
the use of ROR2 as a therapeutic target for melanoma. ROR receptors were already proposed as potential
targets due to their restricted expression in adult tissues and their surface location [8]. Accordingly,
several monoclonal antibodies targeting ROR1 are currently in advanced clinical trials (NCT02706392,
NCT02776917, NCT03088878, NCT04441099). Likewise, the effectiveness of targeting ROR2 is being
evaluated in phase 1 and 2 clinical trials by using ROR2 antibody-drug conjugate (NCT03504488) and
Chimeric Antigen Receptor T (CAR-T) cell therapy (NCT03393936 and NCT03960060) in several solid
tumor types. Our �ndings indicates that ROR2 is a therapeutic target in melanoma and warrant further
testing in clinical trials.

Conclusions
We have shown that ROR2 promotes migration, invasion, necrosis and EMT in melanoma.
Mechanistically, induction of EMT is strongly dependent on hyperactivation of the ERK pathway and
necrosis is associated with both nuclear p-ERK and Snail expression. In addition, we demonstrated that
ROR2 expression correlates with EMT in melanoma tumor samples. Further, we show that ROR2 levels
increased in metastasis compared with primary tumors and that expression of ROR2 in LNM correlates
with both overall survival and dMFS. These �ndings indicates that ROR2 is a promising therapeutic target
in melanoma.

Materials And Methods
Cell culture. 

Melanoma lines were provided by Dr. Zeev Ronai (Sanford Burnham Prebys Medical Discovery Institute)
except for the M2 cell line that was provided by Sergio Alvarez (IMIBIO-CONICET) [43]. Cells were
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maintained in DMEM supplemented with 10% fetal bovine serum (FBS, Gibco), 100 U/ml penicillin and
100 mg/ml streptomycin (Invitrogen), at 37°C and 5% CO2. The cell lines were free of mycoplasma
contamination and were authenticated by short tandem repeat analysis as described [44]. The
concentrations of PLX4032 (10618, Cayman Chemicals) and SB202190 (10010399, Cayman Chemicals)
were 10 µM and 15 µM, respectively. DMSO was used as control.

shRNA constructs, over-expression system and viral infection

The shRNAs against ROR2 were described previously [45]. The targeting sequences are C2 shRNA 5’-
CTGGGTGTATGCCCTCATGAT-3’ and C4 shRNA 5’-CCCTGGTGCTTTACGCAGAAT-3’. Human ROR2 was
cloned into the VIRSP vector. Generation of viral particles and stable transduction were performed as
described [46,47]. 

Western blotting.         

Cell lysates were collected and processed as described [46]. The antibodies used are described in
Supplementary Table S2. The band intensities in the phosphoprotein blots were normalized with those of
the total proteins obtained from the same blots after strippingand reprobing. To draw a conclusion in a
particular experiment at least three biological (independent) replicates of paired samples were examined
to calculate the mean and standard deviation. The log transformation of FC values was calculated to
obtain a more symmetric distribution that better suits the normality assumptions of the subsequent t-test.
Tumor tissue from xenotransplanted mice were minced from the surrounding skin, homogenized and
embedded in RIPA Buffer supplemented with protease and phosphatase inhibitors in a relation of 350 µl
Buffer/20 mg tissue. The mixture was incubated for 30 minutes in agitation at 4°C. Finally, it was
centrifuged at 10000 rpm, at 4°C for 10 minutes, and supernatant was recovered and stored at -20°C.

In vivo assays.

N:NIH(S)-nu nude mice were injected subcutaneously with 2x106 A375-Empty or -ROR2 cells and tumor
growth was monitored twice a week. Tumor sizes were measured using a caliber, and tumor volumes
were calculated using the formula: volume = (2 x width x length)/2. Tumors were harvested, para�n
embedded and sectioned.

Immunohistochemistry.

Immunohistochemistry staining of tissue samples was performed as described [48]. Antigen retrieval was
by heat-induced epitope retrieval using Citrate Buffer (10 mM, pH 6) for ROR2, Vimentin, and Snail or Tris-
EDTA Buffer (Tris 10 mM and EDTA 1 mM, pH 9) for p-ERK at 100°C for 20 minutes in microwave.
Primary antibodies were incubated ON at RT in a humidi�ed chamber. The slides were analyzed using an
optic microscope (BX40, Olympus Optical Corporation, Tokyo, Japan) and imaged using a coupled digital
camera (390CU 3.2 Mega Pixel CCD Camera, Micrometrics, Spain).

Morphological analysis.
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To calculate morphometric descriptors cell outlines were used. The analysis was performed on images of
cells stained with crystal violet taken with an inverted microscope. Two hundred cells were analyzed for
each cell line. The quanti�cation of each shape descriptor was performed using ImageJ (NIH, Bethesda,
MA). Elongation was de�ned as ratio of length (maximum diameter) and the width of the cell, and
Roundness was calculated as (4 x area)/(π x perimeter)2..

Transwell migration assays.

Cells were counted and suspended in DMEM 0% FBS at a concentration of 5x104 cells/100μl. The cell
suspension was seeded on the upper chamber of a 24-well 0.8 μm pore size Cell Culture Insert (BD). The
bottom side of each insert was previously �lled with 700μl of DMEM 10% FBS. After 16 or 20h
(depending on the experiment), inserts were removed, washed, and cells that had migrated to the bottom
side of the inserts were �xed with 4% PFA and stained with 0.1% crystal violet in 10% ethanol. Pictures
were taken on Olympus Q-Colour.5 and the number of cells per �eld was counted.

Bioinformatic analysis

ROR2 was tested for association with prognostic signatures (LMC classes) [26] derived from expression
data from the Leeds Melanoma Cohort (LMC) [49]. STATA 14 (StataCorp, Texas, USA) was used to
conduct the Mann-Whitney test for group comparisons. We used three additional gene expression
datasets (GSE65904, GSE46517, and E-TABM-4) that are available from the Gene Expression Omnibus
(GEO) and the ArrayExpress databases. Dataset GSE65904 (n=214) was used to assess the link between
prognosis and ROR2 expression in lymph node metastasis (LNM). To avoid the arti�cial effects of
assigning patients with similar expression levels to different groups, a Z-score cut-off of 0.2 and -0.2 was
used to separate patients with high and low expression, respectively. Datasets GSE46517 (n=121) and E-
TABM-4, together with The Cancer Genome Atlas (SKCM-TCGA) dataset were used to compare ROR2
expression in primary and metastatic melanoma. Identi�cation of Differentially Expressed Genes (DEGs)
on dataset GSE65904 was performed using GEO2R. Three hundred and twenty one DEGs with an
adjusted p-value < 0.05 and a logFC > 1 were selected for further analysis. Gene enrichment was
performed using ShinyGO [50]. 

Statistics.

All experiments were performed at least three times. A mean and standard error was derived from all
repeated experiments. Student’s t-test and ANOVA were performed to compare groups. Values of p < 0.05
were considered statistically signi�cant. Statistical analyses were conducted using software from Graph-
Pad Prism. The number of independent experiments and speci�c statistical analyses used in each
experiment are indicated in the �gure legends.

Abbreviations



Page 11/21

EMT, epithelial-to-mesenchymal transition; FFPE, formalin-�xed para�n embedded, MSS, melanoma-
speci�c survival; LMC, Leeds melanoma cohort, GEO, Gene Expression Omnibus; DEG, Differentially
Expressed Genes ; PLX, PLX-4032, LNM, lymph node metastasis; dMFS, distant metastasis-free survival. 
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Figure 1

ROR2 promotes EMT and migration of melanoma cells. (A) Overexpression of ROR2 in A375 and
UACC903 cell lines. ROR2 expression was assessed by western blot in cells stably transduced with either
control (Empty) or a ROR2-expressing plasmid. The graphs show the mean ± S.D. of ROR2 levels
normalized to GAPDH levels and expressed as the fold change (FC) relative to the corresponding control
cell line (Empty). (B) Silencing of ROR2 in M2 and MeWo cells. ROR2 expression was assessed by
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western blot in cells stably transduced with either control (scramble) or two shRNA for ROR2 (C4 and C2).
Data were analyzed as described in A. (C, D) ROR2 induces morphological changes in melanoma cells.
(C) Phase contrast images. (D) Quanti�cation of elongation and roundness (n = 200). (E) ROR2 promotes
the expression of EMT markers. Evaluation of the expression of the indicated EMT markers in cells
described in A. The graphs show the mean ± S.D. of each protein’s levels normalized to the corresponding
loading control and expressed as the fold change (FC) relative to the corresponding control cell line
(Empty). (F) ROR2 silencing inhibits expression of mesenchymal markers. Evaluation of the expression of
the indicated EMT markers in cells described in B. The graphs show the mean ± S.D. of each protein’s
levels normalized to the corresponding loading control and expressed as the fold change (FC) relative to
the corresponding control cell line (scramble). (G) ROR2 promotes the expression of HIF-1α. Analysis of
HIF-1α expression in cell lines described in A and B. The graphs show the mean ± S.D. of HIF-1α levels
normalized to the corresponding loading control and expressed as the fold change (FC) relative to the
corresponding control cell line (Empty or scramble). (H) ROR2 increases melanoma cell migration. Cells
were allowed to migrate for 20 h. Representative images of cells that migrated through the pores of the
transwell chamber are shown. Graphs show the mean ± S.D. of the number of cells per field. (I) ROR2
silencing inhibits melanoma cell migration. Cells were allowed to migrate for 16 h. Data were analyzed as
in H. Statistical signi�cance was tested by a one-tailed Student's T-Test or ANOVA as appropriate. n=3
unless otherwise indicated. ***: p<0.0001.

Figure 2

ROR2 associates with EMT signatures in melanoma patients. (A) ROR2 mRNA expression is strongest in
LMC class 6 which has activation of EMT and poor survival. LMC class 3 with the worst survival was
used as a baseline for comparison [26]. Mann-Whitney test for group comparisons was used. ns: not
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signi�cant, **: p<0.001, ***: p<0.0001. (B) Biological processes enriched in DEGs upregulated in patients
with high ROR2 levels from dataset GSE65904.

Figure 3

EMT induction by ROR2 is mediated by increased ERK phosphorylation. (A) ROR2 increases ERK
phosphorylation. Western blot analysis of p-ERK levels in A375 and UACC903 cells lines expressing
ROR2. The graphs show the mean ± S.D. of p-ERK level normalized to total ERK levels and expressed as
the fold change (FC) relative to the corresponding control cell line (Empty). (B) ROR2 silencing inhibits
ERK phosphorylation. Western blot analysis of p-ERK levels in M2 and MeWo cells upon ROR2 silencing.
The graphs show the mean ± S.D. of p-ERK level normalized to total ERK levels and expressed as the fold
change (FC) relative to the corresponding control cell line (scramble). (C) PLX similarly inhibits p-ERK in
A375-Empty and A375-ROR2 cells. A375-Empty and A375-ROR2 cells were incubated with 10 μM PLX for
the indicated times and protein extracts were analyzed by western blot with the indicated antibodies.
GAPDH was used as loading control. The graph shows the mean ± S.D. of p-ERK levels in ROR2-
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expressing cells normalized to total ERK levels and expressed as the fold change (FC) relative to
untreated cells. (D) PLX inhibits the increase in EMT markers induced by ROR2. The cells were treated
with 10 μM PLX for 12h. The graphs show the mean ± S.D. of each protein’s levels normalized to the
corresponding loading control and expressed as the fold change (FC) relative to untreated cells. (E) HIF-
1α expression is regulated by the MAPK/ERK pathway. PLX inhibits HIF-1α expression in both A375-
Empty and A375-ROR2 cells. The cells were treated with 10 μM PLX for the indicated times. The graphs
show the mean ± S.D. of HIF-1α levels normalized to the corresponding loading control and expressed as
the fold change (FC) relative to untreated cells. Statistical signi�cance was tested by a one-tailed
Student's T-Test or ANOVA as appropriate (n = 3). ***: p<0.0001, n.s.: no signi�cant.

Figure 4

ROR2 induces EMT and invasion in vivo. (A) ROR2 expression inhibits tumor growth. A375-Empty and
A375-ROR2 cells were xenotransplanted in nude mice (6 per group) and tumor volume was monitored
twice weekly. The graph show the mean ± S.D. of the tumor volume after six weeks. Statistical
signi�cance was tested by a one-tailed Student's T-Test, ***: p<0.0001. (B) Tumor cells from mice injected
with A375-ROR2 present an elongated shape. Histological analysis of representative H&E-stained FFPE
sections (200x magni�cation). (C) Tumors from mice injected with A375-ROR2 present increased levels
of p-ERK and of EMT markers. Western blot analysis of the indicated proteins in tumors extracts (four
mice per group). Actin and GAPDH were used as loading controls. (D) Tumors expressing ROR2 show
massive expression of p-ERK, Snail and Vimentin. Representative images at 40x magni�cation of IHC
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staining of tumor sections. (E) In�ltration of �bromuscular tissue by melanoma cells in tumors from
A375-ROR2 injected mice. Solid lines show the tumor-muscle interface in A375-Empty tumors. Tumor
cells invading muscle tissue were not observed. In A375-ROR2 tumors, dotted lines indicate regions of
muscle tissue surrounded by invading tumor cells. Representative images at 100x magni�cation are
shown.

Figure 5

Tumors from mice injected with A375-ROR2 cells presents extensive necrosis. (A) Histological analysis of
representative H&E-stained FFPE sections from A375-ROR2 tumors show extensive areas of necrosis
(dotted lines) at low magni�cation (40x). Graph shows the mean ± S.D. of the relative area of necrosis.
(B) Tumors from mice injected with A375-ROR2 display increased expression of HSP90 and 14-3-3.
Western blot analysis of the indicated proteins in tumors extracts (four mice per group). Actin was used
as loading control. (C) Tumors from mice injected with A375-ROR2 display increased necrotic cleavage of
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PARP. Western blot analysis of PARP expression in tumors extracts (four mice per group). Uncleaved
PARP (116 kDa) and three PARP cleaved forms (89, 72, and 55 kDa) are shown. Cleavage of PARP that
give rise to 72 and 55 kDa forms is the result of necrotic cell death [29]. The graph shows the mean ± S.D.
of each cleaved PARP forms normalized to the amount of uncleaved PARP and expressed as the fold
change relative to control (A375-Empty) tumors. Statistical signi�cance was tested by a one-tailed
Student's T-Test. ***: p<0.0001. (D) A375-ROR2 tumors present strong nuclear p-ERK and nuclear Snail
staining adjacent to necrotic areas. Representative images at 40x magni�cation of both IHC and H&E
staining of tumor sections.

Figure 6

ROR2 expression in lymph node metastasis correlates with shorter survival. (A) Melanoma patients
presenting LNM with high ROR2 levels have shorter overall survival. Overall survival curves of melanoma
patients with low (Z-score < -0.2, n = 105) and high (Z-score > 0.2, n = 40) ROR2 levels. (B) Distant
metastasis-free survival curves of melanoma patients with low (Z-score < -0.2, n = 100), high (Z-score >
0.2, n = 37) and very high (Z-score > 1, n=17) ROR2 levels. Data for (A) and (B) are from the GSE65904
dataset. Statistical signi�cance was determined by the Log-rank Test. Hazard Ratio (HR) and P are
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shown. (C) Analysis of ROR2 mRNA levels in melanoma samples. Violin plot showing ROR2 mRNA
expression in 103 primary melanoma and 361 metastatic melanomas from the TCGA-SKCM dataset.
Statistical signi�cance was determined by an unpaired T-Test with Welch's correction for unequal
variance. *: p<0.01. (D) ROR2 expression is higher in metastasis than in primary tumors. Violin plots of
ROR2 mRNA levels in samples (n = 31 and 73, for primary and metastatic tumors, respectively) from the
GSE46517 dataset. Statistical signi�cance was tested by a one-tailed Student's T-Test. **: p<0.001. (E)
ROR2 expression is higher in metastasis than in matched primary tumors. ROR2 mRNA levels from nine
pairs of matched primary and metastatic samples from the dataset E-TABM-4 are connected with a line.
Statistical signi�cance was determined by a paired, one-tailed Student's T-Test using log transformed
values. *: p<0.01. The plot shows untransformed data for a clearer visualization of the data points.
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