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2 Abbreviations 
 

4-HT: 4-hydroxytamoxifen 

Bb: Hair bulb 

Bg: Hair bulge 

EMT: Epithelial-to-mesenchymal transition 

EMT-TF: Epithelial-to-mesenchymal transition transcription factor 

gDNA: Genomic DNA 

HF: Hair follicle 

Hg: Hair germ 

KM: Kaplan-Meier 

Mc: Melanocyte 

MSC: Melanocyte stem cell 

PBS: Phosphate-bupered saline 

PBSTx: Phosphate-bupered saline and Triton X-100 

PBSTw: Phosphate-bupered saline and Tween 20 

PCR: Polymerase chain reaction 

PFA: Paraformaldehyde 

qRT-PCR: Quantitative reverse-transcription polymerase chain reaction 

RT-PCR: Reverse-transcription polymerase chain reaction 

SEM: Standard error of the mean 

TA: Transit-amplifying cells 

TF: Transcription factor 

TPA: 12-O tetradecanoyl phorbol 13-acetate
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3 Abstract 
 

 

Cutaneous melanoma is a highly aggressive skin cancer characterized by phenotypic 
plasticity and intratumoural heterogeneity. While a role of epithelial-to-mesenchymal 
transition transcription factors (EMT-TFs) in melanoma progression has been 
proposed, their contribution to melanomagenesis remains poorly understood. This 
study investigates the contribution of the EMT-TFs Prrx1 and Snail 1 to melanoma 
development using genetically engineered mouse models and in vitro melanocyte 
assays. We show that Prrx1 and Snail1 are expressed in melanocytes during the 
anagen phase of the hair cycle and in early melanomas, but their expression 
diminishes as tumours progress. Conditional knockout of Prrx1 in melanocytes 
accelerates melanoma onset and increases tumour number, without apecting 
proliferation.  

Mechanistically, Prrx1 loss leads to upregulation of Snail1, which enhances stem-like 
properties in melanocytes. In contrast, Snail1 depletion delays melanoma initiation, 
and combined loss of Prrx1 and Snail1 phenocopies the wild-type phenotype, 
supporting that the mechanism by which Prrx1 depletion promotes 
melanomagenesis is driven by Snail1. In vitro experiments indicate a unidirectional 
regulatory axis where Prrx1 attenuates Snail1 expression via the miR-15 family 
microRNAs. These findings suggest that Prrx1 acts as a tumour suppressor in 
melanoma and highlight a novel Prrx1–Snail1 axis that regulates early melanocytic 
transformation. These results refine our understanding of melanoma initiation and 
suggest that targeting transcriptional reprogramming could oper new avenues for 
early intervention. 
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4 Resumen 
 

 

El melanoma cutáneo es un cáncer de piel altamente agresivo, caracterizado por una 
notable plasticidad fenotípica y heterogeneidad intratumoral. Aunque se ha 
propuesto que los factores de transcripción inductores de la transición epitelio-
mesénquima (EMT-TFs, por sus siglas en inglés) tienen una función clave en la 
progresión del melanoma, su contribución a la iniciación tumoral no ha sido 
totalmente esclarecida. En este estudio hemos investigado la función de EMT-TFs 
Prrx1 y Snail1 en el desarrollo del melanoma, utilizando modelos murinos 
modificados genéticamente y ensayos in vitro con melanocitos inmortalizados. 
Nuestros resultados muestran que Prrx1 y Snail1 se expresan en melanocitos durante 
la fase anágena del ciclo folicular y en lesiones tempranas de melanoma, pero su 
expresión disminuye a medida que los tumores progresan. La depleción condicional 
de Prrx1 en melanocitos acelera la aparición del melanoma e incrementa el número 
de tumores, sin afectar la proliferación.  

Mecanísticamente, la pérdida de Prrx1 conduce a una sobreexpresión de Snail1, lo 
que potencia las propiedades de tipo célula madre en los melanocitos. En cambio, la 
eliminación de Snail1 retrasa el inicio del melanoma, y la depleción combinada de 
Prrx1 y Snail1 reproduce el fenotipo observado en animales silvestres, lo que 
respalda que el mecanismo por el cual la pérdida de Prrx1 promueve la 
melanomagénesis está mediado por Snail1. Nuestros experimentos in vitro indican 
la existencia de un bucle regulador unidireccional en el que Prrx1 atenúa la expresión 
de Snail1 a través de microARNs de la familia miR-15. Estos hallazgos sugieren que 
Prrx1 actúa como un supresor tumoral en el melanoma y destacan un nuevo eje 
regulador Prrx1–Snail1 que controla la transformación melanocítica temprana. En 
conjunto, estos resultados refinan nuestra comprensión de la iniciación del 
melanoma y sugieren que el abordaje de la reprogramación transcripcional podría 
ofrecer nuevas oportunidades para intervenciones tempranas. 
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5 Introduction 

5.1 Melanoma: Clinical and Molecular context 

5.1.1 Epidemiology and clinical relevance of cutaneous melanoma 

Melanoma represents a highly aggressive cancer type that originates from cells of the 
melanocytic lineage, that are pigment-producing cells mostly located in the basal 
layer of the epidermis in humans (Centeno et al., 2023). These cells derive from neural 
crest delaminating cells during development (Mort et al., 2015). 

Cutaneous melanoma, the most common form of melanoma, occurs in the skin and 
is highly associated with exposure to ultraviolet radiation. This type of cancer 
accounts for 90% of skin cancer mortality, even their incidence rate is much lower 
than other types of skin cancer (Garbe et al., 2022). 

Historical records show that over the period of 1990 to 2021, the global melanoma 
incidence and deaths increased by 182% and 86.1%, respectively (Y. Sun et al., 2025). 
This incidence varies across diperent regions, where the higher incidence 
concentrates in North America, Europe, Russia, Australia and New Zealand (Y. Sun et 
al., 2025). 

In recent years in Europe, a dramatic increase in the incidence of melanoma in 
patients over the age of 60 has been detected, especially in men. This increase is also 
accompanied with an increase in all age groups, and its predicted to continue 
increasing over the next decades (Garbe et al., 2022). Additionally, estimated new 
cancer cases for melanoma reaches more than 100.000 patients for 2025 in the 
United States, with around 8000 expected deaths (Siegel et al., 2025). 

The risk of developing cutaneous melanoma is strongly correlated with UV exposure, 
skin phototype and ethnic background (Arnold et al., 2018). The incidence also varies 
by age and sex, and this factor is also associated with diperences in the anatomical 
site where melanoma develops —adolescent and young adult women have higher 
incidence rates than men, but mortality rates are higher in males than in females 
(Raimondi et al., 2020). But among them, intermittent UV-light exposure and 
accumulated sunburn-derived damage encompass the higher risk factor of 
cutaneous melanoma (Raimondi et al., 2020). 

Together with the increasing risk of developing melanoma, its clinical burden is high 
due to its aggressive metastatic potential and its resistance to conventional therapies 
(Garbe & Eigentler, 2007). Historically, advanced melanomas were considered one of 
the solid tumours most refractory to therapy, although new advances in targeted 
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therapies and immune checkpoint blockade agents have greatly improved the 
management of a proportion of melanoma patients (Curti & Faries, 2021; Garbe & 
Eigentler, 2007). 

Even though the current trend of melanoma increase is important, recent evidence 
suggests that part of the increasing incidence could also be explained by both 
improved surveillance and earlier diagnosis (Erdmann et al., 2013). New approaches, 
using advanced imaging diagnosis based on artificial intelligence, could facilitate 
even earlier melanoma diagnosis (Yan et al., 2025), although these technologies still 
need refinement (Frasier et al., 2025). 

As mentioned above, over the past two decades, new approaches in immunotherapy 
and targeted therapy has revolutionised the treatment of melanoma, especially for 
metastatic disease (Curti & Faries, 2021). A rapid decline in death rates for melanoma 
patients has been reported as these new therapies are used in the clinic (Filho et al., 
2025; Sung et al., 2021). However, although much eport has been put into reducing 
mortality rate and morbidity in melanoma, many patients do not respond or became 
resistant to these treatments. Melanoma remains as an important public health 
concern globally, remarking the importance of further research in this area. 

5.1.2 Common early genetic mutations 

Melanoma has a heterogeneous genetic background, as diperent signalling pathways 
can be hijacked to induce tumorigenic features, that could variate during progression 
among diperent tumoral subpopulations (Shain et al., 2015). Among them, most 
common mutations (Figure 1) are present in mitogen-activated protein kinase (MAPK) 
pathway genes and tumour suppressors (Akbani et al., 2015). 

MAPK pathway mutations: 

• BRAF. These mutations are the most common mutations in cutaneous 
melanoma, present in approximately 50% of patients. These mutations are 
widely present in nevi and are related to intermittent sun-exposure and 
prevalently present in younger patients (Akbani et al., 2015; Garbe et al., 2022). 
The most common variant is BRAFV600E, a mutation that constitutively activate 
the MAPK/ERK pathway, promoting cell proliferation and progression of 
disease (Akbani et al., 2015). 

• NRAS. These mutations are present is around 20% of patients, and lead to the 
activation of the MAPK and PI3K/AKT pathways (Akbani et al., 2015; 
Chudnovsky et al., 2005). This activating mutation cause dysregulation of the 
cell-cycle and cellular proliferation signals and has been identified as a 
predictor of shorter survival (Jakob et al., 2012).  
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• NF1. Mutations in this gene are present in 10-15% of cutaneous melanomas, 
mostly found in sun-damaged skin of older patients, and associated to a high 
mutation burden (Akbani et al., 2015). As a RAS repressor, inactivation of this 
gene results in hyperactivation of the MAPK pathway. 

 

Figure 1. Oncogenic pathways commonly altered in melanoma. Mutations in NRAS and BRAF 
lead to constitutive MAPK pathway activation, while NRAS and tyrosine-kinase receptors (TKR) 
can activate the phosphatidylinositol 3’ kinase (PI3K), leading to uncontrolled proliferation and 
survival. PTEN loss leads to failure in repression of the PI3K cascade. NF1 mutations lead to 
impairment in RAS dephosphorylation. CDKN2A mutations gene leads to loss of p14ARF or 
p16INK4A proteins, or both, compromising senescence pathways. In addition, p53 mutation 
facilitates senescence scape. TERT promoter mutations enhance cell survival independently. 
Adapted from Davis et al., 2019. Created with BioRender.com.  

Interestingly, depending on the melanoma anatomical site and the level of UV 
radiation exposure, diperent molecular signatures have been identified as oncogenic 
drivers for melanoma. For instance, melanoma in trunk and limbs with low UV 
exposure are associated with BRAF mutations, but melanomas in the head and neck 
with high UV exposure are most likely to have NRAS or other RAS mutations (Garbe et 
al., 2022).  
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Commonly lost tumour suppressor genes: 

• TERT. Among common secondary mutations in melanoma progression, 
mutations in TERT promoter arises the earliest after oncogene driver 
mutations (BRAF, NRAS, NF1). These mutations contribute to immortalization 
by increasing telomerase activity (Shain et al., 2015).  

• CDKN2A. This gene is a well-known melanoma tumour suppressor that 
encodes for two proteins by alternative splicing: p16INK4A, that indirectly 
inhibits cell cycle progression; and p14ARF, which inhibits a negative regulator 
of TP53 (Hodis et al., 2012). 

• PTEN. Loss of PTEN expression is found at later stages of melanoma 
progression, as it is mostly absent in thicker, invasive melanomas (Shain et al., 
2015), Inactivation of this gene leads to PI3K/AKT pathway activation, 
promoting survival and therapy resistance (Dankort et al., 2009; Paraiso et al., 
2011). PTEN mutations and deletions were more frequently found in BRAF-
driven melanomas (Akbani et al., 2015). 

• TP53. Mostly present in later stages of melanoma progression, close to 
metastatic dissemination stages (Shain et al., 2015), this mutation is less 
frequently found in melanoma than in other cancer types —genetic pressure 
to mutate TP53 directly is reduced due to frequent deletion of the CDKN2A 
locus (Hodis et al., 2012). Even though, UV radiation could directly mutate 
TP53 in a BRAF melanoma background, increasing tumour burden (Viros et al., 
2014). 

5.1.3 Melanoma Progression 

Melanoma develops due to a series of mutations and alterations, enabling 
melanocytic lesions to progress to malignant stages. Primary melanomas are often 
found in association with precursor lesions (benign nevi and dysplastic nevi), from 
where in situ melanomas arise (Shain & Bastian, 2016). 

To study melanoma progression, Clark proposed a model to classify changes across 
melanoma development (Clark et al., 1984), that was later simplified in five phases 
(Figure 2). The current model is described below: 

• Nevi acquisition. Benign nevi, either congenital or acquired, have very low 
likelihood to progress to melanoma, although its high prevalence makes them 
contributors to a considerable portion of melanomas (Shain & Bastian, 2016). 
MAPK pathway mutations are present in this stage: BRAF mutations are 
associated with acquired nevi, while NRAS mutations are associated with 
congenital nevi (Roh et al., 2015). During this phase of early proliferation, 
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senescence program is activated to retain proliferation, thus other mutations 
are necessary for melanoma to progress (Roh et al., 2015). 

• Dysplastic nevi. Hyperactivation of the MAPK pathway leads to the 
transformation of benign nevi to dysplastic nevi, harbouring variable 
pigmentation, asymmetry and/or irregular borders (Shain & Bastian, 2016). In 
addition to MAPK driver mutations, loss of tumour suppressors such as 
CDKN2A (Melnikova et al., 2004) or PTEN (Dankort et al., 2009) are detected, 
favouring malignant transformation. 

• Radial growth phase (RGP). This phase, also known as melanoma in situ, 
shows melanocytic hyperproliferations contained inside the epidermal 
regions (Miller & Mihm, 2006). It have been linked to the presence of TERT 
mutations (Shain & Bastian, 2016) and increased levels of Cyclin D1 (Miller & 
Mihm, 2006).  

 

Figure 2. Stages of melanoma progression. DiTerent stages of cutaneous melanoma 
development from nevus to metastatic melanoma, following the revised Clarck model. Most 
common mutations and molecular signatures are shown in each stage. Created with 
BioRender.com. 

• Vertical growth phase (VGP). Also known as invasive melanoma, this phase 
is characterized by the invasive capabilities that lead to dermal invasion and 
proliferation, associated with high number of acquired molecular changes, 
including TP53 mutations (Akbani et al., 2015), that make possible this 
behaviour (Miller & Mihm, 2006; Shain & Bastian, 2016). In addition, loss of E-
cadherin expression and acquisition of N-cadherin expression, common 
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hallmark of epithelial-to-mesenchymal transition (Nieto et al., 2016), 
facilitates invasion of these cells (Miller & Mihm, 2006). 

• Metastatic melanoma (MM). At this phase, melanoma cells are able to 
detach from the primary tumour and disseminate to other organs, where they 
can successfully proliferate and stablish a metastatic lesion (Miller & Mihm, 
2006). Similarly to other solid tumours, metastases generally appear first in 
sentinel lymph nodes, that later will spread to distant organs (Shain & Bastian, 
2016). 

During melanoma progression, molecular alterations accumulate to promote 
melanocyte transformation, dermal invasion and metastatic dissemination. As a 
result, melanomas show high genetic and phenotypic heterogeneity, which enhances 
inter-tumoral diversity and complicates prognosis and treatment (Rambow et al., 
2018; Shain & Bastian, 2016). 

5.1.4 Melanoma plasticity and phenotypic switching 

Phenotypic plasticity is a defining hallmark of melanoma, representing one of the 
most formidable barriers to epective and durable treatment of the disease. Unlike 
other solids tumours, melanoma cells undergo reversible non-genetic transitions 
between transcriptionally and functionally distinct cell states (Florian Rambow et al., 
2019; Rambow et al., 2018). These transitions are influenced by intrinsic 
transcriptional programs (Wouters et al., 2020), tumour microenvironment and 
therapeutic stress (Rambow et al., 2018). 

A central regulator of this plasticity is the microphthalmia-associated transcription 
factor (MITF), the master regulator of the melanocyte lineage. MITF expression follows 
a rheostat model, where diperent levels of MITF correspond to distinct cell states 
(Hoek et al., 2008). Melanoma cells expressing MITFhigh levels are typically associated 
with proliferation, pigmentation and sensitivity to therapy, while MITFmid and MITFlow 
cells are associated with dediperentiation, invasiveness and therapy resistance 
(Rambow et al., 2018). MITFlow cells frequently express markers of neural crest or 
mesenchymal programs, which makes them more motile and invasive, supporting 
metastatic dissemination (Karras et al., 2022). 

In addition to MITF, other factors have been proposed to modulate 
proliferative/invasive balance in melanoma cells. For instance, TFAP2 may control 
proliferative versus invasive profiles, and also it has been shown that these two 
populations may cooperate during blood circulation forming heterotypic clusters, 
leading to increased metastatic burden (Campbell et al., 2021). 

This transcriptional and phenotypic heterogeneity account for diperent cell 
populations among the tumour, but also for temporal changes (Rambow et al., 2018; 
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Rowling et al., 2020). Single-cell transcriptomic studies have revealed the co-
existence of multiple phenotypic states within a single tumour, supporting the idea of 
intra-tumoral heterogeneity as a tumour survival strategy (Karras et al., 2022; Wouters 
et al., 2020). This plasticity allows subpopulations of melanoma cells to evade 
immune surveillance, often through downregulation of antigen presentation 
machinery (Pozniak et al., 2024) or upregulation of immune checkpoint molecules 
such as PD-L1 (Jerby-Arnon et al., 2018). 

Importantly, melanoma phenotypic switch plays a major role in resistance to targeted 
therapies. For instance, treatment with BRAF and MEK inhibitors often show an initial 
response to tumour regression, but this also leads to a phenotypic selection of a 
subset of cells that are resistant to therapy. Selection maintains cells that shift 
towards a slow-cycling (or quiescent) and drug-tolerant state, often associated with 
MITFlow and AXLhigh expression (Kemper et al., 2014; Rambow et al., 2018). This 
resistance is due to transcriptional or epigenetic mechanisms, as drug withdrawal 
often results in cells reverting to proliferative states (Rambow et al., 2018). 

Among diperent subpopulations of melanoma cells, there is a particularly plastic one 
that exhibits features of cancer stem-like cells (CSCs). Interestingly, the presence of 
CSCs, theorized as a rare subpopulation of cells within the tumour that are the only 
cells with the capacity to initiate and sustain tumour growth, has not been confirmed 
in melanoma. However, plastic neural-crest stem-like cells with dynamic behaviour 
that show stem cell properties could fulfil this role. These cells, enriched in 
dediperentiated markers, display self-renewal, drug resistance and quiescence 
(Arozarena & Wellbrock, 2019), and may dynamically arise under stress conditions, 
contributing to minimal residual disease and late relapse (Rambow et al., 2018). 

Altogether, literature highlights the importance of understanding the role and 
mechanisms of phenotypic plasticity of melanoma, as it takes a major role in 
modulating melanoma progression, immune evasion and therapy resistance. 

5.1.5 Challenges in early detection and current therapeutic approaches 

Early detection remains the cornerstone of melanoma outcomes, as survival rate 
strongly depends on tumour stage at diagnosis. The most used histopathological 
diagnostic factor is Breslow thickness, that measures tumour vertical depth of 
invasion, from the granular layer of epidermis to deepest tumoral cell: stage I (<1mm), 
stage II (1 - 2mm), stage III (2.1 - 4mm), stage IV (>4mm). Proposed initially by Breslow 
(Breslow, 1970), has been revised and updated including ulceration, tumour-
associated inflammation and regression in the latest AJCC staging manual. 
Histological diagnosis is typically confirmed by biopsy followed by 
immunohistochemistry (Davis et al., 2019). In addition, sentinel lymph node biopsy 
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plays a key role in staging patients with intermediate-thickness melanoma and 
provides additional prognostic insight (Wong et al., 2012). 

Despite the epicacy of clinical and dermoscopic screening, melanoma remains 
challenging due to its broad phenotypic heterogeneity. Artificial intelligence-based 
algorithms have demonstrated high sensitivity and specificity, comparable to experts 
(Yan et al., 2025), although it still needs to overcome some problems with 
overrepresentation of certain types of skin (Frasier et al., 2025). 

In advanced disease, metastasis detection involves a multimodal approach. Whole 
body PET/CT and brain MRI are standardized for identifying metastasis (Horton et al., 
2025). In parallel, liquid biopsy techniques such as circulating tumour DNA (ctDNA) 
analysis are emerging as promising tools for detecting minimal residual disease and 
monitoring therapy response (Sacco et al., 2020). 

On the therapeutic front, targeted therapies have been developed to combat 
molecular alterations present in melanoma. BRAF-mutant melanoma (approximately 
50% of patients) is commonly treated with dual BRAF and MEK inhibitors, which has 
substantially improved patient outcomes. However, primary resistance, no initial 
response, and acquired resistance, relapse after initial benefit, remain major 
obstacles (Robert et al., 2019). 

The most epective treatments for metastatic melanoma to date are immune 
checkpoints inhibitors, the first of which was approved for clinical use in 2011 (Davis 
et al., 2019). PD-1 inhibitors have demonstrated durable clinical responses in up to 
40% of metastatic melanoma patients, even better when in combination with CTLA-4 
inhibitors, in expenses of increased immune-related adverse epects (Davis et al., 
2019). Immunotherapy resistance may also arise, through mechanisms such as loss 
of antigen presentation mechanisms (Sade-Feldman et al., 2017), T-cell exclusion, or 
WNT/β-catenin signalling, among others (Restifo et al., 2016). 

Emerging strategies aim to overcome resistance via novel immunomodulatory agents, 
including LAG-3 inhibitors, oncolytic viruses, personalized cancer vaccines and 
adoptive T-cell therapy (Chan & Corrie, 2024). Other strategies tend to enhance 
immunotherapy response, including modulation of tumour microenvironment cells 
(Rodriguez-Baena et al., 2025) and metabolic rewiring (Redondo-Muñoz et al., 2023). 

5.2 Melanocyte biology and origin 

In the skin, melanocytes and keratinocytes at the basal layers of the epidermis create 
the epidermal-melanin unit, which is a photo-barrier that provides protection against 
the harmful epects of UV radiation (Lin & Fisher, 2007). Upon UV exposure, 
keratinocytes release melanocyte-stimulating hormone (α-MSH), which activates 
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cAMP signalling pathway in melanocytes via melanocortin-1 receptor (MC1R) 
(Rodríguez & Setaluri, 2014). The activated melanocytes produce melanin in 
specialized vesicles known as melanosomes, which are then transported to the 
keratinocytes to provide the protective pigment (Mort et al., 2015). The accumulation 
of melanin in keratinocytes provides thermoregulation, skin pigmentation and 
protection against UV-induced genomic alterations (Lin & Fisher, 2007). Aberrations 
in melanocyte biology can lead to proliferation disorders, benign melanocytic 
neoplasms (moles or nevi), or malignant lesions like melanoma (Centeno et al., 
2023).  

5.2.1 Embryonic origin of melanocytes from the neural crest 

During embryonic development, neural crest cells (NCCs) delaminate from the 
neural tube undergoing EMT. These cells migrate to distinct locations in the embryo, 
where they diperentiate into various cell types, including neural, cartilage, bone and 
melanocytic cells (Brombin & Patton, 2024).  

Melanocytes classically arise from dorsolaterally migrating NCCs, upon activation of 
MITF, the master regulator of melanocyte lineage, committing cell fate towards the 
melanocytic lineage (Brombin & Patton, 2024). In addition to this stream of NCCs, 
Schwann cells precursors could serve as a secondary source of melanocytes, as they 
can detach form distal end of nerves and diperentiate into melanocytes (Adameyko 
et al., 2009). This additional source of melanocytes explains the origin of melanocytes 
located in heart, meninges, inner ear and other locations diperent from skin (Kaucka 
et al., 2021). 

Migratory MITF expressing cells, termed as melanoblast, undergo proliferation, 
directional migration and diperentiation, regulated by key signalling pathways such 
as KIT and WNT, among others. These cells will populate the basal layer of epidermis 
and developing hair follicles (Brombin & Patton, 2024).  

In mouse, melanoblast colonize both interfollicular epidermis and follicular regions, 
but maintenance of this populations changes towards adulthood. Follicular 
melanoblasts, that will stablish melanocyte stem cells (MSCs) pool in the bulge of the 
outer root sheath of the hair follicle, will serve a resource for melanocytes during 
adulthood (Brombin & Patton, 2024). Interfollicular melanoblast, by contrary, will 
completely disappear at few days after birth in hairy skin (Mort et al., 2015), but will 
be maintained in tail skin (Glover et al., 2015). In contrast, human skin retains 
melanocytic cells in both compartments in adulthood, though density varies by 
anatomical site an phototype (Slominski et al., 2004). 
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5.2.2 Maintenance of the melanocytic lineage in adult skin 

In adult mammals, the maintenance of the melanocytic lineage relies on the 
persistence and cyclic activity of melanocyte stem cells (MSCs), primarily located in 
specialized niches within the hair follicle.  

In humans, melanocytes are present both in the interfollicular dermis, under basal 
lamina in the epidermis, and within hair follicles, contributing to constitutive skin 
pigmentation and hair colour (Lin & Fisher, 2007). Within the interfollicular 
compartment, a melanocytic subpopulation characterized by cKit-/CD90+/TYRP1- 
profile has been detected, proposed as a reservoir population for interfollicular 
melanocytes (Michalak-Mićka et al., 2022). Within the hair follicles, MSCs reside in 
the bulge region of the outer root sheath (Bedogni & Paus, 2020). 

In mice, interfollicular melanocytes are lost within the first postnatal week, with the 
exception of tail skin interfollicular melanocytic cells (Glover et al., 2015). In the 
follicular compartment, MSCs residing in the bulge give rise to transit-amplifying cells 
(TA), that will migrate and diperentiate into melanocytes in the hair bulb, contributing 
to hair pigmentation (Bedogni & Paus, 2020). However, recent studies indicate that 
this population is not a static stem-cell reservoir, but in fact MSCs toggle between 
transit-amplifying (TA) and stem cells states for both self-renewal and generation of 
mature progeny (Q. Sun et al., 2023). 

The hair follicle functions as a cyclic unit composed of three major phases (Figure 3): 

• Anagen (growth phase). During this phase, MSCs exit quiescence and divide, 
giving rise to transit-amplifying cells. This process is controlled by the 
activation of WNT/β-catenin signalling pathway in coordination with epithelial 
stem cells residing in the bulge (Rabbani et al., 2011), and MSC proliferation 
depends on CRAF and BRAF activation (Valluet et al., 2012). Later, these 
progenitors actively migrate to the newly forming secondary hair germ, where 
they diperentiate into mature melanocytes. However, it has been shown very 
recently that transient-amplifying cells, that already express diperentiation 
markers such as Tyrp1, can dediperentiate back into MSCs. (Q. Sun et al., 
2023). 

• Catagen (regression phase). During this phase, the hair follicle undergoes 
massive apoptosis and involution. Lower and middle parts of the hair follicle 
undergo apoptosis and are eliminated, while a subset of progenitors in the 
bulge survives this remodelling process (Schneider et al., 2009). 

• Telogen (resting phase). During this phase, the pigmentary unit is inactive, and 
the follicle awaits cues to activate WNT/β-catenin pathway and re-enter 
anagen (Rabbani et al., 2011). TGF-β produced by multipotent hair follicle 
stem cells residing in the bulge maintain stemness properties of MSCs in the 
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niche, by promoting quiescence, survival and inhibiting diperentiation 
(Blanpain & Sotiropoulou, 2010; Nishimura et al., 2010). 

Understanding the anatomical location and functional behaviour of melanocytes 
across distinct skin compartments is essential to elucidate the cellular origins of 
melanoma. Recent studies have revealed that melanoma may arise from both 
terminally diperentiated melanocytes (Köhler et al., 2017) and MSCs/progenitor cells 
residing the in the hair follicle niche (Q. Sun et al., 2019). Given this dual potential, 
comprehensive characterization of both interfollicular and follicular melanocytic 
populations is critical for deciphering the mechanisms of tumour initiation and 
heterogeneity. 

 

Figure 3. Simplified overview of hair cycle progression. Hair is maintained stable during 
telogen, where MSCs remain quiescent waiting for hair cycle initiation cues. During early anagen, 
activated MSCs migrate and divide giving rise to TA cells, that populate the hair germ or revert to 
MSCs to refuel stem cell niche. Later in anagen, TA cells will diTerentiate to melanocytes, that 
are necessary for hair pigmentation or reverse back to MSCs. Once new hair is generated, during 
catagen, hair bulb degeneration and regression prepares the hair follicle for the next telogen 
stage. Bb: Hair bulb, Bg: Hair bulge, Hg: Hair germ, Mc: Melanocytes, MSCs: Melanocyte stem 
cells, TA: Transit-amplifying cells. Created with BioRender.com.  

5.2.3 Melanoma initiation and contribution of the melanocytic lineage 

Melanoma initiation is a highly context-dependent process that can originate from 
multiple cellular sources within the melanocytic lineage, including melanocyte stem 
cells (MSCs), melanoblasts and terminally diperentiated melanocytes. 
Understanding how these cell types respond to oncogenic induction across 
anatomical sites and diperentiation states is key to elucidate melanoma 
heterogeneity and therapeutic resistance. 
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Zebrafish models have provided critical insights into melanoma initiation dynamics. 
Due to their transparency and genetic tractability, this model allows real-time 
visualization of melanoma initiation upon melanocyte transformation. Taking this in 
advantage, Zon laboratory elegantly described how melanocytes harbouring 
BRAFV600E mutations were not able to transform into melanoma until they recover the 
expression of neural-crest like signatures (Crestin, SOX10), detecting clonal 
melanoma outgrowth from these cells —thus highlighting the reemergence of 
progenitor-like identity as an additional step for melanoma initiation (Kaufman et al., 
2016).  

Another study directly tackles the propensity for melanocytic cells to undergo 
melanomagenesis. Using zebrafish with a BRAFV600E/ TP53-/- background combined 
with diperent cell-stage dependent promoters, the authors observed that neural crest 
and melanoblast, but not melanocytes, can be readily transformed. The propensity 
seems to depend on the expression of chromatin-remodelling factors that are 
reduced during melanocyte diperentiation (Baggiolini et al., 2021). 

Studies using mouse models have tried to resolve the controversy among the cell of 
origin of melanoma. For instance, some studies using the Tyr::Cre-ERT2/ BrafV600E/ 
Ptenfl/fl mouse model (Dankort et al., 2009) indicate that melanoma can arise from 
MSCs that reside in the bulge region of the hair follicle, upon activation of these cells. 
In this case, melanoma induction required an activating stimulus, either intrinsic hair 
follicle anagen or UV radiation stress. However, the activation of the Cre recombinase 
during or in the progression to telogen was not able to induce melanoma indicating 
that bulge-residing quiescent MSCs during telogen are resistant to melanoma 
induction (Moon et al., 2017). In addition, another study using c-Kit::Cre-ER/ BrafV600E/ 
Ptenfl/fl model, that targets MSCs and not diperentiated melanocytes, also showed 
that MSCs give rise to melanoma during anagen stage. This study detected local 
proliferation and migration of MSCs progeny towards interfollicular epidermis, where 
they progressed to melanoma (Q. Sun et al., 2019).  

By contrast, another study performed in the Tyr::Cre-ERT2 / BrafV600E/ Ptenfl/fl model 
showed that terminally diperentiated melanocytes, residing in the interfollicular 
compartments of tail skin, could give rise to melanoma. These cells undergo 
transformation in the epidermis and acquire dediperentiation traits prior to dermal 
invasion (Köhler et al., 2017). The use of mouse tail melanoma model, as it generates 
melanomas similar to what occurs in melanoma in situ in humans, can be used to 
understand melanoma initiation in patients. Nevertheless, the ability of MSCs 
residing in the bulge of the hair follicle to populate interfollicular regions upon stress 
makes them still an important candidate for melanoma initiation in humans (Chou et 
al., 2013). 
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Altogether, there is evidence that cutaneous melanoma can be derived from either 
MSCs or their progeny, but in the context of human melanoma this issue needs to be 
further explored. 

5.3 EMT and EMT-like processes in melanoma  

Among diperent steps of melanocyte development and melanoma, the epithelial-to-
mesenchymal transition (EMT) plays a major role in fulfilling diperent functions. 
Neural crest delaminates from neural tube by undergoing EMT, and migratory 
progenitors that engender melanoblast express EMT transcription factors (EMT-TFs) 
during its path to final destination (Nieto et al., 2016). Also, even though melanocytes 
are not epithelial cells, they express E-cadherin, which expression is lost in crucial 
points of melanoma progression, a hallmark of EMT (Lade-Keller et al., 2013). This, 
together with other studies that will be presented across this section, enhance the 
importance of EMT and EMT-TFs in melanoma. 

Epithelial-to-mesenchymal transition is a highly conserved biological program by 
which cells dynamically lose their epithelial identity. Epithelial cells lose cell polarity, 
apicobasal organization and intercellular adhesion, while progressively acquiring a 
mesenchymal phenotype with increased motility, invasiveness and survival (Nieto et 
al., 2016). Importantly, EMT is not a terminal or unidirectional event; it is an 
intrinsically reversible process though the mesenchymal-to-epithelial transition 
(MET), a process crucial for restoring epithelial traits during tissue regeneration and 
metastatic colonization (Aiello & Kang, 2019; Youssef & Nieto, 2024). This 
bidirectionality enables cells to cycle through diperent phenotypic states in response 
to contextual cues, an important behaviour during development, repair and cancer 
progression (Nieto et al., 2016). 

Recent evidence has challenged the traditional binary model of EMT-MET, proposing 
instead a continuum model where epithelial and mesenchymal cells features coexist 
in individual cells or within dynamic cell populations (Nieto et al., 2016). These 
intermediary states, hybrid or partial EMT states, are characterized by the expression 
of both epithelial and mesenchymal markers, while enhancing cell adaptability and 
plasticity (Pastushenko & Blanpain, 2019) (Figure 4).  

During development, EMT drives important aspects of key early processes and cell 
motility and survival. It is necessary for gastrulation, neural crest formation and 
delamination, and organ positioning (Nieto et al., 2016; Ocaña et al., 2017; Rago et 
al., 2019) On the other hand, adult tissue undergoes EMT during wound healing and 
regeneration processes. In fact, partial EMT plays a critical role in re-epithelialization 
during wound healing, as cells in the wound edge migrate without completely losing 
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their epithelial identity. These cells will later revert via MET, maintaining tissue 
homeostasis (Nieto et al., 2016). 

In the disease context, partial EMT plays an important role in degenerative processes 
such as renal (Grande et al., 2015) or liver fibrosis (Youssef & Nieto, 2024); in cancer 
progression, metastatic dissemination and colonization (Pastushenko & Blanpain, 
2019; Youssef & Nieto, 2024). 

5.3.1 EMT-TFs  

EMT is orchestrated by a complex network of transcription factors (EMT-TF) including 
Snail1/2, Twist1/2, Zeb1/2 and Prrx1. During its activation, they suppress epithelial 
markers such as E-cadherin and promote mesenchymal gene expression of vimentin 
(VIM) and fibronectin (FN1), among others (Yang et al., 2020). 

Numerous mechanisms are implicated in the activation and regulation of the EMT-
TFs, that has been studied thoroughly over the past few decades (Nieto et al., 2016; 
Peinado et al., 2007). Among them, the TGF-β/BMP pathway is the most extensively 
studied EMT inducer. TGF-β receptors activate SMAD-dependent (canonical) and 
SMAD-independent (non-canonical) pathways to activate the expression of EMT-TF. 
Additionally, WNT and NOTCH pathways act independently or in collaboration to 
activate the expression of EMT-TFs. Other pathways include JAK-STAT and NF-kB, that 
can be activated in response to intercellular cues due to cellular stress, inflammation 
or hypoxia, among others (Ocaña et al., 2012; Youssef & Nieto, 2024). Recent 
evidence indicates that EMT-TFs may be also regulated through transcriptional 
regulatory mechanisms orchestrated by miRNAs (Díaz-López et al., 2014) or 
alternative splicing (Warzecha & Carstens, 2012). In fact, miR200 and Zeb family 
regulate in a mutually repressive loop (Pastushenko & Blanpain, 2019), while miR34 
and Snail1 act in a similar way (Díaz-López et al., 2014). These two regulatory 
pathways are interconnected, as Snail1 can repress miR200 and Zeb1 represses 
miR34 expression (Nieto et al., 2016). 

Although EMT-TF activation and function is very context-dependent (Aiello & Kang, 
2019), studies indicate that there is an activation hierarchy among the EMT-TFs. 
Snail1 acts a pioneer of EMT induction, with later activation of Snail2, Zeb family and 
Twist family for consolidation of the epithelial repression, and finally Prrx1 activation 
for induction of the mesenchymal phenotype (Youssef et al., 2024). 

Snail1 is a zinc finger transcription factor that acts as a master regulator of EMT, 
playing a pivotal role in developmental processes, wound healing and tumour 
progression. During embryonic development, it is essential for mesoderm formation 
and neural crest delamination (Nieto et al., 2016). This transcription factor acts 
mostly as a transcriptional repressor of epithelial-identity genes. In epithelial cancers, 
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Snail1 drives the repression of E-cadherin, initiating the cascade towards acquisition 
of mesenchymal traits, necessary for dissemination (Nieto et al., 2016). It also has 
been linked to promoting cell survival, chemoresistance, immune checkpoint 
blockade resistance and stem-cell maintenance (Dongre & Weinberg, 2019). 

 

 

Figure 4. Schematic overview of epithelial-mesenchymal plasticity. During EMT, epithelial 
cells undergo significant changes, losing their apicobasal polarity and cell to cell contact that 
enables them to migrate and invade. Also, as a reversible process, through the MET cells can 
revert to an epithelial phenotype. Notably, cells can stay in an intermediate state, known as 
partial EMT, where they present a combination of epithelial and mesenchymal traits. EMT-TFs 
control these processes, activating in a hierarchical way, that can follow distinct EMT programs 
that control inflammation and invasion independently. EMT: epithelial-to-mesenchymal 
transition, MET: mesenchymal-to-epithelial transition, EMT-TFs: EMT transcription factors. 
Created with BioRender.com.  

 

Additionally, Prrx1 is an homeobox transcription factor involved in the regulation of 
the EMT, cellular plasticity and stemness properties across diperent cancer types, 
although these properties are highly context dependent (Youssef & Nieto, 2024). 
Generally, Prrx1 facilitates a mesenchymal phenotype that enhances invasion but not 
necessarily metastatic colonization. In epithelial tumours such as breast cancer, 
Prrx1 drives EMT and cell migration, but its sustained activity represses stemness and 
metastatic outgrowth, indicating that its downregulation is necessary to enable 
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colonization at secondary sites (Ocaña et al., 2012). In lung adenocarcinoma, Prrx1 
expression in the TME promotes proliferation, immune evasion and increased 
migratory capacity (Y. Sun et al., 2024). However, in colorectal cancer, Prrx1 supports 
proliferation, stem-like properties and resistance to chemotherapy (Zhong et al., 
2022). Similarly, Prrx1 acts in combination with FOXM1 to induce chemoresistance in 
bladder cancer (Huang et al., 2022). In contrast, Prrx1 appears to play a role in 
hepatocellular carcinoma as a tumour suppressor by regulating metabolism 
(Piorońska et al., 2021). 

Interestingly, an important factor regulating interactions among these EMT-TFs is the 
mutually repressive loop that occurs between Snail1 and Prrx1 expression. Snail1, 
acting as a repressor, inhibits Prrx1 expression by directly binding to Prrx1 promoter 
regions. On the contrary, Prrx1 activates the expression of miR-15 family members, 
that are able to destabilize Snail1 mRNA, reducing its expression. This loop favours 
the mutually exclusive role of these EMT-TFs, as Snail1 and Prrx1 do not usually co-
express at cellular level, at least a mid/high expression levels (Fazilaty et al., 2019; 
Rago et al., 2019). 

Interestingly, recent findings clearly delineate two segregated EMT programs in breast 
tumours: one governed by Snail1, linked to immune evasion and cytokine signalling, 
and another driven by Prrx1, which promotes cellular invasion and matrix remodelling 
(Youssef et al., 2024). These trajectories are transcriptionally exclusive; Snail1 and 
Prrx1 regulatory loop maintain mutual repression (Fazilaty et al., 2019; Youssef et al., 
2024). In this framework, Prrx1 orchestrates the invasive EMT axis, contributing to 
mesenchymal motility but not inflammatory signalling (Youssef et al., 2024). 

5.3.2 EMT-TFs in melanoma 

Melanoma, although not of epithelial origin, consistently expresses EMT-TFs 
contributing to phenotypic switching, therapy resistance and immune evasion. Unlike 
canonical epithelial tumours, melanoma retains a hybrid epithelial/mesenchymal 
plasticity, where the EMT-TFs operate independently of classical cadherin switches 
(Caramel et al., 2013; Tang et al., 2020). 

One of the central transcriptional rewiring events involves a Zeb2-to-Zeb1 switch 
(Figure 5), first reported by Caramel in 2013. This switch was described as a change 
from a proliferative, pigmented state with Zeb2/Snail2 expression, towards an 
invasive, dediperentiated state with Zeb1/Twist1 expression (Caramel et al., 2013). 
While Zeb2 and Snail2 are expressed in lineage-committed melanocytic cells 
(Denecker et al., 2014; Kim et al., 2013), Zeb1 and Twist1 are hallmark regulators of a 
mesenchymal, stem-like state, facilitating metastasis and resistance to BRAF/MEK 
inhibitors (Richard et al., 2016; Tang et al., 2020). 
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Importantly, these EMT-TFs interact with MITF often in a mutually antagonistic manner. 
For instance, Zeb2 downregulation induced the repression of MITF and the 
upregulation of Zeb1, impairing melanocyte pigmentation and diperentiation 
(Denecker et al., 2014; Vandamme et al., 2020, 2020). On the other hand, Zeb1 
expression is able to repress SOX10-MITF dependent proliferative state, transitioning 
cells towards neural-crest like and mesenchymal states (Durand et al., 2024). 

Some studies have investigated the role of Snail1-induced EMT in melanoma 
indicating that it contributes to the transformation of melanocytes in vitro (Poser et 
al., 2001) and promote invasiveness and immunosuppression (Kudo-Saito et al., 
2009). Further, in the lab we have described that Snail1 expression in TME-residing 
fibroblasts promote an immunosuppressive microenvironment facilitating 
melanoma and metastases growth (Arumi-Planas et al., 2023). However, Snail1 cell-
autonomous contribution to melanoma progression in vivo is not characterized. 

 

 

Figure 5. EMT-TFs modulate reversible phenotypic switches in melanoma. Phenotypic 
switch in melanoma transit from diTerentiated, proliferative and therapy responsive states to 
dediTerentiated, invasive and therapy resistant states. MITF, the master regulator of melanocyte 
lineage, controls axis towards diTerentiation, while AXL has been related with undiTerentiated 
states. EMT-TFs are able to modulate phenotypic switch, with SNAI2 and ZEB2 associated with 
proliferative and diTerentiated states, while expression switch to TWIST1/ZEB1 is related with 
dediTerentiation, invasion and therapy resistance. 

 

In addition, the role of Prrx1 in melanoma remains incompletely understood and is 
subject to ongoing debate, highlighting the context-dependent functions mentioned 
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above. In murine models, Prrx1 expression appears important for metastasis, as 
suggested in the Nras-mutant mice, where a melanoma subpopulation expressing 
Prrx1 with metastatic potential was identified (Karras et al., 2022). Supporting this, a 
study in the BrafV600E/Ptenfl/fl mouse model with Loxl3 deletion suggested that Prrx1 
cooperates with LOXL3 to promote melanoma cell survival, mesenchymal identity 
and enhanced tumour plasticity, potentially facilitating distant metastasis formation, 
although this was not tested in vivo (Vázquez-Naharro et al., 2022). Conversely, 
another finding suggest that Prrx1 expression must be downregulated to enable 
melanoma outgrowth and colonization, indicating that sustained Prrx1 activity may 
constrain late-stage metastatic expansion (Ferreres et al., 2024). These seemingly 
contradictory observations highlight the dynamic and temporally regulated role of 
Prrx1 in melanoma progression. 

These context-specific functions underscore Prrx1 as a key regulator of tumour 
plasticity and progression. As mentioned, some eports, although still controversial 
have attempted to understand Prrx1 contribution to melanoma progression and 
metastatic colonization; however, its role in melanomagenesis and its interplay with 
Snail1 in melanoma remains to be elucidated. 
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6 Objectives 
 

Although the roles of Prrx1 and Snail1 in cancer progression have been investigated 
across various cancer types, their specific contributions to melanoma remain poorly 
characterized. During embryonic development, epithelial-to-mesenchymal 
transition transcription factors (EMT-TFs) are expressed in neural crest cells, the 
progenitors of melanocytes and, ultimately, melanoma cells. EMT-TFs have been 
implicated in regulating the phenotypic plasticity of melanoma, facilitating the 
reacquisition of neural crest-like traits and acting as key epectors during melanoma 
initiation. Interestingly, despite being non-epithelial in origin, adult melanocytes 
express certain EMT-TFs under homeostatic conditions. This thesis aims to 
investigate whether Prrx1 and/or Snail1 contribute to melanoma onset and 
progression. 

 

General objective 

 

This thesis aims to understand the cell-autonomous contribution of Prrx1 and Snail1 
to melanoma biology in vivo using preclinical mouse models. 

 

Specific objectives 

 

1. To characterize the expression of Prrx1 and Snail1 in melanocytic cells in the 
hair follicle 

2. To investigate the functional roles of Prrx1 and Snail1 in melanoma initiation 
and progression in vivo. 

3. To understand the molecular mechanisms underlying Prrx1/Snail1 cross-
regulation in melanocytic cells. 
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7 Material and methods 

7.1 Experimental animals 

7.1.1 Mouse handling 

All experiments involving animals were performed in accordance with the European 
Community Council Directive (2010/63/EU) and Spanish legislation. The protocols 
were approved by the CSIC and UMH Ethical Committee and the Animal Welfare 
Committee at the Institute of Neurosciences CSIC-UMH. Mice were hosted in a 
specific pathogen-free (SPF) facility under controlled temperature and humidity, with 
a 12 h light/dark cycle. Both male and female C57BL/6 mice, aged 4 weeks for hair 
follicles analyses and 7-8 weeks for tumour analyses, were used in all experiments. 
Animal models used are listed in Table 1. 

7.1.2 Inducible melanoma mouse model 

Cg-Tg(Tyr-cre/ERT2)13Bos, Braftm1Mmcm, Ptentm1Hw /BosJ. Abbreviated as BP. 

In this study, the BP mouse model was used to experimentally induce melanoma 
formation in our experimental mice. This model was obtained from The Jackson 
Laboratory© (RRID: IMSR_JAX:013590). 

The murine BP model (Dankort et al., 2009), expresses Cre-ERT2 recombinase under 
the control of the tyrosinase (Tyr) promoter, which is active in melanocytes and MSCs 
when treated with 4-hydroxytamoxifen (4-HT). 

In the absence of Cre activity, the wild type form of Braf is expressed since BrafV600E 
mutation is initially silenced by a stop cassette flanked by loxP sites. When Cre is 
activated, it removes the stop cassette and the mutated BrafV600E allele becomes 
expressed. Additionally, the PtenloxP model has loxP sites flanking exon 5 of the Pten 
gene. Cre induced removal of the Pten gene segment flanked by loxP sites leads to 
loss-of-function of PTEN protein when recombination occurs. Thus, the 
administration of 4-HT induces simultaneous expression of BRAFV600E and PTEN loss 
in melanocytes and MSCs, and triggers melanomagenesis (Köhler et al., 2017). 
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7.1.3 Inducible melanoma lineage tracing mouse model 

Cg-Tg(Tyr-cre/ERT2)13Bos,Braftm1Mmcm,Ptentm1Hw/BosJ, Gt(ROSA)26Sortm9(CAG-tdTomato) Hze. 
Abbreviated as BP-tdTomato. 

This model was generated by crossing the Braf-driven mouse melanoma model (BP) 
previously described, with a Ai9 tdTomato reporter line (RRID:IMSR_JAX:007909). This 
Ai9 is a Cre reporter tool strain designed to have a loxP-flanked STOP cassette 
preventing transcription of a CAG promoter-driven red fluorescent protein variant 
(tdTomato). 

Under the administration of 4-HT, Tyr::Cre-ERT2 expressing melanocytes are subjected 
to simultaneous expression of tdTomato protein, BRAFV600E and PTEN loss in 
melanocytes, triggering the development of melanomas labelled with red 
fluorescence.  

Given name Mouse line Gene expression upon 
recombination 

BP Cg-Tg(Tyr-cre/ERT2)13Bos, 
Braftm1Mmcm, Ptentm1Hw /Bos 

BrafV600E, Ptenfl/+ 

BP/Prrx1cKO Cg-Tg(Tyr-cre/ERT2)13Bos, 
Braftm1Mmcm, Ptentm1Hw /Bos,  
Prrx1 em1An 

BrafV600E, Ptenfl/+, Prrx1fl/fl 

BP/Snai1cKO Cg-Tg(Tyr-cre/ERT2)13Bos, 
Braftm1Mmcm, Ptentm1Hw /Bos, 
Snai1tm2Stjw 

BrafV600E, Ptenfl/+, Snai1fl/fl 

BP/Prrx1cKO/Snai1cKO Cg-Tg(Tyr-cre/ERT2)13Bos, 
Braftm1Mmcm, Ptentm1Hw /Bos,  
Prrx1 em1An, Snai1tm2Stjw 

BrafV600E, Ptenfl/+, Prrx1fl/fl, 
Snai1fl/fl 

BP-tdTomato Cg-Tg(Tyr-cre/ERT2)13Bos, 
Braftm1Mmcm, Ptentm1Hw /Bos, 
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze 

BrafV600E, Ptenfl/+, 
tdTomato 

BP-tdTomato/Prrx1cKO Cg-Tg(Tyr-cre/ERT2)13Bos, 
Braftm1Mmcm, Ptentm1Hw /Bos, 
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze,  
Prrx1 em1An 

BrafV600E, Ptenfl/+, 
tdTomato, Prrx1fl/fl 

BP-tdTomato/Snai1cKO Cg-Tg(Tyr-cre/ERT2)13Bos, 
Braftm1Mmcm, Ptentm1Hw /Bos, 
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze, 
Snai1tm2Stjw 

BrafV600E, Ptenfl/+, 
tdTomato, Snai1fl/fl 

Tyr+-tdTomato Cg-Tg(Tyr-cre/ERT2)13Bos, 
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze 

tdTomato 

Tyr+-tdTomato/Prrx1cKO Cg-Tg(Tyr-cre/ERT2)13Bos, 
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze,  
Prrx1 em1An 

tdTomato, Prrx1fl/fl 

Tyr+-tdTomato/Snai1cKO Cg-Tg(Tyr-cre/ERT2)13Bos, 
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze, 
Snai1tm2Stjw 

tdTomato, Snai1fl/fl 

Table 1 Mouse models used for in vivo experiments. 
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7.1.4 Generation of Snai1 and Prrx1 conditional knock out melanomas 

 Prrx1 em1An and Snai1tm2Stjw. Abbreviated as Prrx1cKO and Snai1cKO respectively. 

To investigate Prrx1 contribution to melanoma, we crossed the BP model with a newly 
generated Prrx1loxP conditional mutant mouse line (Prrx1 em1An), that was generated in 
Angela Nieto’s laboratory (Youssef et al., 2024). To investigate Snai1 contribution to 
melanoma, we used a similar strategy, crossing the BP model with a Snai1loxP (Rowe 
et al., 2009). To block Prrx1 and Snai1 expression simultaneously, we crossed these 
three models together, to study interdependent relationships between these EMT-TFs 
in melanoma biology. 

7.1.5 Inducible melanocyte lineage tracing mouse model 

Cg-Tg(Tyr-cre/ERT2)13Bos, Gt(ROSA)26Sortm9(CAG-tdTomato)Hze. Abbreviated as  
Tyr+-tdTomato. 

In this thesis, we also employed the Tyr+-tdTomato murine model to characterize the 
expression of EMT-TFs in melanocytes at the hair follicle.  

To obtain this model, we backcrossed our BP models to segregate Tyr::Cre-ERT2 allele 
together with tdTomato allele from BrafCA and PtenLoxP alleles. This model, when 
treated with 4-HT, induces the expression of tdTomato protein in Tyr expressing cells.  

Additionally, these animals were crossed with Prrx1cKO and Snai1cKO models, as 
previously described, to inactivate specifically Snai1 or Prrx1 in Tyr+ cells.  

7.1.6 Genotyping 

The genotyping of the animals used was performed through collection of distal tail or 
ear tissue followed by NaOH (50 mM) DNA isolation. The PCRs were carried out using 
the primers listed in Table 2. 

7.1.7 Tamoxifen administration for melanoma induction 

To obtain a tamoxifen stock solution, tamoxifen (Sigma) was dissolved in a DMSO 
(50mg/ml). For tamoxifen administration, 4-HT in DMSO solution was diluted in 
ethanol up to a concentration of 4-HT of 8mg/ml. This solution was administered 
topically to adult and juvenile mice at a dose of 120ug in a region depilated back skin 
region of 2cm2, treated three times with an interval of one day between the treatments. 
Mice were immobilized until 4-HT dried completely.   
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Allele Primer Sequence (5’-3’) Amplicon length 
tdTomato 
 

Fw: AAGGGAGCTGCAGTGGAGTA 
Rv: CCGAAAATCTGTGGGAAGTC 
Fw: GGC ATTAAA GCA GCG TATCC 
Rv: CTG TTC CTGTACGGCATGG 

ROSAWT allele: 297 bp 
ROSAtdTomato allele: 196 bp 

Prrx1loxP Fw: TTTCTTTCCCCGTCTTTGGT 
Rv: AAGGAGATAGCCTTCCCTTCC 

Prrx1WT allele: 780bp 
Prrx1loxP allele: 850bp 

Snai1loxP Fw: CTGCCAGGTGGGAAGGACT 
Rv: CAA GGACATGCGGGAGAAGGT 

Snai1WT allele: 324 bp 
Snai1loxP allele: 424 bp 

Snai1Floxed Fw: CCCGGGCTATGGAGGTATGGT 
Rv: GGAGGCGCTTGGGAACAGGAA 

Snai1Floxed allele: 503 bp 

BrafCA Fw: TGAGTATTTTTGTGGCAACTGC 
Rv: CTCTGCTGGGAAAGCGGC 

BrafWT allele: 185 pb 
BrafCA allele: 308 pb 

PtenloxP Fw: CAAGCACTCTGCGAACTGAG 
Rv: AAGTTTTTGAAGGCAAGATGC 

PtenWT allele: 156 pb 
PtenloxP allele: 328 pb 

Tyr::CreERT2 Fw: GGAGCAAACAGTAGCTTCAC 
Rv: AGCTTCGATGATGGGCTTAC 

Tyr::CreERT2: 201 pb 

Table 2. Primers used to genotype mouse transgenic lines. 

7.2 Experimental melanomas analysis and validation 

7.2.1 Analysis of tumour onset and progression 

Melanoma mouse models treated three times with 4-HT were kept in the animal 
facilities. Animals bearing BrafV600E/PtenloxP/+ mutations developed tumours at 4-8 
weeks, depending on the genotype. Animals were monitored weekly during their 
whole lifespan after 4-HT treatment. 

Tumour initial day was considered when nevi reached 2mm diameter. This new 
developed tumour, and any new tumour that was developed during the experiment, 
were measured individually. Tumours that grew very closely were impossible to treat 
as diperent entities; therefore, those tumours were measured as one but the number 
of tumour events responsible for this entity were considered for tumour number 
analysis. 

Animals were kept until tumours collective size reached approximately 1200 mm3 

(formula: length × width × depth × 0.562). At this moment, animals were euthanized, 
and tumours collected (late melanomas). On the other hand, for the analysis of early 
melanomas, animals were sacrificed when any tumour reached 2mm and samples 
collected.  
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7.2.2 Cell sorting and verification of Cre-ERT2-dependent gene 
recombination  

Tumour cell suspensions were prepared from melanomas mechanically dissociated 
using a scalpel blade in cold DMEM on ice. Prepared tumour samples were added to 
1ml of digesting solution containing 0.25 mg/ml of Liberase DH (Merck, 
54010544001), 0.55 mg/ml of Dispase II (Merck, 4942078001) and 150 U/ml of DNAse 
(Roche, 11284932001), incubated at 37 °C for 30 min and then homogenized with 
increasing gauge syringes up to 25 G. Then, samples were centrifuged at 300g 4°C for 
5 min, red-blood lysis buper (BioLegend, 420301) was applied for 5 min at room 
temperature (RT) and then filtered through a 40-µm cell strainer.  

After red blood cell removal, cancer cells were neutralized and resuspended in 0.5 ml 
of FACS buper with DAPI per 107 cells and directly sorted using a BD FACSAria3 flow 
cytometer. For each sample, 100,000 cancer cells were sorted at high purity following 
a singlet/DAPIlow/tdTomatohigh gating strategy. Post-sorting analysis was performed to 
verify the purity of tdTomatohigh-sorted cells.  

Sorted cancer cells were centrifuged at 300g for 10 min and further lysed using 
REDExtract-N-Amp™ PCR kit for tissues (Merk, 41106303) for genomic DNA extraction. 
PCR was performed using primers listed in Table 2 and subjected to gel 
electrophoresis to check CreERT2-dependent gene recombination.  

7.3 Hair follicle melanocytic cells lineage tracing 

For hair follicle characterization, we treated Tyr+-tdTomato and BP-tdTomato models, 
including those combined with Prrx1cKO and Snai1cKO, topically with 4-HT (30µl 
DMSO/ethanol containing 240µg 4-HT). Prior to topical treatment, hair skin was 
depilated using a hair trimmer to avoid skin irritation. Treatment was administered 
three times in total, with one day between treatments. 

Treatment started at postnatal day 28 (4 weeks). At this stage, synchronized from 
development HF starts anagen stage (van der Veen et al., 1999). Although depilation 
induced HF synchronicity is more time-specific, acute inflammation have been 
detected with this procedure (Müller-Röver et al., 2001), which could lead to 
undesired epect upon EMT-TF characterization (Youssef et al., 2024). 

Treated animals were collected at 7 days post-treatment, for anagen characterization, 
and 28 days post-treatment, for telogen characterization, following hair follicle cycle 
guidelines (van der Veen et al., 1999). 
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7.4 Histology 

7.4.1 Skin (hair follicles) processing  

For OCT embedding, mouse back skins were dissected (2x3 cm area) and fixed in 4% 
PFA for 4 h in agitation at 4 °C. After fixation, skins were washed three times with PBS 
and incubated in 30% sucrose for three days at 4 °C. Before embedding in OCT, 
samples were checked for tdTomato red fluorescence in Leica Stereoscope and 
regions with higher density of red-labelled hair follicles were selected and sectioned 
for embedding. Embedded samples were kept in dry ice and transferred to −80 °C 
before sectioning. Finally, OCT-embedded skins were sectioned in a cryostat (Leica) 
at 7 µm-thick sections and stored at −80 °C. 

7.4.2 Tumour processing 

For OCT embedding, tumours were sectioned in 5mm maximum thickness and fixed 
in 4% PFA for 4 h in agitation at 4 °C. After fixation, tumours were washed three times 
with PBS and incubated in 30% sucrose for three days at 4 °C before embedding in 
OCT. Embedded samples were kept in dry ice and transferred to −80 °C before 
sectioning. Finally, OCT-embedded tumours were sectioned in a cryostat (Leica) at 
7 µm-thick sections and stored at −80 °C. 

For parapin embedding, tumours were sectioned in half and fixed in Formalin 10% 
overnight in agitation at RT. Samples were incubated in serial dilutions of ethanol in 
H2O + NaCl 0.83% m/v (25%, 50%, 75% and 100%, 10 minutes each) and butanol 
(20min, twice). Samples were incubated in low-melting parapin o/n at 45ºC, 
incubated with fresh low-melting parapin six times for 1 hour each and mounted in 
parapin blocks for long-term storage at RT. Parapin samples were sectioned using 
Leica RM2245 Microtome at 7μm thickness. 

7.4.3 Human samples 

Stainings were performed at the MD Anderson in Madrid, thanks to our collaboration 
with Gema Moreno-Bueno. Double immunofluorescence was performed on 2µm 
tumour sections from human melanoma nevi samples, using a BOND RX Fully 
Automated Research Stainer and an Opal TM 7-Color Automation IHC kit (Akoya 
Biosciences). Opal-650 and Opal-520 were used to detect antibodies to HMB45 and 
PRRX1, respectively. Slides were mounted with Prolong Diamond (Molecular Probes) 
and imaged using Olympus FV1200 confocal microscope with 40X objective. 
Samples were acquired from the Biobank of the Anatomy Pathology Department of 
the MD Anderson Cancer Center, Madrid, Spain. This study was performed following 
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standard ethical procedures of the Spanish regulation (Ley de Investigación Orgánica 
Biomédica, 14 July 2007) and was approved by the ethic committees of the MD 
Anderson Cancer Center, Madrid, Spain.  

7.5 Section staining and image analysis 

7.5.1 Histopathological analysis of melanomas 

Parapin 7 µm-thick late tumour sections were prepared and stained with Hematoxylin 
(Abcam, Ab220365) and Eosin (Millipore, HT110116-500ML), then mounted for 
imaging. Whole sections were imaged using the Axioscan 7 (Zeiss) with a 40X 
objective.  

7.5.2 Immunofluorescence (IF)  

OCT frozen sections were dried for 2 hours at RT, then washed three times with PBS 
at RT to remove OCT and prepared for blocking.  

Parapin sections were deparapinated using xylol and seriated dilutions of ethanol 
(100%, 75%, 50% and 25% ethanol in H2O + NaCl 0.83% m/v). Then, antigen retrieval 
was performed incubating deparapinated sections in Citrate 10mM + 0.1% Tween20 
pH 6 at 95ºC for 20 minutes. Sections were rinsed repeatedly with PBS and prepared 
for blocking. 

 

Antibody Clonality Host Dilution Provider Cat. no. 
HMB45 Multiclonal Mouse 1:500 Abcam Ab732 
IBA1 Polyclonal Rabbit 1:100 Wako Chem. 019-19741 
KI67 Polyclonal Rabbit 1:500 Abcam ab15580 
PRRX1 Polyclonal Rabbit 1:100 From Angela Nieto´s 

lab. Kind gift from 
Prof. TANAKA (IMP 
Vienna BioCenter) 
 

 

SNAI1 Polyclonal Rabbit 1:50 Cell Signalling 3879 
ZEB1 Polyclonal Rabbit 1:100 Novus Biologicals NBP1-05987 

Table 3. Primary antibodies used for fluorescence immunolabeling. 

Sections were blocked in 5% NGS, 1% BSA and 0.1% Triton x-100 for 1 h at RT and 
incubated with the primary antibodies overnight at 4 °C in blocking solution. After 
extensive washing in PBS Tween20 0.1% (PBSTw), slices were incubated with the 
secondary antibodies and DAPI (Sigma, D9542) in PBST1x for 1 h at RT. After washing 
the secondary antibody with PBS, slices were mounted in Dako Fluorescence 
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Mounting Medium (Dako). Slices were imaged using an Olympus FV1200 confocal 
microscope with 40X objective. Information and dilution of antibodies are listed in 
Table 3 and Table 4. 

 

Antibody Host Dilution Provider Cat. no. 
Alexa Fluor® Plus 647 anti-rabbit Goat 1:500 Invitrogen A32733 
Opal 520 anti-rabbit   Akoya 

Bioscience 
NEL811001KT 

Opal 650 anti-rabbit   Akoya 
Bioscience 

NEL811001KT 

Table 4. Secondary antibodies used for fluorescence immunolabeling. 

7.5.3 Quantification of Prrx1 and Snai1 immunolabeled cells 

Prrx1+ and Snai1+ cells were quantified after immunofluorescent staining by imaging 
the sections and processing the with ImageJ software. All IF images were acquired 
using Olympus FV1200 confocal microscope with 40X objective. 

For Hair follicle analyses, anagen and telogen bulb area and bulge areas were imaged 
(15 to 30 HFs per animal). Then, PRRX1+/TdTomato+ or SNAI1+/TdTomato+ 
melanocytes were quantified and compared to total TdTomato+ cells (melanocytes) 
per animal, respectively.  

For early tumours analyses (2mm diameter), non-overlapping images (5 to 10 per 
tumour) were acquired following epidermal edge limit of the tumours. Then, 
PRRX1+/TdTomato+ or SNAI1+/TdTomato+ melanoma cells were quantified and 
compared to total TdTomato+ cells (melanoma cells) per animal, respectively.  

For late tumours analyses, images were obtained from tumour invasive front, tumour 
bulk and epidermal tumour edge, three random images in each region for each 
tumour slice. The same number of pictures were performed in every tumour slice. 
Then, total PRRX1+/TdTomato+ or SNAI1+/TdTomato+ melanoma cells were quantified 
and compared to total TdTomato+ cells (melanoma cells) per animal, respectively. 

7.5.4 Quantification of proliferation and immune infiltration 

Proliferation and immune infiltration were evaluated after IF staining by imaging 
sections and processing them with the ImageJ software. To analyse tumour 
proliferation and apoptosis, images were obtained from tumour invasive front, 
tumour bulk and epidermal tumour edge, three random images in each region for 
each tumour slice. The same number of pictures were taken in every tumour slice. 
Immune infiltration was analysed comparing IBA1 immunolabeling fluorescence 
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covered area compared to total tumour field area of each image. Proliferation was 
assessed by quantifying KI67+ cells compared to total tumour cell number of each 
image. All immunofluorescence images were acquired using Olympus FV1200 
confocal microscope with 40X objective. 

7.6 In vitro experiments 

7.6.1 Cell culture 

Murine melanocyte cell line Melan-a (Bennett et al., 1987) was originally obtained 
from Jose Carlos García-Borrón and Celia Jiménez Cervantes laboratory (University of 
Murcia). Cells were maintained in RPMI (Sigma) supplemented with 10% FBS (Sigma) 
heat inactivated,1% penicillin/streptomycin (Sigma) and 200 mM of 12-O 
tetradecanoyl phorbol 13-acetate (TPA) (P1585, Merck). Cells were kept at 37 °C in a 
humid atmosphere containing 5% CO2 and the media was replaced every 2/3 days. 
Melan-a cells were passaged when they reached 80% confluency 1:10 every 96 h, 
using 0,025% trypsin/PBS. Cells were discarded up to six consecutive passages and 
replaced by fresh stocks. All cell lines were tested and confirmed negative for 
mycoplasma monthly at the host institution. 

7.6.2 Transfection of plasmids and interfering RNAs 

For RNA interference in Melan-a cells, siRNA obtained from Silencer® predesigned 
(Ambion) was used for Prrx1 (Prrx1 siRNA (antisense): 
UUCUCGAACAAAAGCAUCCgg) and Snai1 (Snai1 siRNA (antisense): 
AUAUUUGCAGUUGAAGAUCtt). Cells were seeded in six-well plates and transfected 
24h after seeding using Lipofectamine™ RNAiMAX (13778075, ThermoFisher) at 60% 
confluence. At 24h post transfection, cells were lysed for RNA extraction of used in 
posterior experiments. 

For gain-of-function experiments, SNAI1-GOF plasmid was transfected in Melan-a 
cells seeded in six-well plates at 24h after seeding, using Lipofectamine™ 3000 
(L3000001, ThermoFisher). At 24h post transfection, cells were lysed for RNA 
extraction or used in posterior experiments. 

7.6.3 In vitro soft-agar assay 

Cultured Melan-a cells transfected with siRNA or SNAI1 GOF plasmid were collected 
24h after transfection. 10000 cells were resuspended in 1ml RPMI supplemented 
media containing 0.35% agar and seeded in six-well plates previously covered with a 
thin layer of RPMI supplemented medium containing 0.5% agar. 30 min later, 1 ml of 
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supplemented RPMI media was added on top of agar-media layers. Melan-a cells 
were incubated for 50 days at 37 ºC and 5% CO2, and media was refreshed twice per 
week. At the end of the incubation time, cell cultures were imaged (three non-
overlapping fields) and the colonies larger than 50 µm in diameter were counted using 
ImageJ software.  

7.6.4 Total RNA extraction, cDNA synthesis and qPCR analysis 

Total RNA extraction from cell line samples was performed using the Illustra RNAspin 
Mini isolation kit (GE healthcare), following manufacturer’s instructions. For cDNA 
synthesis, Maxima First Strand cDNA Synthesis kit (Thermo Fisher) was used, 
following the manufacturer’s instructions. RT-qPCR was done using the Fast SYBR 
Green Mastermix (Applied Biosystems) in a Step One Plus machine (Applied 
Biosystems), using the primers listed in Table 5.  

Relative levels of expression were calculated using the comparative Ct method 
normalized to housekeeping genes and then normalized to their respective control 
samples. 

 

Name Sequence 5’-3’ Gene 
mNgfr f  CCTGGACAGTGTTACGTTCTC Ngfr 
mNgfr r  TCGTCCTGGTAGTAGCCATAG Ngfr 
mPrrx1 f AGAGTGCAGGTGTGGTTTC Prrx1 
mPrrx1 r CTGAGTAGGACTTGAGGAGAGA Prrx1 
mSnail1 f CACGCTGCCTTGTGTCT Snai1 
mSnail1 r GAATGGCTTCTCACCAGTGT Snai1 
hSnail1 f CTCTAATCCAGAGTTTACCTTCCAG SNAI1 
hSnail1 r CCCAGATGAGCATTGGCA SNAI1 

Table 5. Primers used for RT-qPCR analyses. 

7.6.5 miRNA extraction, cDNA synthesis and qPCR analysis 

Long RNA fraction and miRNA enriched fraction extraction from cell line samples 
were performed using the mirVanaTM miRNA Isolation Kit (Invitrogen), following the 
manufacturers’ instructions.  

Long RNA fraction was used for cDNA synthesis, using Maxima First Strand cDNA 
Synthesis kit (Thermo Fisher). Then, RT-qPCR was done using Fast SYBR Green 
Mastermix (Applied Biosystems) in a Step One Plus machine (Applied Biosystems), 
using the primers listed in Table 5.  
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For miRNA expression assays, reverse transcription reactions were performed using 
TaqMan® MicroRNA Assay (Applied Biosystem) according to the manufacturers’ 
instructions. Later, RT-qPCR was performed using specific probes from TaqMan® 
MicroRNA Assay (Applied Biosystem), listed in Table 6. TaqMan® Universal Master Mix 
II, no UNG (Applied Biosystems) was used in a Step One Plus machine (Applied 
Biosystems) according to the manufacturers’ instructions. Relative levels of 
expression were calculated using the comparative Ct method normalized to the 
internal control U6 snRNA. 

 

Name Assay ID Assay name Cat. number 
U6 001973 Control U6 snRNA 4427975 001973 
Mir15a 000389 hsa-miR-15a 4427975 000389 
Mir15b 000390 hsa-miR-15b 4427975 000390 
Mir195 000494 hsa-miR-195 4427975 000494 

Table 6. TaqMan® MicroRNA Assay probes used for miRNA analyses. 

7.7 Statistical analysis 

All statistical tests were performed using GraphPad Prism 9 software. Mann-Whitney 
test or Kruskal-Wallis with Dunns’s multiple comparison test were performed to 
determine the significant values of the data. Kaplan-Meier data were analysed with 
the comparison of survival curves using the Long-rank (Mantel-Cox) test. All the 
values were shown as Mean values ± SEM (Standard Error of the Mean). Significant 
diperences between groups were represented as follows: * = p ≤ 0.05, ** = p ≤ 0.01, 
*** = p ≤ 0.001 and **** = p ≤ 0.0001. 
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8 Results 

8.1 Expression of Prrx1 and Snai1 in the hair follicle 

Cutaneous melanoma arises from melanocytes that reside in the skin. This type of 
cancer is characterized by its high degree of inter and intratumoral heterogeneity and 
phenotypic switching capabilities (Rambow et al., 2018; Tirosh et al., 2016). Although 
numerous studies have focused on investigating these characteristics during 
melanoma progression, understanding the early events underlaying melanocyte 
transformation may provide critical insight into the origins of these complex traits. 

In murine models, although some melanocytic populations exist in the interfollicular 
dermis (Glover et al., 2015), most back skin cells of melanocyte lineage reside in 
diperent niches in the hair follicle (HF) (Hirobe, 1984; Nishimura et al., 2002). These 
cells comprise three diperent cell populations: undiperentiated melanocyte stem 
cells (MSCs), that resides specifically in a stem cell niche in the hair bulge region; 
transit-amplifying cells and intermediate population in the outer root sheath of the 
hair follicle; and fully diperentiated melanocytes, that resides in the hair bulb and 
actively produce melanin (Nishimura et al., 2002). These niches can dynamically 
change during the progression of hair cycle, as MSCs can migrate between 
compartments and switch between transit-amplifying cells, what is considered an 
intermediate state, and stem cell states (Q. Sun et al., 2023). 

During development, melanocyte arises from diperent populations of neural crest 
cells (Mort et al., 2015). In these stages, migratory cells express some EMT-TFs, 
including Prrx1, Snai1/2, Zeb1/2 and Twist1 (Candido-Ferreira et al., 2023). At later 
stages, when the hair follicle is fully developed, diperentiated melanocytes express 
Zeb2 and Snai2 in homeostatic conditions (Denecker et al., 2014; Gupta et al., 2005). 
However, Prrx1 and Snai1 expression have not being explored in these cell 
populations at the hair follicle. 

8.1.1 Prrx1 and Snai1 are expressed in melanocytic cells in anagen 

To characterize the physiological expression of Prrx1 and Snai1 in the hair follicles, we 
used the conditionally activated Tyr+-tdTomato murine model. This model was 
generated by isolating the Tyr:Cre-ERT2 allele from the BP melanoma murine model 
(Dankort et al., 2009) and crossing the resulting mice with the tdTomato reporter 
mouse model (Madisen et al., 2010).  

With the aim of analysing diperent stages of hair cycle, 4 weeks aged mice were 
treated with 4-hydrotamoxifen (4-HT) three times. Skin was collected 7- and 28-days 
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post-treatment for the characterization of anagen and telogen hair follicle states, as 
these two stages show diperent populations of melanocytic cells (Figure 6a, b). 

During the active anagen phase, we could detect the presence of PRRX1+/tdTomato+ 
cells at the hair follicle (17.83% of total TdTomato+ cells, n=5). However, this 
expression was restricted to the hair bulb region (Figure 6c, d). On the other hand, in 
the resting telogen phase we could detect very few PRRX1+/tdTomato+ cells (1.52% of 
total TdTomato+ cells, n=3) in the bulge region and no expression was detected in the 
hair germ (Figure 6c, e). 

 

 

Figure 6. Prrx1 is expressed in the hair bulb of the mouse hair follicle. (a) Schematic 
representation of the treatment performed in mice in which hair follicle samples were analysed. 
(b) Brief illustration of anagen and telogen phases in the hair follicle (Bg: Bulge, Bb: Hair bulb, 
Hg: Hair germ, Mc: Melanocytes, MSCs: Melanocyte stem cells, TA: Transit-amplifying cells) (c) 
Quantification of % PRRX1+tdTomato+/total tdTomato+ cells in hair bulbs at anagen and telogen 
phases (n=5, n=3). (d, e) Representative images of the hair follicles in anagen or telogen showing 
PRRX1 immunolabeling (white) in Tyr+-tdTomato mice (tdTomato+ cells labelled in red). Yellow 
arrowheads indicate Prrx1 expression in tdTomato+ cells. Data are represented by Mean ± SEM 
and statistically significant diTerences are tested by unpaired two-tailed Mann-Whitney test. 
Each dot represents one animal (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). 
Scale bars: 25 μm. Illustrations created with BioRender.com. 

Additionally, Snai1 expression was also analysed in hair follicles from the  
Tyr+-tdTomato model (Figure 7a). During anagen phase, SNAI1 immunolabeling 
shows the presence of SNAI1+/tdTomato+ cells residing in the hair bulb (9.04% of total 
tdTomato+ cells, n=5) (Figure 7b, c) whereas we could not detect any 
SNAI1+/tdTomato+ cells in telogen phase (0% of total tdTomato+ cells, n=3) 
(Figure 7b, d). 
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Figure 7. Snai1 is expressed in the hair bulb of the mouse hair follicle. (a) Schematic 
representation of the treatment performed in mice in which hair follicle samples were analysed. 
(b) Quantification of % SNAI1+ tdTomato+/total tdTomato+ cells in in hair bulbs at anagen and 
telogen phases (n=5, n=3). (c, d) Representative images of the hair follicles in anagen or telogen 
showing SNAI1 immunolabeling (white) in Tyr+-tdTomato mice (tdTomato+ cells labelled in red). 
Yellow arrowheads indicate Snai1 expression in tdTomato+ cells. Data are represented by Mean 
± SEM and statistically significant diTerences are tested by unpaired two-tailed Mann-Whitney 
test. Each dot represents one animal (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). 
Scale bars: 25 μm. Bg: Bulge, Bb: Hair bulb, Hg: Hair germ, Mc: Melanocytes, MSCs: Melanocyte 
stem cells. Illustrations created with BioRender.com. 

These results suggest that Prrx1 and Snai1 are predominantly expressed in hair 
follicles in anagen and that Prrx1 is expressed more abundantly than Snai1 in these 
conditions.  

8.1.2 Prrx1 and Snai1 are expressed in the hair follicle of BP mice 

Next, we characterized Prrx1 and Snai1 expression in the hair follicle from the BP-
tdTomato mouse model. For this, we used the same protocol and 4 weeks mice were 
treated 3 times with 4-HT and skin was collected 7- and 28-days post-treatment 
(Figure 8a). 

In the HF of BP-tdTomato mice, in line with the expression of oncogenic Braf and as 
previously described (Köhler et al., 2017; Q. Sun et al., 2019), some tdTomato+ cell 
pools were detected in the hair bulb during anagen, at positions where melanocytes 
are not usually present. In these locations, Prrx1 expression was detected in 
approximately 20% of tdTomato+ cells (n=4) (Figure 8b), a very similar proportion to 
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what was found in tdTomato+ cells at HF bulb in the Tyr+-tdTomato mouse model 
(Figure 8c). 

On the other hand, Snai1 was also detected in aberrant melanocytic cells masses in 
the hair follicles of the BP-tdTomato model at anagen (Figure 8b). SNAI1+/TdTomato+ 
cells were present in an approximately 10% (n=5) of the total tdTomato+ cells at the 
hair bulb (Figure 8d). This proportion was a bit higher that the expression found in Tyr+-
tdTomato mouse model, but these diperences were not statistically significant.  

These results suggest that Prrx1 and Snai1 are also expressed at the hair follicle of 
oncogenic Braf expressing melanocytes, indicating a potential role in 
melanomagenesis. 

 

Figure 8. Prrx1 and Snai1 are expressed in the hair bulb of BP mice. (a) Schematic 
representation of the treatment performed in mice in which hair follicle samples were analysed. 
(b) Representative images of immunolabeling (in white) for PRRX1 (left) and SNAI1 (right) in BP-
hair follicles (HF) in anagen from BP-tdTomato mice. tdTomato+ cells labelled in red. Yellow 
arrowheads indicate PRRX1 or SNAI1 expression in tdTomato+ cells. (c) Graph showing 
percentage of PRRX1+/tdTomato+ of total tdTomato+ cells in the bulb of the hair follicle (HF) in 
anagen in samples from Tyr+-tdTomato mouse model (n=5) and BP-tdTomato mice. (d) Graph 
showing percentage of SNAI1+/tdTomato+ of total tdTomato+ cells in in the bulb of the hair follicle 
(HF) in anagen in samples from Tyr+-tdTomato mouse model (n=5) and BP-tdTomato mice. Data 
are represented by Mean ± SEM and statistically significant diTerences are tested by unpaired 
two-tailed Mann-Whitney test. Each dot represents one animal (* = p < 0.05, ** = p < 0.01, *** = 
p < 0.001, **** = p < 0.0001). Scale bars: 25 μm. Illustrations created with BioRender.com. 
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8.2 Contribution of Prrx1 to melanoma 

8.2.1 Prrx1 is expressed in early melanomas, but its expression is lost as 
tumour progresses 

We first investigated the potential role of Prrx1 in melanoma. As mentioned before, 
previous studies indicated that some EMT-TFs can regulate and modulate melanoma 
progression and metastatic dissemination (Caramel et al., 2013; Vandamme et al., 
2020).Among them, the EMT-TF Zeb1 plays a major role during melanoma 
progression, as it has been associated with invasive and stem-like programs (Durand 
et al., 2024; Vandamme et al., 2020). 

Using the melanoma reporter mouse line, the BP-tdTomato model, we could confirm 
that Zeb1 is expressed by TdTomato+ melanoma cells at diperent tumour stages 
(Figure 9a): including early (2mm diameter and 1mm thickness), and late melanomas 
(final point) as defined in the Material and Methods Section (Figure 9b). This confirms 
that this model behaves similarly to what it has been described in previous studies. 

Using the same model, we next characterized the expression of Prrx1 at these stages. 
In early tumours immunolabeling of PRRX1 was detected at around 7% of tdTomato+ 
cells (n=7) (Figure 9c left, d). These PRRX1+/TdTomato+ cells were mostly found under 
the basal lamina of the epidermis and Prrx1 was also detected in many cells from the 
tumour microenvironment. Prrx1 expression was next analysed at late stages, when 
the tumour size reached the criteria for humane end point for the animal. In this case, 
PRRX1+/tdTomato+ cells were nearly absent (Figure 9c right, d), since its expression 
was only found in a few cells found across all tumours analysed (n=4). 

Prrx1 was also present in tumour microenvironment cells, but the location and 
density of these cells was very heterogeneous even within the tumour. 

Our data suggests that Prrx1 expression is lost during melanocytic cells 
transformation as it is present HFs at anagen in the BP mouse model, but this 
expression is reduced as tumour progresses and it is eventually lost, indicating that 
Prrx1 may play a role particularly during melanoma initiation (Figure 9d). 
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Figure 9. Prrx1 is expressed in early melanomas, but its expression is lost as tumour 
progresses. (a) Representative images of immunolabeling for Zeb 1 (white) in melanomas from 
BP-tdTomato mice (tdTomato+ cells labelled in red). Early tumours (2mm width, left) and late 
tumours (experiment end point, right). Yellow arrowheads indicate Zeb1 expression in tdTomato+ 

cells. (b) Schematic representation of the treatment performed in mice to generate melanomas 
and the diTerent tumour stages analysed. (c) Representative images of immunolabeling for 
PRRX1 (white) in melanomas from BP-tdTomato mice (tdTomato+ cells labelled in red). Early 
tumours (2mm width, left) and late tumours (experiment end point, right). Yellow arrowheads 
indicate PRRX1 expression in tdTomato+ cells. (d) Graph showing percentage of 
PRRX1+/tdTomato+ of total tdTomato+ cells in the bulb of hair follicle (HF) in anagen (n=4), early 
tumours (n=7) and late tumours (n=4) in samples from the BP-tdTomato mouse model. Data are 
represented by Mean ± SEM and statistically significant diTerences are tested by unpaired two-
tailed Mann-Whitney test. Each dot represents one animal (* = p < 0.05, ** = p < 0.01, *** = p < 
0.001, **** = p < 0.0001). Scale bars: 25 μm. Illustrations created with BioRender.com. 

8.2.2 Human malign nevi show localized Prrx1 expressing melanoma 
cells 

Our melanoma mouse models show Prrx1 expression during melanocyte 
transformation and tumour initiation, which is lost as tumour progresses. To validate 
the translational relevance of these findings to human melanoma in the clinical 
setting, we investigated some human melanoma early lesions (Figure 10a). 

In these samples, double immunofluorescence shows that PRRX1 is detected in 
HMB45+ cells (Figure 10b). HMB45 is a broad marker for melanoma cells (Gown et al., 
1986). Although very few cells were detected on each sample, double 
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PRRX1+/HMB45+ cells were present in all analysed samples (n=3). These results 
suggest that Prrx1 may also play a role in human cutaneous melanoma. 

 

Figure 10. Prrx1 is expressed in early melanoma lesions in human samples. (a) Brief 
illustration of the origin of the melanomas. (b) Representative image of an early melanoma (left, 
higher magnification). Immunolabelling for PRRX1 (white) and HMB45 (red) showing PRRX1 
expression in some HMB45+ cells in the skin (n=3). Yellow arrowheads indicate Prrx1 expression 
in HMB45+ cells. Scale bars: 25 μm. Illustrations created with BioRender.com. 

8.2.3 Generation and validation of a Prrx1 loss-of-function melanoma 
mouse model 

To investigate whether Prrx1 could be implicated in melanomagenesis, we next 
generated a conditionally activated melanoma murine model unable to express Prrx1. 
To generate this model and also to trace melanoma cells, we crossed our inducible 
reporter melanoma BP-tdTomato model (Tyr::Cre-ERT2, BrafCA, PtenloxP/+, tdTomato) 
with the Prrx1cKO model (Prrx1loxP/loxP), referred as BP-tdTomato/Prrx1cKO. 

To validate Cre recombinase activity in this model, BP-tdTomato/Prrx1cKO animals 
were treated with 4-HT at 6-8 weeks after birth. As described above, treatment 
consisted in topical application of 4-HT after back skin depilation, three times on 
alternate days (Figure 11a). Animals were kept in the animal facility and monitored 
until tumour masses arose and reached suitable size for further experiments. 

Tumours were collected, homogenized and subjected to fluorescent activated cell 
sorting (FACS) to isolate TdTomato+-melanoma cells, that were subsequently used to 
obtain gDNA and perform PCR and electrophoresis to validate Cre recombinase 
activity. 

We confirmed that melanoma cells from BP-tdTomato mice expressed the wild-type 
Prrx1 allele (Prrx1WT), as expected. In contrast, melanoma cells from BP-
tdTomato/Prrx1cKO mice exhibited a PCR band corresponding to the recombined 
floxed allele (Prrx1Floxed), with a faint residual band corresponding to the 
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unrecombined allele (Prrx1loxP) (Figure 11b). These results confirm that Cre 
recombinase activity was active at the Prrx1 locus.  

 

Figure 11. Generation and validation of a Prrx1 loss-of-function mouse melanoma model. 
(a) Schematic representation of the treatment performed in BP-tdTomato/Prrx1cKO mice to 
generate melanomas. (b) Image of a DNA gel electrophoresis confirming CRE-ERT2-dependent 
recombination of Prrx1loxP gene. Molecular weight marker of 100bp. (c) Representative images of 
immunolabelling for PRRX1 in early melanomas (white) in the BP-tdTomato and  
BP-tdTomato/Prrx1cKO mouse lines (tdTomato+ cells labelled in red). PRRX1+/tdTomato+ 
melanoma cells (yellow arrowheads) appear close to epidermis in BP melanomas, and this is 
absent in BP-tdTomato/Prrx1cKO models. (d) Graph showing percentage of PRRX1+/tdTomato+ of 
total tdTomato+ cells in early tumours in the melanoma BP-tdTomato and BP-tdTomato/Prrx1cKO 
mouse models (n=7, n=4). Data are represented by Mean ± SEM and statistically significant 
diTerences are tested by unpaired two-tailed Mann-Whitney test. Each dot represents one 
animal (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). Scale bars: 25 μm. 
Illustrations created with BioRender.com. 

To further check Prrx1 depletion at protein level, we moved to early melanoma 
tumours. Immunolabeling of PRRX1 in early tumours from BP-tdTomato/Prrx1cKO mice 
showed very few PRRX1+/TdTomato+ cells (less than 0.5%) compared to BP-tdTomato 
mice (Figure 11c, d). These data indicates that PRRX1+/tdTomato+ cells were almost 
absent in BP-tdTomato/Prrx1cKO tumours, validating the suitability of the newly 
generated Prrx1 loss-of-function melanoma mouse model. 

8.2.4 Prrx1 depletion promotes melanomagenesis  

Once the newly generated Prrx1 loss-of-function mouse melanoma model was 
validated, we carried on investigating the impact of depleting Prrx1 in melanoma 
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initiation. For this, 6-8 weeks BP and BP/Prrx1cKO mice were treated with 4-HT and 
animals were monitored until lesions appeared. Tumour initiation was registered 
when tumours reached 2mm diameter and 1mm thickness. Animals were later 
monitored for new tumour events until the total tumour mass reached the endpoint 
size, when mice were sacrificed and tumours collected (Figure 12a). Representative 
images of developed tumours of these mouse models 95 days after tamoxifen 
treatment are shown in Figure 12b. 

Kaplan-Meier survival plot (Figure 12c) shows that the mean melanoma-free-survival 
time in BP mice was 94.5 days, compared to 61 days in the BP/Prrx1cKO mice. This 
reduction in the time in which melanoma appears indicates that Prrx1 depletion 
contributes to melanomagenesis in this model.  

 

Figure 12. Prrx1 depletion promotes melanomagenesis. (a) Schematic representation of the 
treatment performed in BP and BP/Prrx1cKO mice to generate melanomas. (b) Representative 
images of the back skin of BP and BP/Prrx1cKO mice that have developed melanomas. (c) Kaplan-
Meier plot showing melanoma-free survival since the start of the 4-HT treatment in the BP and 
BP/Prrx1cKO melanoma models (n=28, n=27). (d) Quantification of tumours developed in BP and 
BP/Prrx1cKO mice (n=22, n=23). Data are represented by Mean ± SEM and statistically significant 
diTerences are tested by unpaired two-tailed Mann-Whitney test. Each dot represents one 
animal (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). Illustrations created with 
BioRender.com. 
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Together with this acceleration in tumour onset, the number of tumours that 
appeared until endpoint was almost double in BP/Prrx1cKO mice (mean = 4.78) 
compared to BP controls (mean = 2.5) (Figure 12d). Due to some leakiness of this 
mouse model, as described previously (TheJacksonLab - BRaf[CA], Pten[loxP], 
Tyr::CreER[T2] Strain Details, n.d.), we only noted as tumour events those that 
appeared in the back skin surrounding the treatment zone, even though leaky 
tumours appeared more frequently in BP/Prrx1cKO. 

These findings suggest that Prrx1 may play a protective role in melanoma, as 
downregulation of this gene accelerates the ability of BRAF expressing melanocytes 
to accelerate and promote tumour development. 

8.2.5 Prrx1 loss does not impact on tumour histopathological 
characteristics or proliferation 

To investigate potential diperences between melanomas developed in BP/Prrx1cKO 
mice compared to BP controls, tumours were fixed, processed and sectioned after 
collection (Figure 13a). Haematoxylin-eosin contrast staining showed that these 
tumours presented high inter- and intra-tumoural heterogeneity, with few pigmented 
cells mostly located at surface regions of the tumour, and no major diperences 
between BP and BP/Prrx1cKO late tumours were found (Figure 13b). 

To investigate proliferation levels of these tumours, we performed immunolabeling for 
KI67, a nuclear protein used as a proliferation marker (Gerdes et al., 1983). 
Quantification of KI67+ cells in tumours showed no significant diperences between 
tumours from the BP and BP/Prrx1cKO models (Figure 13c, d). Analyses were 
performed taking pictures at diperence sites of the surface, the inner part and the 
invasive front of the tumours, and the total tumour cell number was taken in account 
to calculate KI67+ cell ratio. 

We also analysed the presence of immune myeloid cells in the tumours. For this, we 
performed immunofluorescence and quantified the amount of IBA1+ cells in the 
tumour. As mentioned above, Analyses were performed taking pictures at diperence 
sites of the surface, the inner part and the invasive front of the tumours, and the total 
tumour cell number was taken in account to calculate Iba1+ cell ratio. However, no 
significant diperences between BP and BP/Prrx1cKO tumours were found (Figure 13e, 
f). 

These data suggest that the role of Prrx1 in melanoma is independent of the ability of 
melanoma cells to proliferate or the infiltration of myeloid populations in tumours.  
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Figure 13. Prrx1 loss does not impact on tumour histopathological characteristics or 
proliferation. (a) Schematic representation of the treatment performed in BP and BP/Prrx1cKO 
mice to generate melanomas. (b) Representative image of haematoxylin-eosin (H&E) staining in 
melanomas from BP and BP/Prrx1cKO mice. (c) Graph showing percentages of KI67+ cells in 
tumour cells in melanomas from BP and BP/Prrx1cKO mice. 
(d) Representative image of KI67 immunolabeling (white) in melanomas from BP and BP/Prrx1cKO 
mice. (e) Graph showing percentages of IBA1+ cells in tumour cells in melanomas from BP and 
BP/Prrx1cKO mouse models. (f) Representative image of immunolabeling for IBA 1(white) in 
melanomas from BP and BP/Prrx1cKO mouse models. Data are represented by Mean ± SEM and 
statistically significant diTerences are tested by unpaired two-tailed Mann-Whitney test. Each 
dot represents one animal (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). Scale 
bars: 50 μm. Illustrations created with BioRender.com.  
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8.2.6 Prrx1 depletion activates Snai1 expression 

As previous results suggest, the acceleration of tumour initiation and the higher 
propensity to develop tumours does not seem related to a higher proliferation of 
melanoma cells in the BP/Prrx1cKO model. As previous studies indicate that Prrx1 
inhibition induces the activation of Snai1 through a regulatory loop (Fazilaty et al., 
2019), we next investigated whether Prrx1 depletion may increase Snai1 expression. 
For this, we next compared Snai1 expression in melanoma cells from the BP-
tdTomato and the BP-tdTomato/Prrx1cKO mice in early melanomas (Figure 14a)  

 

Figure 14. Prrx1 depletion activates Snai1 expression in early melanomas. (a) Schematic 
representation of the treatment performed in BP-tdTomato and BP-tdTomato/Prrx1cKO mice to 
generate early melanomas. (b) Representative images of immunolabeling for SNAI1 (white) in 
early melanomas from BP-tdTomato and BP-tdTomato/Prrx1cKO mice (tdTomato+ cells labelled 
in red). SNAI1+/tdTomato+ melanoma cells appear rarely in BP-tdTomato melanoma tumour, 
while its frequency is greatly increased in BP-tdTomato/Prrx1cKO model. (c) Graph showing 
percentages of SNAI1+/tdTomato+ cells of total tdTomato+ cells in early tumours on BP-tdTomato 
and BP-tdTomato/Prrx1cKO mouse models (n=7, n=5). Data are represented by Mean ± SEM and 
statistically significant diTerences are tested by unpaired two-tailed Mann-Whitney test. Each 
dot represents one animal (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). Scale 
bars: 25μm. Illustrations created with BioRender.com. 

Interestingly, immunolabeling for SNAI1 in early melanomas show increased number 
of SNAI1+/tdTomato+ cells in BP-tdTomato/Prrx1cKO (5.88% compared with 0.59% in 
BP-tdTomato control tumours) (Figure 14b, c). These cells were located close, but not 
adjacent, to basal lamina of epidermis or in the interfollicular dermis. 

We next compared Snai1 expression in hair follicles from BP-tdTomato and BP-
tdTomato/Prrx1cKO mice (Figure 15a). Immunolabeling for Snai1 in the bulb of hair 
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follicles during anagen confirmed an increase of SNAI1+/tdTomato+ cells upon Prrx1 
depletion (11.19% vs 24.65%) (Figure 15b, c), in line with the situation in early 
tumours.  

These results indicate that the mechanism by which Prrx1 depletion promotes 
melanomagenesis can be mediated by an increase of Snai1 expression. Snai1 
upregulation can be identified at the early stages of melanocytic transformation. 

 

Figure 15. Prrx1 depletion activates Snai1 expression in Tyr+ cells in the hair bulb upon 
oncogenic insult. (a) Schematic representation of the treatment performed in BP-tdTomato and 
BP-tdTomato/Prrx1cKO mice in which hair follicle samples were analysed. (b) Representative 
images of immunolabeling for SNAI1 (white) in BP-hair follicles (HF) in anagen from BP-tdTomato 
and BP-tdTomato/Prrx1cKO mice. tdTomato+ cells labelled in red. Yellow arrowheads indicate 
SNAI1 expression in tdTomato+ cells. (c) Graph showing percentages of SNAI1+/tdTomato+ of 
total tdTomato+ cells in the bulb of the hair follicle (HF) in anagen in samples from BP-tdTomato 
(11.19%) and BP-tdTomato/Prrx1cKO (24.65%) mice (n=6, n=4). Data are represented by Mean ± 
SEM and statistically significant diTerences are tested by unpaired two-tailed Mann-Whitney 
test. Each dot represents one animal (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). 
Scale bars: 25μm. Illustrations created with BioRender.com.  
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8.3 Role of Snai1 in melanoma initiation 

As an increase in Snai1 expression is associated to melanomagenesis, we next 
investigated whether Snai1 have a role in melanoma initiation. Snai1 is linked to 
diperent cellular programs related to tumorigenesis, metastasis and resistance to 
therapies across several cancer types.(Kaufhold & Bonavida, 2014; Qing et al., 2023; 
Tsirigoti et al., 2022). Interestingly, it has also been reported to enhance stemness 
properties and tumour initiating capacities in epithelial cancers (Mani et al., 2008; 
Morel et al., 2008). However, whether Snai1 contributes to melanoma initiation is 
unknown.  

As shown previously, our data indicates that Snai1 expression is detected in 
tdTomato+ cells during anagen phase in the hair bulb in both homeostatic and 
oncogenic contexts, as analysed in the Tyr+-tdTomato (Figure 7) and the BP-tdTomato 
(Figure 8), respectively.  

We next investigated whether Snai1 is expressed in tumours (Figure 16a). Analysis of 
early melanomas arising in the BP-tdTomato model detected 1% SNAI1+/TdTomato+ 
cells (n=7) (Figure 16b left). Further, at late tumour stages, immunolabeling for Snai1 
detected nearly zero SNAI1+/TdTomato+ melanoma cells within all analysed tumours 
(n=3) (Figure 16b right). Number of SNAI1+/TdTomato+ cells in the hair follicles and 
melanomas at diperent stages is shown in Figure 16c.  

Altogether, these results suggest that Snai1can be expressed in melanocytic cells in 
the hair follicle and its expression is lost as tumour begins to emerge, suggesting that 
Snai1 may also play a role during melanoma initiation. 
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Figure 16. Snai1 expression can be detected in early melanomas. (a) Schematic 
representation of the treatment performed in mice to generate melanomas and the diTerent 
tumour stages analysed. (b) Representative images of immunolabeling for SNAI1 (white) in 
melanomas from BP-tdTomato mice (tdTomato+ cells labelled in red). Early tumours (2mm width, 
left) and late tumours (experiment end point, right). Yellow arrowheads indicate SNAI1 
expression in tdTomato+ cells. (c) Graph showing percentage of SNAI1+/tdTomato+ of total 
tdTomato+ cells in the bulb of hair follicle (HF) in anagen (n=5), early tumours (n=7) and late 
tumours (n=3) in BP-tdTomato mouse model. Data are represented by Mean ± SEM and 
statistically significant diTerences are tested by unpaired two-tailed Mann-Whitney test. Each 
dot represents one animal (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). Scale 
bars: 25 μm. Illustrations created with BioRender.com. 

8.3.1 Generation and validation of loss-of-function of Snai1 melanoma 
mouse model 

To investigate the function of Snai1 in melanoma initiation, we next generated a 
conditionally activated melanoma reporter murine model with loss-of-function of 
Snai1. This model was generated by crossing our BP-tdTomato mice with the Snai1cKO 
(Snai1loxP/loxP) model. 

Following the same strategy described in Section 8.2.3 for the validation of the Cre-
recombinase, we treated BP-tdTomato and BP-tdTomato/Snai1cKO mice with 4-HT to 
generate melanomas (Figure 17a). These samples were collected and subjected to 
FACS to isolate tdTomato+ melanoma cells. Sorted cells were used for gDNA 
extraction and PCR to confirm recombination. 
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Figure 17. Generation and validation of Snai1 loss-of-function mouse melanoma model.  
(a) Schematic representation of the treatment performed in BP-tdTomato/Snai1cKO mice to 
generate melanomas. (b) DNA gel electrophoresis confirming CRE-ERT2-dependent 
recombination of Snai1loxP gene, shown by the presence of Snai1Floxed band. Molecular weight 
marker of 100bp. (c) Schematic representation of the treatment performed in Tyr+-tdTomato and 
Tyr+-tdTomato/Snai1cKO mice in which hair follicle samples were analysed. (d) Representative 
images of immunolabeling for SNAI1 (white) in hair follicles (HF) in anagen from Tyr+-tdTomato 
and Tyr+-tdTomato/Snai1cKO mice. tdTomato+ cells labelled in red. Yellow arrowheads indicate 
SNAI1 expression in tdTomato+ cells. (e) Graph showing percentage of SNAI1+/tdTomato+ of total 
tdTomato+ cells in the bulb of the hair follicle (HF) in anagen in samples from Tyr+-tdTomato and 
Tyr+-tdTomato/Snai1cKO mouse models (n=5, n=4). Data are represented by Mean ± SEM and 
statistically significant diTerences are tested by unpaired two-tailed Mann-Whitney test. Each 
dot represents one animal (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). Scale 
bars: 25 μm. Illustrations created with BioRender.com. 

Imaging of the gels upon DNA staining and electrophoresis, showed that while control 
melanoma cells from BP-tdTomato mice showed the presence of the wild type allele 
(Snai1WT)), melanoma cells from BP-tdTomato/Snai1cKO tumour present a band 
corresponding to the recombined allele (Snai1Floxed), confirming Cre activity at the 
Snai1 locus (Figure 17b). 

To investigate Snai1 depletion at protein level, we moved to hair follicles (Figure 17c), 
where the higher number of SNAI1+/tdTomato+ cells could be previously detected 
(Figure 7). Analysis of the hair bulb in anagen confirmed the reduction in the number 
of SNAI1+/tdTomato+ cells in Tyr+-tdTomato/Snai1cKO model compared to control 
(Figure 17d, e). 

This data indicates that Cre-recombinase activity is present in our Snai1 loss of 
function newly generated models, making them suitable for further experiments. 
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8.3.2 Snai1 depletion delays melanomagenesis 

We next investigated the impact of Snai1 depletion in melanoma development. For 
this, we treated 6-8 weeks BP and BP/Snai1cKO mice with 4-HT and animals were 
monitored during melanoma progression until end point (Figure 18a). Check 
Materials and methods for further details. 

Kaplan-Meier survival plot showed a delay in tumour initiation in BP/Snai1cKO models 
compared to BP controls, as the mean melanoma-free survival for BP/Snai1cKO mice 
was 103 days compared to the 94.5 days of BP control mice (Figure 18b). However, 
some of the BP/Snai1cKO mice never developed melanoma, in contrast to BP or 
BP/Prrx1cKO mice with a 100% melanoma penetrance. Although, no significant 
diperences in the number of tumours between the BP and the BP/Snai1cKO mice were 
found (Figure 18c).  

 

Figure 18. Snai1 depletion delays melanomagenesis. (a) Schematic representation of the 
treatment performed in BP and BP/Snai1cKO mice to generate melanomas. (b) Kaplan-Meier plot 
showing melanoma-free survival since the start of the 4-HT treatment in the BP and BP/Snai1cKO 
melanoma models (n=28, n=23). (c) Quantification of tumours developed in BP and BP/Snai1cKO 
mice (n=22, n=24). Data are represented by Mean ± SEM and statistically significant diTerences 
are tested by unpaired two-tailed Mann-Whitney test. Each dot represents one animal (* = p < 
0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). Illustrations created with BioRender.com. 
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Additionally, as performed previously and explained in Section 8.2.5, we next 
analysed BP/Snai1cKO late melanomas (Figure 19a). As in tumours from BP/Prrx1cKO 

mice, haematoxylin-eosin contrast staining showed no major diperences at 
histological level between BP and BP/Snai1cKO melanomas (Figure 19d left). Similarly, 
analysis of the number of KI67+ cells (Figure 19b, d middle) or IBA1+ cells (Figure 19c, 
d right) in melanomas showed no significant diperences between BP and BP/Snai1cKO 

mice. 

All these findings suggest that Snai1 contributes to melanoma initiation. 

 

 

Figure 19. Snai1 depletion does not impact on tumour histopathological characteristics or 
proliferation. (a) Schematic representation of the treatment performed in BP and BP/Snai1cKO 
mice to generate melanomas. (b) Graph showing percentages of KI67+ cells in tumour cells in 
melanomas from BP and BP/Snai1cKO mice. (c) Graph showing percentages of IBA1+ cells in 
tumour cells in melanomas from BP and BP/Snai1cKO mouse models. (d) Representative images 
of haematoxylin-eosin (H&E) staining (left), KI67 immunolabeling (white, middle) and IBA1(white, 
right) in melanomas from BP/Snai1cKO mice. Data are represented by Mean ± SEM and 
statistically significant diTerences are tested by unpaired two-tailed Mann-Whitney test. Each 
dot represents one animal (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). Scale 
bars: 50 μm. Illustrations created with BioRender.com. 
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8.3.3 Loss of Snai1 in melanoma cells does not upregulate Prrx1 

As previous research indicate, a mutual inhibitory loop between Prrx1 and Snai1 plays 
a critical role in embryonic development and some carcinomas (Fazilaty et al., 2019). 
Our data in the Prrx1cKO mouse model, indicate that this regulatory loop is at least in 
part, present in melanoma cells, since Prrx1 depletion promotes Snai1 upregulation. 
Thus, we next investigated whether Prrx1 could also regulate Snai1 expression in 
melanoma.  

To do this, BP-tdTomato and BP-tdTomato/Snai1cKO mice were treated with 4-HT and 
early melanomas collected (Figure 20a). Contrary to what we hypothesised, 
immunolabeling for PRRX1 in melanoma early tumours showed that the number of 
PRRX1+/tdTomato+ cells in BP-tdTomato/Snai1cKO was very similar to that in  
BP-tdTomato control mice (Figure 20b), as we could not find any statistically 
significant diperences between these tumours (Figure 20c).  

We also compared Prrx1 expression in hair follicles from Tyr+-tdTomato and Tyr+-
tdTomato/Snai1cKO mice (Figure 20d). In line with the situation in early melanomas, 
immunolabeling for PRRX1 in hair bulbs in anagen showed no significant changes in 
the number of PRRX1+/tdTomato+ cells in both models (Figure 20e, f). 

These results indicate that Snai1 downregulation does not impact on Prrx1 expression 
in melanocytic cells in vivo.  
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Figure 20. Loss of Snai1 in melanoma cells does not upregulate Prrx1. (a) Schematic 
representation of the treatment performed in BP-tdTomato and BP-tdTomato/Snai1cKO mice to 
generate early melanomas. (b) Representative images of immunolabeling for PRRX1 (white) in 
early melanomas from BP-tdTomato and BP-tdTomato/Snai1cKO mice (tdTomato+ cells labelled 
in red). Yellow arrowheads indicate PRRX1 expression in tdTomato+ cells. (c) Graph showing 
percentages of PRRX1+/tdTomato+ cells of total tdTomato+ cells in early tumours on BP-tdTomato 
and BP-tdTomato/Snai1cKO mouse models (n=6, n=5). PRRX1+/tdTomato+ melanoma cells 
appear in BP-tdTomato and BP-tdTomato/Snai1cKO melanoma tumours in a similar proportion. 
(d) Schematic representation of the treatment performed in Tyr+-tdTomato and Tyr+-
tdTomato/Snai1cKO mice in which hair follicle samples were analysed. (e) Representative images 
of immunolabeling for PRRX1 (white) in hair follicles (HF) in anagen from Tyr+-tdTomato and Tyr+-
tdTomato/Snai1cKO mice. tdTomato+ cells labelled in red. Yellow arrowheads indicate PRRX1 
expression in tdTomato+ cells. (f) Graph showing percentages of PRRX1+/tdTomato+ of total 
tdTomato+ cells in the bulb of the hair follicle (HF) in anagen in samples from Tyr+-tdTomato and 
Tyr+-tdTomato/Snai1cKO mice (n=5, n=5). Data are represented by Mean ± SEM and statistically 
significant diTerences are tested by unpaired two-tailed Mann-Whitney test. Each dot 
represents one animal (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). Scale bars: 
25 μm. Illustrations created with BioRender.com. 
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8.4 Analysis of Prrx1 and Snai1 in melanocytes in vitro 

Our animal experiments show a role of Prrx1 and Snai1 in melanoma initiation. To 
investigate in more detail these cell-intrinsic regulatory mechanisms we next moved 
to an in vitro context. 

8.4.1 Prrx1 to Snai1 repressive axis in melanocytes in vitro 

Our in vivo experiments showed that melanoma onset was accelerated and 
enhanced in a loss-of-function of Prrx1 context, which may be induced by an increase 
in Snai1 expression in melanocytic cells. To confirm that Prrx1 is repressing Snai1, we 
next used the immortalized murine melanocyte cell line Melan-a. 

As mentioned previously, it has been shown that the EMT-TFs Prrx1 and Snai1 can 
function as part of a mutually repressive regulatory loop in embryonic development, 
adult injured tissues and carcinomas (Fazilaty et al., 2019; Youssef et al., 2024). The 
regulatory loop proposed in Fazilaty et al., 2019 showed that Prrx1 expression 
depends on a balance between the direct upregulation by itself and the repression by 
the EMT-TF Snai1. Interestingly, Snai1 can repress Prrx1 transcription by direct DNA 
binding in this context. However, Prrx1 attenuates Snai1 transcription by activating 
the expression of members of the miR-15 miRNA family (Figure 21a). 

In our in vivo melanocytic models, upregulation of Prrx1 upon Snai1 depletion could 
not be detected (Figure 20). However, we found that Prrx1 depletion increased Snai1 
expression (Figure 14). To investigate this in vitro, we transfected Melan-a cells with 
siRNA against Prrx1 or Snai1 and checked Prrx1 and Snai1 mRNA expression levels by 
qRT-PCR. We first confirmed epicient downregulation upon transfection in both cases. 
Critically, we confirmed Snai1 increase after Prrx1 downregulation, but no changes in 
Prrx1 expression upon Snai1 targeting. By contrast, no diperences in Prrx1 expression 
were found upon Snai1 silencing (Figure 21b). 

Next, to investigate whether regulation of Snai1 by Prrx1 in melanocytes was 
regulated by the miR-15 family of miRNA, we performed a short-term inhibition of the 
Prrx1 gene by siRNA in Melan-a cells. Upon transfection, samples were collected and 
processed to obtain mature miRNAs. TaqMan™ probes against the miR-15 family 
members Mir15a, Mir15b and Mir195a were used to investigate miRNA levels by qPCR. 
Our results indicate that, upon Prrx1 downregulation, miR-15 family members 
expression was reduced in Melan-a cells compared to control (Figure 21c). 

These results further confirmed that, in contrast to the mutual repressive loop 
described in other contexts, in melanocytes only Prrx1 regulates Snai1 expression. 
Interestingly, as described before, Prrx1 downregulation also promotes a decrease in 
the levels of members of the miR15 family, that have been shown to attenuate Snai1 
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expression. Further, the presence of this Prrx1-Snai1 regulatory axis helps to explain 
the increase of Snai1 expression in melanomas from BP-tdTomato/Prrx1cKO mice. 

 

Figure 21. Prrx1 to Snai1 repressive loop in melanocytes in vitro. (a) Graphical representation 
of a gene regulatory network highlighting mutual transcriptional inhibition between Prrx1 and 
Snai1, forming a bidirectional repressive loop, in which members of mir-15 miRNA family are 
implicated (Fazilaty et al., 2019). (b) Relative Prrx1 and Snai1 mRNA levels assessed by 
quantitative RT-PCR in Melan-a cells upon Prrx1 and Snai1 siRNA transfection, represented by 
log2 fold change relative to control (set to 1). Cells were collected 24 hours after transfection. 
Each dot represents one in vitro experiment. (c) Analysis of mir-15 family members mRNA levels 
assessed by quantitative RT-PCR in Melan-a cells upon Prrx1 siRNA transfection (n=5). Each dot 
represents one in vitro experiment. Data are represented by Mean ± SEM and statistically 
significant diTerences are tested by unpaired two-tailed Mann-Whitney test (* = p < 0.05, ** = p 
< 0.01, *** = p < 0.001, **** = p < 0.0001). Illustrations created with BioRender.com. 

8.4.2 Prrx1 depletion and Snai1 overexpression increases stem-like 
properties in melanocytes 

As shown above, loss-of-function of Prrx1 in mouse melanoma models accelerates 
tumour initiation and increases tumour number. Upon characterization of tumours, 
we could not detect major changes in histopathological characteristics or 
proliferation rates. However, we detected an upregulation of Snai1 expression in early 
melanoma tumours. Interestingly, Snai1 expression is associated with tumour 
initiating capabilities and stem-like properties in cancer cells (Cano et al., 2000; Dang 
et al., 2011; Nieto & Cano, 2012), but the capacity of Snai1 to induce these epects in 
melanocytes remains to be elucidated. 
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To investigate this, we first characterize the ability of Melan-a cells to grow as spheres 
in soft agar, an experimental approach to investigate stemness and tumour-initiating 
potential. For this, we transfected Melan-a cells with siRNA against Prrx1 or Snai1, 
that were seeded in soft-agar 24 hours post-transfection.  

 

Figure 22. Overexpression of Snai1 and inhibition of Prrx1 increase tumour initiating 
capabilities in melanocytes in vitro. (a) Representative images of Melan-a cells grown in soft-
agar assay in diTerent conditions (b) Quantification of soft-agar colony formation in Melan-a 
upon transfection with Prrx1 and Snai1 siRNAs. Cells were seeded 24 h after transfection. Each 
dot represents one in vitro experiment. Relative colony number has been normalized to mean of 
controls for each experiment (c) Representative images of MelanA cells grown in soft-agar assay 
upon Snai1 overexpression. Cells were seeded 24 h after transfection. (d, e) SNAI1 and Ngfr 
mRNA levels assessed by quantitative RT-PCR in Melan-a. Data is represented log2 fold change 
relative to control (set to 1). Cells were collected 24 hours after transfection. Each dot 
represents one in vitro experiment. Data are represented by Mean ± SEM and statistically 
significant diTerences are tested by unpaired two-tailed Mann-Whitney test (* = p < 0.05, ** = p 
< 0.01, *** = p < 1, **** = p < 0.0001). Scale bars: 1 mm. 

In line with our in vivo results, analysis of the number of spheres showed an increase 
in the spheres upon Prrx1 depletion. In contrast no significant changes in the number 
of spheres were found upon Snai1 downregulation (Figure 22a, b). 

To confirm that the mechanism by which Prrx1 downregulation increases the number 
spheres could be mediated by Snai1 upregulation, we next assessed whether Snai1 
expression was supicient to enhance tumour initiating capabilities in untransformed 
melanocytic cells. To do this, we overexpressed SNAI1 gene in Melan-a cells. Analysis 
of the ability of Melan-a to generate spheres in soft agar, showed an increase in the 
number of spheres in SNAI1 overexpressing Melan-a cells compared to control 
(Figure 22c, d). This increase in sphere-forming abilities was accompanied by an 
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increase in Ngfr mRNA levels, a well stablished melanoma stemness marker (Boiko 
et al., 2010; Redmer et al., 2014), in the SNAI1-GOF condition compared to control 
(Figure 22e).  

These results suggest that an increase in Snai1 expression levels in melanocytes is 
supicient to induce an increase in their ability to form spheres and stem-like 
properties. 

8.5 Prrx1 silencing accelerates melanoma formation through Snai1 
expression  

Our results in experiments in vivo and in vitro indicate that Prrx1 could be acting as a 
protective factor by repressing Snai1 expression during melanoma development. 
When Prrx1 is downregulated, Snai1 enhanced expression may increase tumour 
initiating capacities and stemness properties of melanocytic cells, thus leading to 
acceleration of tumour initiation and increase in tumour number.  

To confirm this, and to investigate whether acceleration in melanomagenesis and 
increased number of tumours upon Prrx1 depletion could be reverted by blocking 
Snai1 expression, we generated a BP/Snai1cKO/Prrx1cKO model. These animals were 
treated 6-8 weeks post birth and monitored (Figure 23a). 

Kaplan-Meier survival plot showed that the mean melanoma-free survival for 
BP/Snai1cKO/Prrx1cKO mice was 84 days, very similar to the BP mice, thus rescuing the 
Prrx1 depletion phenotype (Figure 23b).  

Further, analysis of the number of tumours generated in the BP/Snai1cKO/Prrx1cKO 

model (mean = 3.5) showed no statistically significant diperences compared to 
control BP animals (Figure 23c). 

As done previously, we also investigated histopathological changes (Figure 23d left), 
proliferation rates (Figure 23d middle, e) and myeloid infiltration  
(Figure 23d right, f) in melanomas from BP/Snai1cKO/Prrx1cKO. Again, no major 
diperences were found when compared with BP mice.  

These findings indicate that Prrx1 regulation of melanomagenesis is driven by Snai1 
expression. 
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Figure 23. Prrx1 silencing accelerates melanoma formation through Snai1 expression.  
(a) Schematic representation of the treatment performed in BP and  
BP/Prrx1cKO/Snai1cKO mice to generate melanomas. (b) Kaplan-Meier plot showing melanoma-
free survival since the start of the 4-HT treatment in BP, BP/Prrx1cKO, BP/Snai1cKO and 
BP/Prrx1cKO/Snai1cKO melanoma models (n=28, n=27, n=23, n=15). (c) Quantification of tumour-
events number in BP, BP/Prrx1cKO, BP/Snai1cKO and BP/Prrx1cKO/Snai1cKO melanoma models (n=22, 
n=23, n=24, n=12). (d) Representative image of haematoxylin-eosin (H&E) staining (left) and 
immunolabeling from Ki67 (white, middle) and IBA1 (white, right) in melanomas from  
BP/Prrx1cKO/Snai1cKO mice. (e) Graph showing percentages of KI67+ cells in tumour cells in 
melanomas from BP and BP/Prrx1cKO/Snai1cKO mice. (f) Graph showing percentages of IBA1+ cells 
in tumour cells in melanomas from BP and BP/Prrx1cKO/Snai1cKO mice. Data are represented by 
Mean ± SEM and statistically significant diTerences are tested by unpaired two-tailed Kruskal-
Wallis or Mann-Whitney test. Each dot represents one animal (* = p < 0.05, ** = p < 0.01, *** = p 
< 0.001, **** = p < 0.0001). Scale bars: 50 μm. Illustrations created with BioRender.com. 
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9 Discussion 
Melanoma represents one of the most aggressive and therapy-resistant forms of skin 
cancer, which originates in melanocytes, pigment-producing cells derived from the 
neural crest during embryo development (Centeno et al., 2023). While early-stage 
melanomas are potentially curable via surgical excision, advanced disease remains 
clinically challenging due to its high metastatic potential and marked phenotypic 
heterogeneity (Davis et al., 2019; Garbe et al., 2022). During the last decades, we have 
witnessed significant advances in the understanding of melanoma molecular drivers 
(Shain & Bastian, 2016), but the precise mechanisms that govern melanoma initiation 
and the earliest transformation of melanocytes into malignant cells, remain 
incompletely understood. 

One critical aspect emerging from recent studies is the notion that melanoma 
initiation is not only genetically driven but tightly regulated by the diperentiation state 
and plasticity of the cell of origin. Melanocyte stem cells (MSC), transit-amplifying 
(TA) cells and even diperentiated melanocytes have been implicated in 
transformation events under specific oncogenic and microenvironmental conditions 
(Baggiolini et al., 2021; Köhler et al., 2017; Q. Sun et al., 2019). This plasticity is 
particularly evident in melanoma due to its neural crest origin and lineage program 
flexibility (Rambow et al., 2018; Wouters et al., 2020). Recent findings indicate that 
this melanoma plasticity can be modulated by dynamic changes in the expression of 
EMT-TFs, with most evidence supporting a switch from Zeb2/Snail2 expressing 
proliferative cells towards Zeb1/Twist1 expressing invasive melanoma cells (Caramel 
et al., 2013; Vandamme et al., 2020). In fact, in the hair follicle during anagen, 
melanocytes located in the lower portion of the hair bulb, committed to 
diperentiation and melanin production, express Zeb2, that in this case is responsible 
for maintaining their diperentiated state (Denecker et al., 2014). Here we show that 
Prrx1 and Snail 1 can also be expressed in the hair follicle and a novel transcriptional 
switch from Prrx1 to Snail1 that triggers melanoma initiation. 

Our analyses of hair follicles indicate that Prrx1 and Snail1 are expressed during 
anagen in melanocytic cells in the hair bulb compartment. After years of controversy, 
the ability of MSCs in mouse hair follicles to generate melanomas is accepted (Moon 
et al., 2017; Q. Sun et al., 2019). Interestingly, adult stem cells in mammalian tissues 
have been described as stationary cells, residing within specialized 
microenvironments known as niches. Within these niches, they generate transiently 
proliferative progenitor cells, commonly referred to as transit-amplifying cells, which 
subsequently migrate and diperentiate to maintain tissue homeostasis. MSCs were 
classically thought to behave like this, residing in a defined region of the hair follicle 
comprising the bulge and the hair germ. From this location, they were believed to give 
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rise to melanocytes that migrate to the follicular base during the anagen phase of the 
hair cycle to facilitate pigmentation. Briefly, in anagen, when hair growth begins, 
MSCs move downwards towards the base of the hair follicle. During this movement, 
this transient-amplifying population begin to diperentiate and express gene markers 
characteristic of melanocytes, such as pigmentation genes (Schneider et al., 2009; Q. 
Sun et al., 2023). However, very recently, lineage tracing and intravital imaging 
approaches to monitor individual MSCs in single hair follicles, revealed that these 
cells can reverse this program, dediperentiating back to MSCs in the bulge. From the 
bulge, they can later re-enter the hair germ or diperentiate into mature melanocytes 
in the hair bulb (Sun et al., 2023), showing that MSCs behave diperently from adult 
stem-cell populations described previously.  

Prrx1 or Snail1 expression could mostly be detected in the hair bulb in anagen, which 
is the location where MSCs that have initiated the diperentiation process transform 
into mature, functional melanocytes responsible for hair pigmentation. However, the 
ability of MSCs to fully reverse diperentiation, indicates that MSCs are a highly 
dynamic plastic population. Moreover, the mechanisms by which intermediate MSCs 
choose their final fate are not yet understood highlighting the complexity and 
heterogeneity of melanocytic cells in the hair follicles and the need for robust clonal 
lineage tracing experiments to characterize in what specific populations Prrx1 and 
Snail1 are expressed.  

Interestingly, single cell transcriptional analyses have linked the expression of Prrx1 
with MSCs programmes in human samples (Belote et al., 2021). Other transcriptional 
analyses in MSCs detected Snail1 as a diperentially expressed gene in diperent MSCs 
subpopulations during telogen (Joshi et al., 2019), linking Snail1 expression with stem 
cell maintenance in the melanocytic lineage, compatible with our in vitro results. 
Although we could not detect Snail1 at protein level at telogen stages, its expression 
could be not supicient for immunolabeling detection, thus indicating that further 
analyses are needed. 

Previous studies in melanoma suggest that, during earlier stages of melanocyte 
transformation, EMT-TFs expression appear to transition from Zeb2 expressing 
diperentiated melanocytes towards Zeb1 expressing invasive and dediperentiated 
melanoma (Caramel et al., 2013; Denecker et al., 2014; Durand et al., 2024). This 
expression switch seems to be maintained during primary tumour progression, but 
can be reverted upon metastatic colonization (Denecker et al., 2014). However, in 
contrast to Zeb1 expression found in early and late tumours, Snail1 and Prrx1 were 
detected only during the earliest stages of melanoma. This implies that these 
transcription factors may be involved in the early transformation of melanocytes but 
are dispensable or actively repressed in later tumour progression. In our mouse 
melanoma model. PRRX1+ melanoma cells were mostly localized in interfollicular 
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areas close to epidermal cells, under the basal lamina of epidermis, or adjacent to 
the hair follicle outer root sheath. Interestingly, in line with our mouse models, we also 
detected PRRX1+ /HMB45+ cells in human early melanomas at similar anatomical 
sites,  

Critically, we have found that Prrx1 loss accelerates melanoma development. At first, 
we hypothesized that this could be mediated by an increase in the proliferation rate 
in the tumours. Even though we could not detect Snail1 and rarely Prrx1 expression in 
melanoma cells in late tumours, there is a possibility that their expression levels are 
so low that could not be detected at protein level (Fazilaty et al., 2019). Some studies 
in xenografts and in vitro suggest that Prrx1 downregulation in melanoma modify cells 
towards a more proliferative/melanocytic state, and that Prrx1 knock-down also 
drives a reduction in Snail1 expression (Ferreres et al., 2024), but these results were 
obtained in melanoma cell lines that behave diperently from our in vivo transgenic 
models were no diperences in the proliferation of tumour cells were found. Further, 
as EMT have been associated with inflammation and macrophages in tumours (Y. Guo 
et al., 2021; Hsu et al., 2014; Johansson et al., 2015; Youssef et al., 2024), we also 
checked whether the infiltration of myeloid cells was altered upon Prrx1 depletion. 
However, this could not be detected in our tumours.  

Interestingly, further analysis of the tumours showed that in line with the previously 
described repressive loop (Fazilaty et al., 2019), Prrx1 loss induces Snail1 expression 
in melanoma cells. As described above, we found that Prrx1 was present in the hair 
bulb compartment, where transient-amplifying and diperentiated melanocytes are 
located. These melanocytic cells are dividing and transitioning towards a 
diperentiated state, even though they retain plasticity and can de-diperentiate. (Q. 
Sun et al., 2023). Previous studies in BP mice showed that melanoma onset in the hair 
follicle arise during anagen phase, as MSCs exits the quiescent state (Q. Sun et al., 
2019), but this process could be induced by UV-radiation independently of the stage 
of the hair follicle, as MSCs get activated in response to UV stress (Moon et al., 2017). 
As occurs with UV radiation, in our Prrx1 loss-of-function models transition from Prrx1 
towards Snail1 expression may induce a similar activation, leading to melanoma 
initiation independently of hair cycle stage. In addition, UV-stress activation of MSCs 
and translocation to the epidermis seems to be mediated by inflammatory 
mechanisms (Moon et al., 2017), and Snail1 expression has been linked to the 
regulation of inflammation in carcinomas (Youssef et al., 2024). This suggests that 
Snail1 besides from increasing the probability of melanomagenesis by enhancing the 
stem cell-like potential in melanocytic cells as shown in our in vitro experiments, may 
be inducing similar activation patterns as UV-dependent inflammation in MSCs. 
However, to confirm this hypothesis, further experiments are necessary.  
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A major dipiculty when studying the role of EMT-TFs in cancer and, particularly how 
they regulate tumour cells biology, is their wide expression in diperent populations 
from the tumour microenvironment. That is the reason we decided to generate a 
reporter melanoma mouse model in which melanoma cells are labelled in red. Using 
this model, we found that in late melanomas Prrx1 and Snail1 expression was very 
rarely detected in tumour cells but was very abundant in a big proportion of cells in 
the tumour microenvironment. These results are compatible with available 
transcriptional analyses of human melanoma samples, that suggested that Prrx1 and 
Snail1 were expressed in advanced melanomas; However, those analyses were 
unable to discriminate Prrx1 or Snail1 expression in melanoma or stromal cells. 
Taking advantage of these datasets, some studies indicate that Prrx1 in melanoma is 
linked to survival in patients (Ferreres et al., 2024). However, another study describes 
that Prrx1 expression in cancer-associated fibroblasts enhances myofibroblast 
functions leading to increased tumorigenicity and aggressiveness (Lee et al., 2022). 
Thus, Prrx1 levels in the stroma could also influence survival in patients. This 
highlights the need to characterize in more detail in which cell populations Prrx1 is 
expressed in patients, as our characterization of late melanomas indicate that the 
majority of Prrx1 expression comes from stromal cells.  

Additionally, other studies in established melanomas from Nras-mutant mice 
suggested that a population of melanoma cells that expresses Prrx1 could be 
responsible for metastatic dissemination (Karras et al., 2022), compatible with other 
studies in carcinomas (Ocaña et al., 2012) and in melanoma (Ferreres et al., 2024). 
The mouse model used for this study carries a Cre-ER coupled to the GFP gene under 
the control of the Prrx1 promoter, a Nras-mutant construct under the control of the 
Tyr promoter and a tdTomato gene with loxP-flanked Stop codon that is ubiquitously 
expressed. Prrx1-expressing cells are labelled in green, and under tamoxifen 
treatment, these cells begin to express tdTomato and can retain this expression at the 
protein level even if Prrx1 is downregulated. Critically, this model is unable to 
discriminate stromal from melanoma cells. Even though some of the Prrx1 expressing 
cells may be melanoma and are compatible with our results, this data raises the 
possibility that the Prrx1-expressing cells identified in this study in late melanomas by 
tdTomato expression, may be derived from cells that have expressed Prrx1 at earlier 
stages, indicating that Prrx1 may not be a specific marker for melanoma metastatic 
dissemination. 

The EMT-TFs follow a hierarchical regulatory mechanism during EMT induction, being 
Snail1 a promoter of this process though transcriptional repression of epithelial 
markers (Nieto et al., 2016; Youssef & Nieto, 2024), leading to progression of cell state 
towards a mesenchymal state, that is controlled by Prrx1 expression (Youssef et al., 
2024). Among the regulatory loops that fine tune the regulation and maintenance of 
EMT-TFs, the Prrx1/Snail1 mutual repressive loop is responsible for maintaining 
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distinct subpopulations with the leading expression of one or the other (Fazilaty et al., 
2019; Youssef et al., 2024).  

From our in vitro results in Melan-a cells, we detected the expression of miR-15 family 
members, microRNAs responsible for Snail1 transcriptional attenuation, (Fazilaty et 
al., 2019). When Prrx1 is downregulated, miR-15 members are also downregulated, 
which is compatible with the activation of Snail1 expression in melanocytic cells 
observed in our in vitro and in vivo experiments. Interestingly, upregulation of Snail1 
was confirmed upon Prrx1 knock-down in Melan-a cells but downregulation of Snail1 
did not enhance Prrx1 expression in in vivo nor in vitro experiments, contrary to what 
has been described in other models. Interestingly, in Fazilaty et al., 2019, members of 
the TGF-β superfamily were the signal inducing Snail1 and Prrx1 expression. However, 
our preliminary data indicates that Melan-a cells do not respond to TGF-β as epithelial 
cells do, and Snail1 or Prrx1 expression levels did not change (not shown). Additional 
experiments including the analysis of diperent TGF-β receptors could help to 
understand the diperences found in this mutually repressive loop in the diperent 
contexts.  

In our mouse models, Prrx1 depletion leads to increase of Snail1 expressing 
melanocytic cells. Critically, the acceleration in the ability of melanocytic cells to 
generate melanomas and the higher number of tumours upon Prrx1 depletion is 
abrogated when Snail1 upregulation is blocked, supporting that this is the 
mechanism by which Prrx1 loss promote melanomagenesis. As mentioned, Snail1 
promote stemness in diperent contexts (Dang et al., 2011; W. Guo et al., 2012; Nieto 
et al., 2016). As such, an enhancement in the stem cell-like potential in melanocytes 
could explain increased melanomagenesis. Compatible with this, in Snai1cKO models, 
this potentiality is reduced, since melanoma initiation is delayed by Snail1 depletion. 
Furthermore, using Melan-a cells, we confirmed that Prrx1 downregulation or Snail1 
overexpression increases sphere forming capabilities of these cells. Additionally, 
Snail1 overexpression induced an increase in Ngfr expression levels, a marker related 
to stemness acquisition and therapy resistance in melanoma (Boiko et al., 2010; 
Redmer et al., 2014). Thus, our results in vitro support the notion that Snail1-
dependent acquisition of stemness capabilities is responsible for the phenotype of 
increased tumorigenesis upon Prrx1 depletion in melanoma models. 

In this study, we describe a novel Prrx1/Snail1 switch in melanoma development, 
responsible for accelerating tumour initiation and increased propensity to tumour 
formation (Figure 24). Prrx1 and Snail1 expression are present in melanocytic cells in 
the hair bulb compartment during anagen phase, and in early melanomas, but this 
expression is lost as tumour progresses. Furthermore, our findings indicate that Prrx1 
acts as a melanoma suppressor, as it attenuates Snail1 expression and this is 
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mediated at least in part by miR-15 family members, restraining melanoma cells from 
acquiring enhanced stemness properties from Snail1 activity.  

 

 

 

Figure 24. Schematic illustration of the key findings in the Prrx1/Snail1 expression switch 
during melanoma initiation. Briefly, melanocytic cells in the hair bulb express Prrx1 and Snail1 
during anagen phase. Upon transformation, this expression is retained briefly and lost as 
tumour progresses. Upon Prrx1 downregulation, Snail1 attenuation through miR-15 family is 
impaired, enhancing stemness capabilities of melanocytic cells, thus accelerating tumour 
initiation and increasing tumour number. 
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10  Conclusions 
 

1. Prrx1 and Snail1 are expressed in melanocytic cells of the hair follicle during 

the anagen phase, both under physiological (homeostatic) conditions and in the 

presence of oncogenic mutations.  

2. During melanoma development, both Prrx1 and Snail1 are transiently 

expressed in early tumour stages, but their expression is progressively lost as 

the tumour progressed. 

3. Prrx1 depletion accelerates melanoma onset and increases tumor number, 

without significantly apecting cell proliferation. 

4. Loss of Prrx1 results in upregulation of Snail1, confirming a regulatory 

relationship between these two EMT-TFs. However, Snail1 depletion does not alter 

Prrx1 expression, indicating the presence of a unidirectional regulatory axis. 

5. Prrx1 downregulation leads to decreased expression of microRNAs belonging to 

the miR-15 family, suggesting that Prrx1 may supress Snail1 levels indirectly 

through miR-15-mediated post-transcriptional regulation. 

6. Snail1 overexpression is su`icient to induce tumour-initiating traits in non-

transformed melanocytic cells. This supports its potential role as a driver of 

early melanomagenesis. 

7. Simultaneous deletion of Prrx1 and Snail1 rescues the accelerated tumor 

phenotype observed in Prrx1-deficient models, confirming that the pro-

tumorigenic epect of Prrx1 loss is mediated by Snail1. This genetic interaction 

highlights the functional relevance of the Prrx1–Snail1 axis in melanoma initiation. 
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11  Conclusiones 
 

1. Prrx1 y Snail1 se expresan en células melanocíticas del folículo piloso 

durante la fase anágena, tanto en condiciones fisiológicas (homeostáticas) 

como en presencia de mutaciones oncogénicas.  

2. Durante el desarrollo del melanoma, tanto Prrx1 como Snail1 se expresan de 

forma transitoria en las fases tempranas del tumor, pero su expresión se 

pierde progresivamente a medida que el tumor crece. 

3. La depleción de Prrx1 acelera la aparición del melanoma y aumenta el 

número de tumores generados, sin afectar significativamente a la proliferación 

celular. 

4. La pérdida de Prrx1 induce una sobreexpresión de Snail1, lo que confirma la 

regulación reguladora entre estos dos factores de transcripción asociados a EMT. 

Sin embargo, la pérdida de Snail1 no altera la expresión de Prrx1, lo que indica una 

regulación unidireccional. 

5. La inhibición de Prrx1 reduce la expresión de microARNs que pertenecen a la 

familia miR-15, lo que sugiere que Prrx1 podria suprimir los niveles de Snail1 de 

manera indirecta a través de la regulación postranscripcional mediada por 

los miembros de la familia miR-15. 

6. La sobreexpresión de Snail1 es suficiente para inducir características 

iniciadoras de tumor en células melanocíticas no transformadas. Esto 

respalda su potencial como un factor que promueve la melanomagénesis.  

7. La eliminación simultanea de Prrx1 y Snail1 revierte el fenotipo de 

aceleración del inicio del melanoma observado en los modelos deficientes 

de Prrx1, confirmando que el efecto pro-tumoral de la perdida de Prrx1 esta 

mediado por Snail1. Esta interacción genética resalta la importancia del eje Prrx1-

Snail1 en la iniciación del melanoma. 
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