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ABSTRACT






Abstract

Melanoma is an aggressive form of skin cancer, primarily due to its high metastatic
abilities and resistance to existing therapeutic strategies. The behaviour and progression
of melanoma are significantly influenced by its highly heterogeneous tumour
microenvironment (TME). This TME not only provides a scaffold but also acts as an
active participant in cancer progression. Snaill is a transcription factor responsible for
inducing the epithelial to mesenchymal transition, a vital process during embryonic
development that is reactivated in pathological conditions, including cancer and fibrosis.
Snaill plays a critical role in carcinoma progression, promoting invasion and metastasis
when expressed in epithelial cells but also in cells from the stroma. Nonetheless, the
specific contribution of Snaill to non-epithelial malignancies, such as melanoma,

remained to be clarified.

In this study, we have uncovered a novel regulatory function of Snaill within the
melanoma microenvironment. We have shown that Snaill expression is reactivated in
the melanoma stroma, predominantly in fibroblasts. We have used BRAF-driven
melanomas generated in mice engineered to conditionally deplete Snaill in the stroma
and, systemic Snaill targeting to show that stromal Snaill blockade significantly
attenuates melanoma growth, reduces lung metastatic burden, and extends mice
survival. Transcriptomic analysis of melanoma-associated fibroblasts, analyses of
tumour samples and fibroblasts in culture, indicate that stromal Snaill regulates FAP
expression and promotes melanoma progression by fostering an immunosuppressive
environment, thus attenuating anti-tumour immune responses. These findings unveil a
novel role of stromal Snaill in melanoma biology and support its potential as a
therapeutic target, which could enhance the efficacy of existing treatments. This research
also emphasizes the need to further investigate the components of the TME to improve

melanoma treatments.
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Resumen

El melanoma es una forma muy agresiva de cancer de piel, principalmente debido a
sus altas capacidades metastasicas y su resistencia a las estrategias terapéuticas
existentes. El comportamiento y la progresién del melanoma estan significativamente
influenciados por su microambiente tumoral que es muy heterogéneo. El microambiente
tumoral no solo proporciona un soporte a los tumores, sino que también actia como un
regulador en la progresion del cancer. Snaill es un factor de transcripcién responsable
de inducir la transicion epitelio-mesenquimal, un proceso vital durante el desarrollo
embrionario que se reactiva en condiciones patolégicas, incluyendo cancer y fibrosis.
Snaill juega un papel fundamental en la progresion de los carcinomas, promoviendo la
invasion y metastasis no solo cuando se expresa en células epiteliales, sino también en
las células del estroma. No obstante, la contribucién especifica de Snaill a las

neoplasias no epiteliales, como el melanoma, no esta bien caracterizada.

En este estudio, hemos descubierto una nueva funcién reguladora de Snaill dentro
del microambiente del melanoma. Hemos demostrado que la expresion de Snaill se
reactiva en el estroma del melanoma, predominantemente en los fibroblastos. Para ello,
hemos generado modelos de melanoma en ratones que permiten eliminar
condicionalmente la expresion de Snaill en el estroma. Ademas, hemos utilizado
estrategias de inhibicion sistémica de Snaill para demostrar que el bloqueo de Snaill
en el estroma atenda el crecimiento del melanoma, reduce la carga metastasica
pulmonar y extiende la supervivencia de los ratones. Mecanisticamente, mostramos que
la expresion de Snaill en el estroma regula la expresion de FAP y promueve la
progresion del melanoma al fomentar un entorno inmunosupresor, atenuando asi las
respuestas inmunitarias antitumorales. Estos hallazgos revelan una nueva funcion de
Snaill en el microambiente tumoral y en la biologia del melanoma y respaldan su
potencial como objetivo terapéutico, lo cual podria mejorar la eficacia de los tratamientos
existentes. Ademas, este trabajo respalda la necesidad de profundizar en el estudio de
los componentes del microambiente tumoral para mejorar las estrategias terapéuticas

contra el melanoma.
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Introduction

1. Melanoma

Over the last two decades, while the overall incidence of cancer has declined, the
rate of melanoma diagnosis has risen 3% annually (Siegel et al., 2023). This rising trend
is particularly pronounced in Europe, North America, and Oceania, where fair-skinned
populations are more susceptible to ultraviolet (UV) radiation exposure, a major risk
factor for melanoma (Caurr et al., 2020; Sung et al., 2021). Additional contributing factors
to this aggressive skin cancer include family history (Ford et al., 1995), the presence of
numerous melanocytic nevi (Gandini et al., 2005), a history of childhood sunburns
(Rastrelli et al., 2014), immunosuppressive conditions or treatments (Rizvi et al., 2017),

and specific skin, hair and eye colour phenotypes (Rastrelli et al., 2014).

Melanoma is an aggressive form of skin cancer that originates from melanocytes, the
pigment-producing cells in the skin that develop from the neural crest during embryonic
development (Kanitakis, 2020). This cancer is characterised by its high metastatic
potential and its resistance to conventional therapies (Rossi et al., 2019). Early diagnosis
is crucial, as melanoma can be successfully removed through surgery if detected early.
However, once the cancer spreads to other organs, treatment options become
significantly more limited (Davis et al., 2019). Specifically, cutaneous malignant
melanoma is the deadliest form of skin cancer, responsible for nearly 90% of skin cancer-
related deaths, even though it represents less than 3% of all skin cancer cases (Garbe
etal., 2022).

1.1. Biological and genetic features of melanoma progression

Melanoma arises from the malignant transformation of melanocytes, which are found
in different anatomical locations, with cutaneous melanoma being the most prevalent
form. The malignant transformation of melanocytes into metastatic melanoma results
from a complex interplay of external and internal triggers, tumour-specific factors, and

immune-related mechanisms (Schadendorf et al., 2018).

Similar to other types of cancer, the progression of melanocytic lesions to malignant
melanoma involves a series of mutations and alterations (Shain & Bastian, 2016). In
1984, Clark and colleagues (Clark et al., 1984) presented a simplified five-stage model
for melanoma progression (Figure 1). The acquisition of nevi, whether congenital or
acquired, often results from somatic mutations in the v-Ras neuroblastoma viral

oncogene homolog (NRAS) (Bauer et al., 2007) or v-Raf murine sarcoma viral oncogene
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homolog B (BRAF) (Pollock et al., 2003) genes, resulting in abnormal activation of the
mitogen-activated protein kinase (MAPK) signalling pathway (Ombholt et al., 2003). Nevi
may progress to melanoma through genetic and epigenetic alterations, including
additional mutations in tumour suppressor genes such as CDKN2A (Melnikova et al.,
2004) or the phosphatase and tensin homolog (PTEN) (Dankort et al., 2009). The radial
growth phase (RGP) involves horizontal melanoma cell proliferation at the epidermal
level (Miller & Mihm, 2006) . The vertical growth phase (VGP) is characterized by vertical
proliferation into the dermis, involving significant molecular changes (Haqq et al., 2005),
which alter the microenvironment and facilitate immune evasion (ltakura et al., 2011).
During the metastatic phase, melanoma cells detach from the primary site and spread to
other organs, often initially colonizing sentinel lymph nodes (Thompson et al., 1995). This
process is facilitated by the loss of cell adhesion molecules, such as E-cadherin (Gottardi
et al., 2001; Haass et al., 2005).

Although the Clark model provides an initial framewaork for understanding melanoma
progression, only 20-30% of melanomas arise from pre-existing nevi, and not all stages
are necessarily involved in melanoma development (J. K. Rivers, 2004). Thus, a more
comprehensive classification system that integrates pathological and genetic criteria is

now used for the diagnosis and treatment of melanoma patients.

Benign Dysplastic Radial Vertical Metastatic
Nevus Nevus Growth Phase Growth Phase Melanoma

Stage

E-cadherin loss

@ g @ 3
@ @ /N @{;

Epidermis

o b XN
£ BRAF* CDKN2A Distal
o NRAS* PTEN loss Metastasis

Figure 1| Stages of melanoma progression. Different stages from benign nevus to metastatic
melanoma according to the Clark model. The most common and characteristic molecular lesions are
shown at each stage. Created with BioRender.com.
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Extensive studies have explored the genetic mutations of melanoma, which has the
highest mutation rate among cancers (Hayward et al., 2017; Lawrence et al., 2013). The
MAPK pathway is the most commonly activated pathway in melanoma, and its
hyperactivation occurs in 90% of cases (Fecher et al., 2008). In 2015, The Cancer
Genome Atlas (TCGA) network conducted a comprehensive analysis of cutaneous
melanoma, classifying it based on the prevalence of commonly mutated genes (Figure
2). The most common subtype, found in 50-60% of cases, is characterized by BRAF
mutations, with the V60OE (valine-to-glutamic acid mutation at residue 600; BRAFV6%E)
mutation being the most prevalent. The second major subtype, constituting
approximately 25% of cases, is defined by RAS mutations, primarily involving NRAS
mutations at codon Q61 (glutamine-to-arginine; NRAS®?®IR) (Gutiérrez-Castarieda et al.,
2020). Interestingly, NRAS and BRAF mutations are mutually exclusive, and co-
mutations rarely occur (Schadendorf et al., 2018; Sensi et al., 2006). A third subtype,
observed in 15% of the cases, is associated with mutations in the Neurofibromin 1 (NF1)
gene (Cirenajwis et al., 2017). The remaining subtype, referred to as triple Wild-Type,
lacks these genetic alterations (TCGA, 2015). Despite these genomic classifications,
there is limited correlation between these genetic subtypes and clinical outcomes in
melanoma (Gutiérrez-Castafeda et al., 2020; TCGA, 2015).

Cutaneous melanoma

mBRAF ONRAS @NF1 @Other

Figure 2| Distribution of activating mutations in cutaneous melanoma. Adapted from Schadendorf
et al., 2018.

The genetic features of melanoma, particularly the mutations leading the
hyperactivation of the MAPK pathway, play a crucial role in the development of the
disease and represent key targets for therapeutic interventions (Sosman et al., 2012).
Additional genetic events and transcriptional plasticity also contribute to melanoma

progression, highlighting the complexity of the disease and the need for further
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investigation into potential therapeutic strategies (Arozarena & Wellbrock, 2019; Karras
et al., 2022).

1.2. Current melanoma therapies

Traditional treatments for melanoma, such as dacarbazine-based chemotherapy
(Eggermont & Kirkwood, 2004) and IL-2 immunotherapy (Atkins et al., 1999), have
demonstrated limited effectiveness, resulting in a median overall survival of only 9
months for patients (Jenkins & Fisher, 2021). However, the identification of specific
genetic mutations in melanoma, coupled with a deeper understanding of its biology, has
enabled the development of more effective therapies, including targeted therapies and
immunotherapies (Boutros et al., 2024). Notably, immunotherapies exploit the melanoma
microenvironment, which plays a crucial role in its progression and treatment response
(Postovit et al., 2006). Despite the significant improvements in melanoma treatment
offered by these new therapeutic strategies, not all patients respond to these treatments,
and many who initially benefit eventually develop resistance after a relatively short period
of disease control (Davis et al., 2019; J. Zhang et al., 2024).

Targeted therapies specifically address mutations in melanoma, particularly through
BRAF inhibitors such as vemurafenib and dabrafenib, which have been shown to
improve survival rates (Chapman et al., 2011; Menzies et al., 2012). Although initially
successful, their long-term effectiveness is limited due to acquired resistance (Kozar et
al., 2019). To address this challenge, MEK inhibitors such as trametinib are combined
with BRAF inhibitors (Eroglu & Ribas, 2016). Nonetheless, resistance to this combined
therapy also develops within months, highlighting the need for ongoing research to

overcome resistance mechanisms (Brighton et al., 2018; Xue et al., 2018).

Immunotherapy aims to enhance the immune system anti-tumour response, mainly
by activating its cytotoxic activity. The development of immune checkpoint inhibitors,
such as relatlimab targeting lymphocyte-activation gene 3 (LAG-3) (Su et al., 2023),
ipilimumab targeting cytotoxic T-lymphocyte antigen 4 (CTLA) (Wolchok et al., 2013),
and nivolumab and pembrolizumab targeting programmed cell death-1 (PD-1) receptor,
as well as atezolizumab targeting its ligand PD-L1 (Hamid et al., 2019; J. Zhang et al.,
2024), represents a significant breakthrough in melanoma treatment. These therapies
have demonstrated significant efficacy in enhancing anti-tumour immunity (Leonardi et
al., 2020). Despite these advancements, a significant number of patients show minimal

or no initial response. Even when combining CTLA-4 and PD-1 inhibitors, many patients
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either fail to respond or eventually develop treatment resistance (Hodi et al., 2018). This
variability in patient responses to immunotherapies underscores the incomplete
understanding of the mechanisms driving treatment outcomes (Lim et al.,, 2023).
Moreover, mutations and alterations within the tumour microenvironment may contribute
to the lack of response, highlighting the need to elucidate these mechanisms for more
effective therapies. Consequently, current research efforts are focused on addressing
these limitations by developing second-generation immunotherapies, combinatorial

treatments and identifying predictive biomarkers (Jenkins et al., 2018).

2. The tumour microenvironment (TME) in melanoma

Tumours are not isolated entities, but rather exist in the context of a host tissue
containing a heterogeneous population of local and recruited cells, collectively referred
to as tumour microenvironment (TME) or tumour stroma. In addition to cancer cells, the
TME comprises a variety of cells including endothelial cells, pericytes, cancer-associated
fibroblasts (CAFs) and immune cells. Additionally, the TME includes extracellular
components such as the extracellular matrix (ECM) and an array of secreted-signalling
molecules, like cytokines, chemokines, growth factors and hormones (Figure 3) (Junttila
& De Sauvage, 2013; Whiteside, 2008).

The interaction among these TME components constitutes a tightly regulated
network that plays a significant role in determining the tumour fate in a context-
dependent manner. For instance, this intricate interplay between cancer cells and the
TME can promote tumour growth, survival, immune evasion, metabolic reprogramming,
and metastases (Davidson et al., 2020; Visser & Joyce, 2023). The cells within the TME
and their secreted molecules play a critical role in cancer pathogenesis, which make
them attractive targets for therapeutic strategies. Targeting the TME is particularly
promising in overcoming treatment resistance and immunosuppression, both of which

are critical factors affecting clinical outcomes in cancer patients (Baghban et al., 2020).
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Figure 3| Components of the TME. The TME consists of both cellular and extracellular components. The
cellular components include immune cells, cancer-associated fibroblasts (CAFs), endothelial cells and
pericytes. The extracellular components comprise the ECM and soluble factors, such as cytokines and
chemokines. Adapted from Junttila & De Sauvage, 2013.

Melanoma, a complex cancer significantly influenced by its microenvironment,
demonstrates how these stromal components play crucial roles in both the progression
and resistance to treatment. While melanoma cells express antigens that can be
recognized by T-cells (Boon et al., 2006), they also employ several mechanisms to evade
immunosurveillance. For instance, they express ligands such as PD-L1 to modulate T-
cell function (Hino et al., 2010). Moreover, melanoma cells recruit immunosuppressive
cells like myeloid-derived suppressor cells (MDSCs), macrophages, and regulatory T
cells (T-regs), which inhibit T-cell activation and proliferation (Filipazzi et al., 2007
Miracco et al., 2007). Notably, PD-L1 has been used as a prognostic marker for
melanoma progression (Hino et al., 2010). The efficacy of immunotherapies for
melanoma largely depends on the presence of tumour infiltrating lymphocytes (TILs) and
melanoma antigens. However, the inhibitory effects of immunomodulatory ligands and
immunosuppressive cell populations can compromise the effectiveness of such
therapies (Waldman et al., 2020). Therefore, identifying additional targets within the
melanoma microenvironment beyond TILs density is essential to enhance the

effectiveness and safety of melanoma treatments.
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In addition to adaptive immune cells, innate immune cells significantly regulate the
melanoma microenvironment. For example, tumour-associated macrophages (TAMS)
are recruited through MCP-1 and subsequently produce IL-8 and VEGF, which stimulate
vessel growth and thus support tumour expansion and invasion (Gazzaniga et al., 2007;
Varney et al., 2005). Furthermore, TAMs secrete TNFa that contributes to melanoma

growth and promotes resistance to targeted therapies (Smith et al., 2014).

Interestingly, it has been recently shown that GABAergic signalling between resident
keratinocytes and melanocytes also promotes melanoma initiation, providing a novel

mechanism by which the TME regulates melanoma biology (Tagore et al., 2023).

Furthermore, dermal fibroblasts can also interact with melanoma cells and modulate
their behaviour throughout the progression of the disease (Flach et al., 2011). In the early
stages, these fibroblasts can inhibit tumour growth by releasing anti-tumour factors.
However, in later stages, they may acquire pro-tumour characteristics, supporting the
proliferation of metastatic cells. The mechanisms underlying this switch are not yet fully
understood (Tiago et al., 2014; Zhou et al., 2015). In addition to promoting melanoma
metastasis by secreting different matrix metalloproteinases (MMPs) enzymes and other
matrix proteins that lead to ECM remodelling (Kaaridinen et al., 2006; Wandel et al.,
2000), fibroblasts also play a critical role in the development of resistance to targeted
therapy in melanoma, emphasizing their importance in this context (Straussman et al.,
2012; Tiago et al., 2014).

Consequently, elucidating the interactions between fibroblasts and other stromal
cells, including immune cells, within the melanoma microenvironment may reveal novel
targets for improving treatment outcomes and overcoming resistance to therapy.
Understanding these interactions can provide insights into new therapeutic strategies

aimed at targeting the TME to enhance the efficacy of melanoma treatments.

3. EMT-TFs in cancer biology

Epithelial to mesenchymal transition (EMT) is a fundamental biological process in
which epithelial cells undergo significant phenotypic changes, losing their polarity and
adhesion while acquiring mesenchymal features, including increased mobility and
invasiveness (Nieto, 2013; Nieto et al., 2016). This transformation is crucial during

embryonic development, facilitating cell migration and organ formation (Dongre &
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Weinberg, 2019; Youssef & Nieto, 2024). However, EMT can be aberrantly activated in
pathological conditions such as cancer and organ fibrosis (Grande et al., 2015; Thiery et
al., 2009; Youssef & Nieto, 2024).

The regulation of EMT is controlled by a complex network of transcription factors
(TFs), known as EMT-TFs. These key inducers include members of the Snail, Zeb, Twist,
and Prrx families (Nieto et al., 2016). By binding to specific DNA sequences, EMT-TFs
downregulate epithelial genes and activate mesenchymal ones, allowing epithelial cells
to migrate and disseminate (Nieto, 2017; Nieto et al., 2016). EMT-TFs respond to
different extracellular signals, such as growth factors, cytokines, hypoxic conditions, and
inflammation. These stimuli influence intracellular signaling pathways that regulate the
transcription of different EMT-TFs. Thus, understanding the molecular mechanisms
underlying EMT regulation could offer new therapeutic strategies for treating multiple
diseases (Dongre & Weinberg, 2019; Nieto & Cano, 2012; Peinado et al., 2007).

In cancer, the reactivation of EMT grants tumour cells invasive and migratory
capabilities (Hanahan, 2022; Lu & Kang, 2019). This process enables cancer cells to
detach from the primary tumour, invade surrounding tissues, and metastasize to distant
organs (Brabletz et al., 2018). EMT also leads to the development of stem-cell like traits,
such as the attenuation of the cell cycle and the ability to self-renew, contributing to
therapy resistance and tumour progression (Nieto et al., 2016; Vega et al., 2004). The
aberrant reactivation of different EMT-TFs in cancer has been frequently correlated with
a worse prognosis and an elevated risk of metastases (Thiery et al., 2009) and different
studies have shown their crucial role in epithelial-derived carcinomas, particularly when
expressed in tumour cells (Dongre et al., 2017; Dongre & Weinberg, 2019; Nieto et al.,
2016), but also in non-epithelial stromal cells (Blanco-Gomez et al., 2020; Cortés et al.,
2017).

Interestingly, beyond its role in carcinomas, EMT-related processes and the
expression of EMT-TFs extend to non-epithelial cancers such as glioblastoma, myeloma,
leukaemia, and melanoma (Dongre & Weinberg, 2019). In these diseases, a
mesenchymal-like phenotypic switch is also linked to metastatic abilities, survival and
treatment resistance. For instance, melanoma exploits developmental pathways similar
to neural crest cell fate specification to achieve more aggressive and resistant states,
involving the reprogramming of different EMT-TFs, including Zeb1/2, Twist, and Snail2
(Caramel et al., 2013; Pedri et al., 2022).
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3.1. Snaillin cancer

Snaill, a zinc-finger transcription factor, is a master regulator of the EMT (Nieto et
al. 1994, Nieto et al 1992). Besides its importance in embryonic development, research
has demonstrated the importance of this transcription factor in cancer (Batlle et al., 2000;
Brenot et al., 2018; Kudo-Saito et al., 2009) and organ fibrosis (Grande et al., 2015). The
pathological reactivation of Snaill in cancer strongly correlates with increased
malignancy and worse prognosis, as it alters cellular adhesion and motility (Barrallo-
Gimeno & Nieto, 2005). As a potent repressor, Snaill downregulates E-cadherin
expression, thus disrupting cell-cell adhesion and allowing cancer cells to detach from
the primary tumour and invade into surrounding tissues (Batlle et al., 2000; Cano et al.,
2000). Additionally, Snaill has been associated with chemotherapy resistance by
modulating survival pathways and interfering with cell cycle to prevent apoptosis.
Specifically, Snaill targets crucial survival proteins such as p53 and caspases, and
interferes with signalling pathways like ERK and PI3K (Barrallo-Gimeno & Nieto, 2005;
Peinado et al., 2007), contributing to cancer cell survival and malignancy. It also
supresses essential cell cycle regulators, including cyclin-dependent kinase (CDK) and
cyclins, leading to cell cycle arrest (Vega et al., 2004). Consequently, this arrest enables
a shift in cancer cell activity from proliferation to invasion and migration, further
contributing to cancer progression. As a potent survival effector of cancer cells, Snaill
represses apoptosis triggered by TGFp signalling pathway, thus altering its role from

tumour-suppressive to tumour-promoting (Franco et al., 2010).

Although Snaill is predominantly recognized as a transcriptional repressor (Cano et
al., 2000), it can also act as an activator under specific conditions, notably when
interacting with other factors like Twist (Rembold et al., 2014) or CREB-binding protein
(CBP) (Hsu et al., 2014). By acetylating Snaill, CBP enhances its stability and allows
Snaill to activate the expression of CCL2 and CCL5, which are cytokines that are
involved in the recruitment of TAMs and contribute to cancer progression (Hsu et al.,
2014). Snaill can activate Zebl expression, which in turn induces tumarigenic properties
during cancer progression and metastases (Ye et al., 2015).The tumour-promoting
functions of Snaill are not limited to epithelial cancers. Previous studies have
investigated the impact of Snaill-induced EMT in melanoma cells (Brenot et al., 2018;
Kudo-Saito et al., 2009), showing that it contributes to the malignant transformation of
melanocytes in vitro (Poser et al., 2001), enhances invasive capabilities, or promotes

immunosuppression (Brenot et al., 2018; Kudo-Saito et al., 2009).
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In addition, stromal Snaill expression in cancer has predominantly been observed in
fibroblasts (Alba-Castellén et al., 2016; K.-W. Lee et al.,, 2022; Stanisavljevic et al.,
2015), where it promotes their activation and contributes to tumour progression and
invasion. Specifically, Snaill induces the transformation of fibroblasts into CAFs,
enhancing their ability to secrete pro-tumorigenic factors and remodel the ECM (Alba-
Castellon et al., 2016). Compared to normal fibroblasts, Snaill-expressing CAFs are
associated with increased migration and invasion of epithelial cells in colorectal xenograft
models. Additionally, Snaill-postive CAFs modify the TME by increasing ECM stiffness
and promoting anisotropic fibre orientation through the RhoA/a-SMA-dependent
pathway. This remodelling facilitates colorectal cancer cell invasion and promotes EMT
in tumour cells (A. Herrera et al., 2014; Stanisavljevic et al., 2015). Collectively, these
studies underscore the critical role of stromal Snaill in fibroblast activation and its impact
on cancer progression. However, the underlying mechanisms by which Snaill activates
fibroblasts remain unclear, and its specific functions in CAFs, particularly in melanoma,

have yet to be fully elucidated.

4. Cancer-associated fibroblasts (CAFs)

As mentioned above, among the cellular components of the TME, fibroblasts are one
of the most abundant and crucial stromal cells in many tumours, playing a significant role
in tumour progression (Lavie et al., 2022; Ostman & Augsten, 2009; Sahai et al., 2020).
Under regular conditions, fibroblasts preserve tissue homeostasis and support proper
cellular interactions and functionality. However, in response to different factors secreted
by cancer or immune cells, fibroblasts can become activated, adopting a different
phenotype and functional properties that distinguish them from their quiescent
counterparts in healthy tissues (Kuzet & Gaggioli, 2016). These activated fibroblasts,
known as CAFs, display an enormous degree of heterogeneity and plasticity in their

origin, marker expression and function (Sahai et al., 2020).

4.1. CAFs biology and plasticity

CAFs can arise from different sources, including resident tissue fibroblasts, bone-
marrow derived mesenchymal stem cells, adipocyte-derived precursor cells, endothelial

cells, mesothelial cells, or pericytes (Figure 4a, b). This diversity in origin contributes to
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the observed heterogeneity in CAF subtypes, each with unigue phenotypic and

functional characteristics (Elyada et al., 2019; Lavie et al., 2022).
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Figure 4| Origins and main subsets of CAFs. Signals from the TME (a) reprogram surrounding healthy
cells (b) into CAFs. The major CAF subpopulations can be classified into three main groups (c) including
myCAF, iCAF and apCAF distinguished by their primary roles in cancer progression.

CAFs achieve different functions by releasing different signalling molecules,
including growth factors, cytokines, chemokines, MMPs, and ECM components that
affect the behaviour of both tumour and immune cells (Kalluri & Zeisberg, 2006).
Consequently, CAFs have emerged as a promising target for cancer treatment
(Monteran & Erez, 2019). However, the heterogeneity and diversity of CAFs in the

different types of cancer make their identification and characterization challenging.

Identifying CAFs accurately remains challenging due to the lack of a pan-specific
marker to differentiate them from the tumour stroma (Sahai et al., 2020). Several
markers, such as fibroblast activation protein (FAP), fibroblast-specific protein-1 (FSP-
1), platelet-derived growth factor receptors alpha (PDGFRa) and beta (PDGFRp),
thymocyte differentiation antigen 1 (Thy-1), podoplanin (PDPN) and alpha-smooth
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muscle actin (a-SMA), have been linked to fibroblasts. However, these markers do not
consistently label all CAFs subtypes (Augsten, 2014; Cortez et al., 2014; Monteran &
Erez, 2019). This barrier has led to conflicting evidence regarding the role of CAFs
subpopulations in tumour progression, as different CAFs subpopulations present
different functional properties that can either promote or inhibit tumour growth (Feig et
al., 2013; Ozdemir et al., 2014).

Advancements in single-cell RNA sequencing (scRNA-seq) technologies have
enhanced our understanding of CAFs heterogeneity across different tumour types.
Recent transcriptome studies suggest that there are three to seven major fibroblast
subtypes (Figure 4c), with overlapping features and variability depending on the specific
context (Davidson et al., 2020; Lavie et al., 2022; Luo et al., 2022).

Research on the characterization of CAFs subtypes at a single cell level has primarily
focused on human pancreatic cancer (Biffi et al., 2019; Elyada et al., 2019), although
other cancers like lung (Lambrechts et al., 2018), breast (Bartoschek et al., 2018),
prostate (S. Chen et al., 2021; Vickman et al., 2020), head and neck (Puram et al., 2017)
and colorectal (H. Li et al., 2017) have also been studied. In human pancreatic cancer,
major CAFs subsets, including myofibroblastic (myCAF), inflammatory (iCAF), and
antigen-presenting (apCAF), have been identified (Elyada et al., 2019). These subsets
have also been observed in mouse models of pancreatic cancer by scRNA-seq (Biffi et
al., 2019; Elyada et al., 2019; Ohlund et al., 2017). In triple-negative breast cancer, four
different CAF subtypes have been identified based on the differential expression of six
CAF markers, including FAP, integrin B1/CD29, a-SMA, S100A4/FSP1, PDGFRf, and
caveolin-1. In this scenario, the CAF-S1 subset, characterized by high expression levels
of FAP compared to the other CAF subsets, demonstrated a remarkable capacity to
promote an immunosuppressive environment by inducing T-reg differentiation (Costa et
al., 2018; Kieffer et al., 2020).

Recently, in a murine melanoma model, three key CAF subsets known as S1
(immune), S2 (desmoplastic), and S3 (contractile) were identified (Davidson et al., 2020).
The S1 subset (Pdpn"e" PdgfraM" Cd34"9") attracts and activate immune cells; the S2
subset (Pdpn"9" Pdgfra" Cd34"°) is involved in ECM stiffness and angiogenesis; and
the S3 subset (Acta2"9") participates in the cytoskeleton organization. Interestingly, the
presence of these subsets changes over the disease course, with early-stage tumours
primarily containing S1 and S2 cells, while mid- and late-stage tumours mainly consist

of S2 and S3 cells. However, the roles of these subpopulations in melanoma require
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further research to elucidate their molecular mechanisms and therapeutic implications
(Davidson et al., 2020).

In conclusion, the functional heterogeneity of CAFs highlights the importance of
understanding the different roles of each subtype within the TME to develop more
effective treatment strategies. Further research is needed to elucidate the complex
interactions between CAFs subtypes, their specific functions in the TME, and their

implications for cancer therapy.

4.2. Tumorigenic CAFs function

CAFs play a complex role within the TME, contributing significantly to disease
progression (Figure 5) (Kalluri, 2016; Sahai et al., 2020).

4.2.1. ECMremodelling

The extracellular matrix (ECM) is crucial for providing structural and biochemical
support to cells and tissues. During cancer progression, alterations in the ECM
composition and organization occur, impacting its stiffness and interactions with cells.
CAFs play a central role in these transformations, promoting tumour growth by secreting
ECM components and enzymes that increase its density and stiffness (Winkler et al.,
2020). They also release proteases, cytokines and chemokines that enhance tumour

growth, migration, and invasion (Erdogan & Webb, 2017).

Beyond enzymatic modifications, CAFs generate mechanical forces through their
contractile cytoskeleton and integrin-mediated adhesion, altering ECM properties and
activating mechanotransduction signals in cancer cells. For example, CAFs facilitate
cancer cell movement by aligning fibronectin fibres (Erdogan et al., 2017). Culturing
epithelial cells in a CAF-synthesized matrix induces a mesenchymal phenotype (Dumont
et al., 2013). These changes significantly impact tumour growth, invasion, metastasis,
immune infiltration and treatment response (Chakraborty et al., 2021; Kuczek et al.,
2019; Taufalele et al., 2023).

4.2.2. Angiogenesis

Angiogenesis, which refers to the formation of new blood vessels from pre-existing
ones, is essential in sustaining tumour growth. CAFs contribute to this process by
secreting multiple pro-angiogenic factors (Kalluri & Zeisberg, 2006; Podar et al., 2012).

Among these factors, vascular endothelial growth factor (VEGF) is the main stimulator
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of angiogenesis and it is not only produced by tumour cells but also by CAFs when
exposed to tumour-conditioned media (Guo et al., 2008) or hypoxic conditions (Hlatky et
al., 1994). To further support angiogenesis, CAFs recruit endothelial cells and mobilize
monocytes from the bone marrow through the CXCL12-CXCR4 signalling pathway
(Kalluri, 2016; Orimo et al., 2005). In the context of melanoma, aged CAFs secrete the
WNT antagonist SFRP2, enhancing the angiogenic and malignant properties of tumours
in elderly individuals (Kaur et al., 2016). CAFs expressing FAP modulate angiogenesis
by balancing pro- and anti-angiogenic mediators (Patsouras et al., 2015; Santos et al.,
2009). Other factors secreted by CAFs, such as fibroblast growth factor 2 (FGF2) and

osteopontin, further contribute to angiogenesis (Fabris et al., 2010).

Interestingly, the pro-angiogenic pathways activated by CAFs not only stimulate
blood vessel formation but also indirectly influence tumour immunity. These angiogenic
mechanisms allow the trans-endothelial migration of immune cells, which in turn

contributes to the establishment of an immunosuppressive environment (Kalluri, 2016).

4.2.3. Modulation of the immune response

Among the different components of the TME, CAFs have emerged as critical players
in shaping the immune landscape of tumours (J. Chen et al., 2022). They release a range
of molecules that influence both the innate and adaptive immune cells, primarily fostering
an immunosuppressive environment, thus compromising the efficacy of immunotherapy

approaches and promoting tumour growth (Harper & Sainson, 2014; Sahai et al., 2020).

Generally, CAFs regulate the immune cell infiltration by secreting pro-inflammatory
cytokines such as IL-1 (Erez et al., 2010) and IL-6 (Flint et al., 2016), and expressing
ligands such as CXCL12 (Feig et al., 2013) that drive an immunosuppressive signalling.
CXCL12 specifically recruits immunosuppressive cells, promotes tumour survival, and
enhances angiogenesis. In this context, FAP-expressing CAFs are a primary source of
CXCL12 and block T-cell infiltration through the CXCL12-CXCR4 axis in many cancers,
including pancreatic ductal adenocarcinoma (PDAC) and lung carcinoma models (Feig
et al., 2013; Joyce & Fearon, 2015). Blocking the CXCL12-CXCR4 interaction has been
shown to induce cancer regression and improve the efficacy of checkpoint inhibitors in
preclinical models (I. X. Chen et al., 2019; Feig et al., 2013).

Furthermore, CAFs impair T-cell function by indirectly recruiting and modulating the
activity of suppressive myeloid cells, such as monocytes and macrophages (Cohen et
al., 2017), neutrophils (Yu et al., 2017) and MDSCs (Yang et al., 2016). In this context,
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CAFs secrete chemokines such as CCL2, which is one of the most studied mediators for
immune cell recruitment in different types of cancer, including lymphoma and breast
cancer (Ksiazkiewicz et al., 2010; Yang et al., 2016). Reducing the levels of factors like
CCL2 leads to increased T-cell infiltration and reduced tumour growth (Yang et al., 2016).
In addition, CAFs impair the infiltration and function of CD8" cytotoxic T cells by secreting
TGFB (Mariathasan et al., 2018; Tauriello et al., 2018) and CXCL12 (Orimo et al., 2005),
compromising the effectiveness of anti-PD-L1 therapies and overall anti-tumour

responses (Feig et al., 2013).

CAFs with elevated FAP expression promote the recruitment and survival of FOXP3+
regulatory T cells, leading to immunosuppression and poor patient outcomes in cancers
like triple-negative breast cancer (Costa et al., 2018; Kieffer et al., 2020). This is in line
with the observed tumour rejection after FAP-positive fibroblast elimination in
experimental models (Kraman et al., 2010b). Moreover, the coexistence of regulatory T
cells and CAFs in the TME is linked to reduced anti-tumour immunity and lower survival
rates in many cancers, although the underlying crosstalk mechanisms remain elusive
(Kinoshita et al., 2013).

Besides modulating T-cell activity indirectly, CAFs can directly induce antigen-
specific cytotoxic T-cell death by acting as antigen-presenting cells themselves (Lakins
et al., 2018). Moreover, CAFs may also induce immune evasion through mechanisms
that are independent of lymphocyte activity. They also impair the function of Natural Killer
(NK) cells, which are well-known innate effector cells (Balsamo et al., 2009), through the
release of Prostaglandin E2 (PGE2) and indoleamine-2,3-dioxygenase (IDO), thereby
reducing their cytotoxic activity against cancer cells (Balsamo et al., 2009; T. Li et al.,
2012, 2013; Ziani et al., 2017). Additionally, in hepatocellular carcinoma CAFs have been
shown to transform dendritic cells (DC), which are crucial for activating cytotoxic T cells,
into regulatory DCs, reducing their anti-tumour efficacy via the IL-6 mediated STAT3
pathway (J. T. Cheng et al., 2016).

Additionally, CAFs influence macrophage infiltration and polarization towards a
tumour-promoting M2 phenotype (M. Herrera et al., 2013) by secreting cytokines such
as macrophage colony-stimulating factor-1 (M-CSF1) or IL-6 (Mace et al., 2013). These
M2 macrophages activate CAFs through IL-6 and CXCL12, establishing a feedback loop

that promotes disease progression (Comito et al., 2014; M. Herrera et al., 2013).

Understanding the complex roles of CAFs in modulating immune responses is vital

for developing effective targeted immunotherapies.
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4.2.4. Resistance to therapy in cancer treatment

CAFs are central mediators of therapy resistance in cancer treatment through
multiple mechanisms. One key mechanism is the ECM produced by CAFs, which acts
as a physical barrier, impairing effective drug delivery to cancer cells and allowing them
to evade apoptosis (Hazlehurst et al., 2000; Park et al., 2008). For example, in BRAF-
mutant melanomas, CAFs create a fibronectin-rich ECM, contributing to resistance
against BRAF inhibitors (Hirata et al., 2015).

Moreover, CAFs secrete soluble factors such as TGF, IL-6 and HGF (Mueller et al.,
2012), which modify transcriptional and non-transcriptional processes in cancer cells,
leading to apoptosis inhibition and cell cycle arrest (Kumari et al., 2016; Meads et al.,
2009; Mueller et al., 2012). TGFB can induce mesenchymal programmes in cancer cells,
which enhance their adhesion to the ECM, and IL-6 reduces the efficacy of
chemotherapies by activating pro-survival signalling pathways (Kumari et al., 2016; Qiao
et al.,, 2018). Similarly, HGF has been identified as a contributor to resistance in
preclinical models treated with BRAF inhibitors (Straussman et al., 2012). Furthermore,
CAFs undergo behavioural changes upon exposure to conventional chemotherapies,
radiotherapy, and targeted therapies, leading to the release of proteins, including
WNT16B, and specific cytokines that drive resistance and promote a more aggressive

cancer phenotype (Sun et al., 2013).
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Importantly, CAFs also restrict the effectiveness of immunotherapies by limiting T-
cell mobility within tumours through the secretion of factors like TGFB and CXCL12.
Targeting these factors, along with the PD-1/PD-L1 axis, improves T-cell infiltration and
overall anti-tumour activity (Feig et al., 2013; Tauriello et al., 2018). This underscores
the need for further investigation of CAFs to better understand their role in therapeutic

resistance and to identify new strategies for improving anticancer therapy efficacy.

4.3. Targeting CAFs in anti-cancer therapies

The multiple roles of CAFs in promoting tumour growth across different cancer types
highlight their potential as therapeutic targets. There are many ongoing clinical trials
exploring the use of CAF-specific agents together with existing treatments (Sahai et al.,
2020). These trials generally aim to ablate CAFs, neutralize their tumour-promoting

functions, or induce a dormant state (X. Chen & Song, 2019).

Interestingly, therapies designed to remove fibroblasts often focus on FAP
expression. Strategies include anti-FAP antibodies engineered to deliver cell division
inhibitors and immunotoxins designed to target FAP (Fang et al., 2016; Hofheinz et al.,
2003; Ostermann et al.,, 2008). For instance, the anti-FAP-PE39 immunotoxin has
effectively suppressed the growth of mammary tumours and promotes lymphocyte
infiltration (Fang et al., 2016). Other approaches aim to enhance immune responses
against FAP-expressing cells, such as using dendritic cell vaccines transfected with FAP
MRNA (J. Lee et al., 2005) and adoptive therapy with chimeric antigen receptor (CAR)-
T cells, which have shown promising anti-tumour effects (L. C. S. Wang et al., 2014).
However, the depletion of FAP-positive cells can cause adverse effects like bone marrow
toxicity (Roberts et al., 2013).

Alternative strategies focus on reverting the activated CAFs state to a dormant state,
inhibiting their tumour-promoting functions. Targeting the vitamin D receptor in
pancreatic cancer, for instance, has reverted activated stellate cells to a more dormant
state, decreasing aggressiveness (Sherman et al.,, 2014). Interestingly, anti-fibrotic
agents like Pirfenidone and TGF antagonists have been used to inhibit the CAFs ECM
production, enhancing the efficacy of chemotherapy and anti-tumour immunity (Takai et
al., 2016).
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Despite promising preclinical results with minimal toxicity, translating these findings
into clinical practice remains challenging. Ongoing research is investigating more
selective approaches for targeting FAP or discovering new targets to improve precision

and efficacy of CAF-based therapies.

Critically, as mentioned above, the biology of CAFs and whether they can be targeted

in melanoma is poorly characterized.

5. Melanoma preclinical mouse models

Melanoma mouse models are powerful tools for studying the mechanisms driving
melanoma progression, metastasis, and resistance to therapies, as well as for evaluating
new therapeutic interventions. Although no single mouse model can completely replicate
the heterogeneous nature of human melanoma, each offers unique advantages for

studying specific aspects of melanoma biology (Becker et al., 2010).

5.1. Genetic models

Genetically engineered mouse models (GEMMSs) are generated using techniques
such as transgenic expression, viral infection, or CRISPR-Cas9 editing to introduce
mutations commonly found in human melanoma, including BRAF, NRAS, PTEN and
CDKN2A. These engineered mutations enable GEMMs to replicate the molecular and
histological features of human melanoma, as well as its progression from benign nevi to
malignant melanoma. By backcrossing these alleles into the immunologically relevant
C57BL/6 strain, researchers can induce tumours and establish cell lines with genetic
alterations that closely mirror the genetic profiles observed in human melanoma (Larue
& Beermann, 2007).

GEMMs are patrticularly interesting for studying the efficacy of targeted therapies
within an immunocompetent host, as they generally exhibit longer latency periods
compared to syngeneic models, providing a more accurate representation of disease

development (Becker et al., 2010).

A notable example of a GEMM is the metastatic melanoma model developed by
Dankort and colleagues (Dankort et al., 2009), which incorporates the BRAFV60E
mutation. This model uses the Cre-recombinase/LoxP system under the control of the

tyrosinase promoter, allowing for the conditional activation of the BRAFV6%E mutation
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and the simultaneous deletion of PTEN in melanocytes. The combination of BRAFV6%E
and PTEN deletion leads to malignant melanoma that closely mirrors human metastatic
disease (Goel et al., 2006; Madhunapantula et al., 2019).

Similarly, Ackermann and colleagues (Ackermann et al., 2005) demonstrated that
introducing an NRAS mutation at codon 61, leads to melanoma formation in mice. When
combined with the deletion of the P16INK4a and P14ARF tumour suppressor genes, this
mutation also results in metastasis in mice, specifically to the lymph nodes, lungs and
liver (Ackermann et al., 2005). This mouse model has been used to isolate the 1014 cell
line, which has high metastatic potential, recapitulating the metastatic patterns observed

in the original mouse model (Ackermann et al., 2005; Petit et al., 2019).

In addition to the 1014 cell line, other murine melanoma cell lines have been obtained
from GEMMSs, which are useful tools as they can be reimplanted in mice with the same

genetic background with a functional immune system (Aktary et al., 2023).

5.2. Xenograft models

Xenograft models involve grafting human melanoma cells from primary or metastatic
patient tumours into immunocompromised mice. However, these cells often have been
adapted to non-physiological 2D culture conditions, compromising the reproducibility of
laboratory and clinical results (Tveit & Pihl, 1981). To address this issue, researchers
directly biopsy tumour pieces from patients and transplant them into immunodeficient
mice, creating patient-derived xenograft (PDX) models. This technique preserves the in
vivo cell features present in human tumours, as the cells have not been exposed to

culture conditions (Madhunapantula et al., 2019; Rebecca et al., 2020).

Although xenograft models do not have a functional immune system, they are
instrumental for studying the heterogeneity and behaviour of human melanoma cells.
They also enable the testing of specific anti-tumour agents. However, for the
investigation of the immunomodulating therapies and resistance mechanisms to immune
checkpoint inhibitors, PDX models are not ideal due to the absence of a functional
immune system and potential limitations in representing the TME and human immune
responses to therapies (Rebecca et al., 2020). To address these limitations, laboratories
in the melanoma research field have been currently developing humanized mouse

tumour models. These models incorporate human immune cells into mice, providing a
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more accurate platform for studying human melanoma and its interaction with the

immune system (Rebecca et al., 2020).

5.3. Syngeneic models

Syngeneic models involve injecting murine melanoma cell lines into
immunocompetent mice of the same strain. These cell lines, derived from spontaneous
or induced tumours in mice, are particularly useful for studying melanoma interactions
with the microenvironment and evaluating the efficacy of immunotherapies. Unlike
xenograft models that use immunodeficient mice, syngeneic models maintain a fully
functional immune system, providing a more accurate in vivo representation of tumour-

immune interactions (Madhunapantula et al., 2019).

A commonly used cell line in syngeneic models is the B16F10, which originated from
a spontaneous melanoma and was further passaged in vivo to enhance its metastatic
potential (Fidler, 1973). The B16F10 line is frequently used due to its rapid growth, ease
of manipulation, and well-characterized metastatic behaviour. However, it lacks common
human melanoma mutations such as BRAFY%%E and NRAS®®R and it exhibits low
immunogenicity and aggressive tumour growth. Although the B16F10 cell line has
provided valuable insights into multiple essential processes, its limitations hinder its
ability to accurately replicate the biological complexity and heterogeneity of human

melanoma (Melnikova et al., 2004).

To address these limitations, in this study we primarily used cell lines derived from
GEMMs carrying mutations prevalent in human melanoma, such as NRAS or BRAF.
Specifically, we used the 5555 cell line, derived from a BRAFY¢°°E mouse model (Dhomen
et al., 2009), the YUMML1.7 cell line, derived from Braf'¢°°® Pten’- Cdkn2a’ mouse model
(Meeth et al., 2016), the 1014 cell line, derived from a NRAS®®* mouse model (Petit et
al., 2019), and the FCT1 cell line, isolated from a tumour arising in a
Braf6%%E/pten'™P/tdTomato transgenic mouse generated in our laboratory. These
GEMM-derived cell lines harbour clinically relevant mutations and exhibit tumour
behaviours similar to human melanoma, including responsiveness to targeted therapies

and immune checkpoint inhibitors (Kuzu et al., 2015).
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The use of these cell lines allows the study of melanoma within the context of an
intact immune system and native tumour microenvironment, providing a reliable
framework for investigating melanoma biology and therapeutic response in
immunocompetent hosts. However, despite their enhanced translational relevance,
GEMM-derived syngeneic models introduce increased complexity due to tumour
heterogeneity, which can lead to more variable experimental outcomes
(Madhunapantula et al., 2019).
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Objectives

Despite the established function of Snaill in carcinomas and fibrosis, its role in non-
epithelial cells has not been thoroughly characterized. Stromal Snaill has been shown
to influence carcinoma biology and our preliminary results indicated that Snaill is highly
expressed in the melanoma microenvironment. Given the high relevance of the TME in
the regulation of melanoma biology, the main aim of this thesis is to elucidate whether
microenvironmental Snaill contributes to melanoma progression and if this is the case,
to investigate the underlying mechanisms and explore whether Snaill targeting could
constitute an effective therapeutic strategy. This understanding could reveal new

strategies to address the significant challenges of advanced melanoma.

General objective

This thesis aims to understand the contribution of microenvironmental Snaill to

melanoma biology in vivo using preclinical mouse models.

Specific objectives

1. To characterize the expression of Snaill in melanoma mouse models.

2. To investigate the functional role of Snaill in the melanoma microenvironment and

its impact on melanoma progression.

3. Toassess the potential of targeting microenvironmental Snaill as a novel therapeutic

approach in melanoma.
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1. Experimental mice

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 pathogen-free facility
under controlled temperature and humidity, with a 12 h light/dark cycle. Both male and

female C57BL/6 mice, aged 7-8 weeks, were used in all experiments.

1.2. Mouse transgenic lines
The following mouse lines were used during this thesis.
Tg(UBC-cre/ERT2)EP, Gt(ROSA)26SortmoCAGtdTomato)Hze - 1 99S56-SnajlmL-1St

Abbreviated as UBC-CreERT2-tdTomato-Snaill" (Snail1lME-KO); UBC-CreERT2-
tdTomato-Snail1** (Snail1ME-WT).

To generate this transgenic line, the UBC-CreERT2 mice (Ruzankina et al., 2007)
(RRID:IMSR_JAX:008085) were crossed with the tdTomato reporter mice
(RRID:IMSR_JAX:007909) and the Snail”™ mice (Rowe et al., 2009). The UBC-
CreERT2 mice carry the Cre recombinase fused to the human estrogen receptor ligand
binding domain together with the ubiquitin C (UBC) promoter. This allows for a tamoxifen
inducible Cre activity in all tissue types, providing a temporal control of recombination.
The tdTomato reporter mice contain the tdTomato gene inserted into the Rosa26 locus
with a STOP cassette flanked by loxP sites, which prevents tdTomato transcription.
When the UBC-CreERT2 mice express the Cre recombinase, the STOP cassette is
removed, leading to tdTomato protein expression in all tissues. In addition to the
tdTomato allele, the transgenic mice used in this thesis also carry the Snaill" allele,
which has LoxP sites flanking exon 3 of the Snaill gene. This enabled the study of Snaill
in the TME by silencing this TF and tracing cells with the tdTomato protein in a time-

dependent manner following tamoxifen administration.
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129P2(Cg)-Cx3c ratm 2.1(cre/ERT2)Litt
Abbreviated as Cx3cr1CreERT2-YFP.

To examine myeloid populations in tumours, Cx3crlCreERT2-YFP mice (RRID:
IMSR_JAX:021160) were used. This mouse model is a knock-in strain that expresses
the Cre-ERT2 protein under the control of the chemokine receptor 1 (Cx3crl) promoter,
followed by an internal ribosome entry site (IRES) and an enhanced yellow fluorescent
protein (YFP). The resulting mouse model enables the analysis of myeloid populations
through the expression of the YFP reporter protein (Jung et al., 2000). Mice were kindly
given by Jose Lopez-Atalaya from the Instituto de Neurociencias CSIC-UMH.

Cg-Tg(Tyr-cre/ERT2)13Bos, BraftmiMmem ptentmiHtw Gt(ROSA)26SormI(CAG-tdTomato)Hze
Abbreviated as Braf'%%%/pPten'P/tdTomato.

In this study, the Braf'®°°%/Pten'®"/tdTomato mouse model was used to validate our
data with inducible transgenic melanomas. This model was generated by crossing the
BRAF-driven mouse melanoma model Braf°A,Pten'™® Tyr::CreERT2 (Braf'6%&/Pten'o)
(Dankort et al., 2009) (RRID:IMSR_JAX:013590), which expresses a constitutively active
BRAFY60%E mutant protein and lacks PTEN function, with the tdTomato reporter line
(RRID:IMSR_JAX:007909). The Tyr::CreERT2 transgene, active in melanoblasts and
melanocytes, expresses an inducible form of Cre recombinase upon 4-hydroxytamoxifen
(4-HT) administration, under the control of the Tyr promoter. In the absence of Cre
recombinase activity, the BRAF* model expresses the WT BRAF protein. Upon Cre-
mediated recombination, the mutated Braf'5%°E allele becomes active. Additionally, the
Pten'™® model has loxP sites flanking exon 5 of the Pten gene, which leads to PTEN
protein loss of function when recombination occurs. Thus, the administration of 4-HT
induces simultaneous expression of BRAFY6%Eand PTEN loss in melanocytes, triggering
the development of melanomas wherein the melanocytes express the tdTomato

fluorescence.

1298-PDGFRatml'l(C’E/ERTZ)B'h, Gt(ROSA)ZBSOrtm9(CAG-thomato)Hze, 12986-Snai 1tml.l$t
Abbreviated as PDGFRa-CreERT2-tdTomato-Snail 17"

In order to analyse Snaill in fibroblasts, PDGFRa-CreERT2 (L. E. Rivers et al., 2008)
mice were crossed with the tdTomato reporter mice and the Snail™ mice, previously
described. PDGFRa-CreERT2 mice have the Cre/ERT2 fusion gene inserted at the start
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codon of the platelet derived growth factor receptor alpha polypeptide (PDGFRa) gene.
Therefore, upon tamoxifen administration, recombination leads to the deletion of Snaill
in PDGFRa-expressing cells, and expression of tdTomato in these cells. This mouse
model enabled the investigation of Snaill in PDGFRa cells, which primarily consist of
fibroblasts in melanomas. PDGFRa-CreERT2 mice was kindly given by Isabel Perez-

Otafo from the Instituto de Neurociencias CSIC-UMH.

1.3. 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 1.

‘ Primer Sequence (5’>3’) Amplicon length

Allele

Fw: GCGCTCTGGCAGTAAAAACTATC ,
UBC-CreERT2 RV: GTGAAACAGCATTGCTGTCACTT UBC-CreERT2 allele: 100bp

Fw: AAGGGAGCTGCAGTGGAGTA _
A Tomato Rv: CCGAAAATCTGTGGGAAGTC WT allele: 297 bp

Fw: GGC ATTAAA GCA GCG TATCC «dTomato allele: 196 b

Rv: CTG TTC CTGTACGGCATGG ' P
—— Fw: CTGCCAGGTGGGAAGGACT WT allele: 324 bp

Rv: CAA GGACATGCGGGAGAAGGT Snaill Flox allele: 424 bp
CxdorL Fw: AAGACTCACGTGGACCTGCT
CroERT? Rv Mutant: CGGTTATTCAACTTGCACCA | Cx3crl-CreERT2: 300 bp

Rv WT: AGGATGTTGACTTCCGAGTTG
PDGFRa- Fw: TCGATGCAACGAGTGATGAG _
CreERT2 Rv: TTCGGCTATACGTAACAGGG PDGFRa-CreERT2: 480 pb
Brafch Fw: TGAGTATTTTTGTGGCAACTGC WT allele: 185 pb

Rv: CTCTGCTGGGAAAGCGGC Mutant allele: 308 pb
S Fw: CAAGCACTCTGCGAACTGAG WT allele: 156 pb

Rv: AAGTTTTTGAAGGCAAGATGC Mutant allele: 328 pb

) Fw: GGAGCAAACAGTAGCTTCAC . _

Tyr::CreERT2 RV: AGCTTCGATGATGGGCTTAC Tyr::CreERT2: 201 pb

Table 1| Primers used to genotype mouse transgenic lines.

1.4. Tamoxifen administration

To obtain a tamoxifen solution, tamoxifen (Sigma) was dissolved in a mixture of corn

oil and ethanol (90:10 v/v). This solution was administered intraperitoneally to adult mice

at a dose of 100mg/kg body weight. The injection schedule of tamoxifen consisted of one

injection every two days for the first four doses, followed by two weekly injections.
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2. Cell culture

Murine melanoma cell line Braf'¢°€-5555 (Dhomen et al., 2009; Hirata et al., 2015)
was originally obtained from Richard Marais” laboratory and luciferase-expressing
BrafV60%€.5555  (5555-Luc) were kindly given by Imanol Arozarena’s lab
(NavarraBiomed). The BrafV"Nras"™-B16F10 (CRL-6475) and Braf'®®E-YUMM1.7
(CRL-3362) cell lines were obtained from ATCC. The Nras®6X -1014 cell line was kindly
provided by Prof Lionel Larue at INSERM, France. The FCT1 cell line was isolated in our
laboratory from a tumour arising in a Braf'®°°%/Pten'™"/tdTomato transgenic mouse.
Additionally, NIH3T3 mouse fibroblasts (CRL-1658) were purchased from ATCC.

All cell lines, except Nras®-1014, were cultured in DMEM medium (Sigma)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
(Sigma). The Nras®®¥-1014 cell line was maintained in F12 (Biowest) medium, also
supplemented with 10% FBS and 1% penicillin/streptomycin (Sigma). Cells were kept at
37°C in a humidified atmosphere with 5% CO; and the medium was replaced every 2/3
days. Melanoma cells were passaged at 80% confluency at a ratio 1:10 every 72 h, while
NIH3T3 cells were passaged at 60-70% confluency 1:20 every 72 h. Cells were
discarded after up to seven consecutive passages and replaced with fresh stocks. All
cell lines were tested for mycoplasma contamination every month at the host institution,

and only mycoplasma-negative cells were used in the experiments.

3. Treatments of cultured cells

3.1. Transfection of plasmids and interfering RNAs

For Snaill-silencing experiments, NIH3T3 cells were transfected with SiRNA
targeting mouse Snaill using RNAi MAX (Invitrogen). As a control, a fluorescent
oligonucleotide reagent, Block-it™ (Invitrogen), was used. The siRNAs used for RNA
interference were obtained from Silencer® predesigned siRNA (Ambion) and specifically
targeted Snaill (Snaill siRNA (antisense): AUAUUUGCAGUUGAAGAUCLt). Prior to
transfection, 100,000 NIH3T3 cells were seeded on 6-well plates and allowed to adhere
for 24 h. Post transfection with either siRNA against Snaill or Block-it™, cells were
treated with 2 ng/ml TGF@B (TGFB1, Millipore, USA). The cells were then collected at 48

and 72 h post transfection to identify the most effective time point for reducing Snaill
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MRNA levels for subsequent analysis. Cell lysis and RNA extraction were performed

using the lllustra RNAspin Mini Isolation Kit (GE healthcare).

For the Snaill-overexpression experiments, NIH3T3 cells were transfected with a
Snaill-Myc plasmid. Cells were initially seeded in 10 cm culture dish plates 24 h prior to
transfection. Transfection was performed using Lipofectamine 3000 (Invitrogen),
following the manufacturer’s instructions, at 70% confluency. After 48 h, cells were

harvested and used for ChIP assays (see below).

3.2. TGFB administration

For Snaill-upregulation experiments, a total of 100,000 NIH3T3 cells were seeded
on 6-well plates for 24 h prior to TGFB (2ng/ml) administration. Cells were collected at
48 and 72 h post-TGFB administration and the most effective time point for Snaill
upregulation was chosen for further experiments. The collected cells were then
processed for RNA extraction using the lllustra RNAspin Mini Isolation Kit (GE

healthcare).

3.3. CYD19 drug administration

NIH3T3 cells were first treated with TGFB (2ng/ml) for 24 h. Subsequently, the cells
were exposed to either a vehicle control or 5nM of CYD19 (Cat#AOB11460, Aobious) in
the presence of TGFB for an additional 48 h. After this treatment period, cells were

analysed either by immunofluorescence or for gene expression levels.

4. Experimental melanoma mouse models

4.1. Inducible melanoma reporter model

Tumours were topically induced in 6-8 weeks Braf'6%€/pPten'™P/tdTomato mice.
Treatment with 1.5 pl 4-HT (Sigma) (8 mg/ml), dissolved in ethanol:DMSO (80:20), was
applied on the shaved skin of the back. Mice were immobilised until 4-HT solution had
completely dried. Tumours were collected once they reached the predetermined limit
size of 1000-1200 mm3, which was calculated using the formula: Tumour volume= length
X width x depth x 0.562.
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4.2. Melanoma subcutaneous allografts

To assess the impact of Snaill on melanoma progression, 5 x 10° Braf'6%%€-5555
melanoma cells suspended in 100ul of sterile phosphate-buffered saline (PBS) were
subcutaneously injected into the right flank of 7-to-8-weeks old Snail1ME-WT or Snail1ME-
KO mice on day 0. Mice were monitored daily until tumour became palpable (70-80 mm?3),
typically around day 9 post injection (9dpi). Tamoxifen was then administered
intraperitoneally three times a week on alternate days until the end of the experiment.
Tumour volumes were measured every 2 days with a calliper and calculated using the
formula: Tumour volume= length x width x depth x 0.562 (mm). Mice were euthanized
once tumours reached the predetermined limit size of 1000-1200 mm?3, and when
possible, based on tumour size, samples were divided for histological analysis and/or

RNA extraction.

The same experimental approach was used to evaluate the impact of Snaill-
silencing specifically in PDGFRa-positive cells to melanoma progression in PDGFRa-
CreERT2-Snail1"" mice.

To investigate myeloid populations within melanomas, Cx3crlCreERT2-YFP mice
were used. These mice were subcutaneously injected with 5 x 108 Braf'¢%E-5555
melanoma cells as previously described, and tumours were subjected to

immunofluorescence analyses.

In order to understand the effect of Snaill on melanoma tumour establishment,
tamoxifen administration began a week prior to 5 x 10° Braf'¢°°E-5555 cells subcutaneous
injection. Tumour volume was monitored every two days and mice were euthanized

when tumours reached the predetermined limit size.

4.3. Anti-PD-1 therapy experiment

To investigate the combined effects of Snaill silencing and immunotherapy with anti-
PD-1, 7-to-8-weeks old SnaillM&-WT and SnaillME-KO mice were subcutaneously
injected with 5 x 10°® Braf'6°°€-5555 melanoma cells on day 0. Mice were monitored daily
until tumours became palpable. Animals were subsequently divided into four treatment
groups: (1) The SnaillME-WT control group, which received intraperitoneally tamoxifen
injections every two days, starting on 7 dpi until reaching the experimental endpoint. (2)
The SnaillME-WT with PD-1 group, which was subjected to 10mg/kg body weight
intraperitoneal injections of anti-PD-1 (BioxCell, PD-1 CD279, BE0273) starting on 8 dpi,
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with subsequent doses administered every 3 days for a total of five doses, together with
tamoxifen administration. (3) The SnailIM5-KO control group, which received
intraperitoneally tamoxifen injections every two days, starting on 7 dpi until the endpoint.
(4) The SnaillME-KO with PD-1, which was subjected to 10mg/kg body weight
intraperitoneal injections of anti-PD-1 (BioxCell, PD-1 CD279, BE0273) starting on 8 dpi,
with subsequent doses administered every 3 days for a total of five doses, together with

tamoxifen administration.

4.4, Experimental lung metastasis assay

To evaluate the impact of Snaill in metastatic establishment and progression in vivo,
1 x 10%5555-Luc cells in 100 ul of sterile PBS were intravenously injected into the lateral
tail vein, using a 27-gauge needle. Lung colonisation was analysed in vivo and ex vivo
by bioluminescence imaging (BLI). For imaging, anaesthetized mice (isoflurane) were
injected intraperitoneally with D-luciferin (Perkin Elmer) (150 mg/kg body weight in sterile
PBS Ca?*Mg?-free) and imaged with an in vivo imaging system (IVIS) Lumina XR imaging
system (PerkinElmer). The lung bioluminescence intensity signal of each mouse was
quantified using Living Image software (PerkinElmer). Tamoxifen was administered three
days a week until the end of the experiment. Mice were sacrificed 3 weeks post injection,

and lungs were collected for histological analysis.

In order to investigate the role of Snaill to metastases establishment, tamoxifen
treatment started one week prior to tail vein injection of 5555-Luc cells. To assess the
impact of Snaill to metastases progression, tamoxifen administration began once

experimental metastases were already established and detected by BLI.

5. Histology

Sample fixation protocols were optimized according to sample size to achieve the
best quality for immunohistochemical stainings. Tumour pieces were fixed at 4°C for 4 h
with 4% paraformaldehyde (PFA), while whole lungs were fixed at 4°C overnight (O/N)
with 4% PFA. After fixation, samples were thoroughly washed with PBS for one day.
Subsequently, the samples were incubated at 4°C for three days in a 30% sucrose

solution. Next, the samples were embedded in the desired orientation in optimal cutting
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temperature (OCT) medium, and they were kept in dry ice until transferred to -80°C for

sectioning.

The samples were sectioned at 8 pm thickness using a cryostat (Leica).
Subsequently, samples were dried for 2 h at RT before being used for immunolabelling

or stored at -80°C to preserve their integrity.

6. Staining and imaging in tissues and cells

6.1. Hematoxylin and Eosin staining

In order to perform Hematoxylin and Eosin (H&E) staining of 8 um frozen sections,
slides were firstly dried for several hours at RT. Then, sections were immersed in
Hematoxylin (Sigma; diluted 1:1 in dH»0) solution for 30 seconds, rinsed with tap water
until the colorant was cleared, and then stained with Eosin (Sigma; diluted 1:1 in dH,0)
for 4 minutes. The samples were thoroughly washed with dH>O until residual dye was
removed. Subsequently, samples were dehydrated through a series of ethanol-water
solutions (25%, 50%, 75% and 100%) for 2 seconds each. Following dehydration,
samples were treated with two changes of xylene 100% for 10 minutes each. Then,
slides were mounted with rapid mounting medium for microscopy Entellan™ (Sigma) and
dried overnight in a fume hood at RT. Finally, stained sections were subjected to

quantification analyses.

6.2. Immunofluorescence in tissue sections

For immunofluorescence (IF) staining, tissue sections obtained from the cryostat
were extensively washed with PBS and then incubated with blocking solution (5% normal
goat serum (NGS), 1% bovine serum albumin (BSA) and 0.1% Triton x-100 in PBS) for
1 at RT. After blocking, sections were incubated with the primary antibodies (see Table
2) O/N at 4°C in the same blocking solution. Next day, after extensive washing in PBS
with 0,1% Tween, slices were incubated with the secondary antibodies (see Table 3)
diluted in blocking solution for 1 h at RT. Finally, sections were washed with PBS 0,1%
Tween several times, stained with DAPI (Sigma; 1 pg/ml) and mounted in Dako

Fluorescence Mounting Medium (Dako).

Finally, imaging was performed using an Olympus FV1200 confocal microscope

(Olympus) with 20x or 40x objectives and analysed using ImageJ software.
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6.3. Immunofluorescence in cultured cells

In order to obtain samples of cultured fibroblasts isolated by FACS-sorting for
immunofluorescence staining, sorted fibroblasts were seeded onto glass coverslips in
12-well plates at 37°C in a 5% CO, humidified incubator. Coverslips were pre-treated

with poly-lysine (Sigma) to promote cell adhesion.

For immunolabelling, cells were fixed with 4% PFA for 15 minutes at RT, washed
three times with PBS, and incubated with permeabilization solution (0.1% Triton x-100 in
PBS) for 15 min. Subsequently, cells were incubated with blocking solution (0.1% Triton
x-100 and 1% BSA in PBS) for 1 h at RT. Cells were then incubated with the primary
antibodies (see Table 2) O/N at 4°C in blocking solution and the following day for 30
minutes at RT. After washing three times with PBS, cells were incubated with the
appropriate secondary antibody (see Table 3) diluted in blocking solution for 1 h at RT,
counterstained with DAPI (Sigma; 1 pg/ml) and mounted with Dako. Finally, samples
were imaged with an Olympus FV1200 confocal microscope and analysed with ImageJ

software.
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Antibody Dilution Application Provider

Myc-tag Goat 1:500 ChiP Abcam abh9132
IgG Rabbit 1:500 ChiP Thermo Fisher kit 1862739
Snaill Rabbit 1:50 IF Cell Signalling 3879
GFP Chicken 1:500 IF Aveslab GFP-1020
PDGFRa Rat 1:100 IF Invitrogen 14-1401-82
KI-67 Rabbit 1:1000 IF Abcam ab15580
g'Aeg‘F’,e;S'E 5 Rabbit 1:500 IF Cell signalling 9664
a-SMA Mouse 1:1000 IF Sigma A2547
CD45 Rat 1:350 IF BD Pharmingen™ 550539
PDGFRa-APC Rat 1:50 FACS Biolegend 135908
CD11b-APC Rat 1:50 FACS Biolegend 101211
Ly6C-FITC Rat 1:50 FACS Biolegend 128005
Ly6G-APC/Fire Rat 1:50 FACS Biolegend 127651
CD3-APC Rat 1:50 FACS Biolegend 100235
CD4-APC/Fire Rat 1:50 FACS Biolenged 100459
CD8a-FITC Rat 1:50 FACS Biolegend 100705
CD45-APC Rat 1:50 FACS Biolegend 103112
ig é/llflre ﬁ;nne]gt'z:‘ 1:50 FACS Biolegend 117352
CD22-FITC Rat 1:50 FACS Biolegend 126106
CD335-FITC Rat 1:50 FACS Biolegend 137606
FOXP3-AF488 Rat 1:50 FACS Biolegend 126406

Table 2| List of primary antibodies. ChIP, Chromatin immunoprecipitation; IF, Immunofluorescence;
FACS, Fluorescence-activated cell sorting.
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Antibody Host | Dilution Application Provider

Alexa Fluor® 488 anti-rabbit Goat 1:500 IF Invitrogen A11008
Alexa Fluor® 488 anti-chicken | Goat 1:500 IF Life Technologies | A11039
Alexa Fluor® 488 anti-rat Goat 1:500 IF Invitrogen A11006
Alexa Fluor® 647 anti-rabbit Goat 1:500 IF Life Technologies | A27040
Alexa Fluor® 647 anti-rat Goat 1:500 IF Invitrogen A21247
Alexa Fluor® 647 anti-mouse | Donkey | 1:500 IF Invitrogen A31571

Table 3| List of secondary antibodies. IF, Immunofluorescence.

7. Sample preparation and immunolabelling for FACS analysis

7.1. Tissue processing for FACS analysis

To prepare single-cell suspensions suitable for fluorescence-activated cell sorting
(FACS) analysis, mechanical disruption was performed using a scalpel to process
subcutaneous tumours or lungs. The samples were then subjected to a cold and slow
enzymatic digestion (2.5 mg/ml Collagenase A and 0.2 mg/ml DNAse |) (both from
Roche) in PBS at 4°C for 1 h while being gently agitated. The resulting cell suspension
was filtered through a 40um cell strainer using a 3 ml syringe plunger to facilitate the
process. The filtered suspension was then centrifuged (5 minutes at 350 g followed by 1
minute at 10.000 rpm) and the cell pellets were resuspended in 1 ml of RBC lysis buffer
(Biolegend, #420302) for 4 minutes at RT to lyse red blood cells. After centrifugation, the
cells were resuspended in FACS buffer (2,5 mM EDTA and 24,5 mM HEPES in PBS) for

subsequent immunolabelling or sorting.

7.2. Immunolabelling techniques and cell sorting

The single-cell suspension solution was subjected to immunolabelling for FACS
analysis. Initially, the samples were blocked with Fc-block CD16/CD32 (Biolegend,
#101320, 1:50) in FACS buffer for 10 minutes on ice to prevent nonspecific binding. For
cell surface staining, cells were resuspended in the appropriate cocktail of fluorescent-
labelled antibodies (see Table 2) and incubated for 30 minutes on ice, protected from
light, in FACS buffer. If intracellular staining was required, cells underwent centrifugation
for 5 minutes at 350 g after surface marker staining, then were fixed, permeabilized, and

stained for transcription factors using the True-Nuclear Transcription Factor Buffer Set
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(Biolegend, #424401), following the manufacturer's instructions. Cell viability was

assessed using DAPI staining.

To isolate fibroblasts cells from melanomas, PDGFRa" GFP- tdTomato* cells were
selected and sorted directly into an Eppendorf tube containing lysis solution from
Arcturus PicoPure RNA Isolation Kit (Thermofisher). To validate the isolated melanoma-
associated fibroblasts, the sorted cells were seeded onto glass coverslips treated with
poly-L-lysine (Sigma, # P4707) and analysed for different fibroblast markers through

immunofluorescence, as mentioned above (see Table 2).

To characterize the immune cell profile of the samples, flow cytometry analysis was
performed by analysing 50.000 live singlets per sample. The fluorescent data collected

were analysed using BD FACSDiva Software (BD Bioscience).

8. Molecular methods

8.1. Total RNA extraction, cDNA synthesis and RT-qPCR analysis

For gene expression analyses, RNA was extracted using two different kits according
to the sample type. The lllustra RNAspin Mini Isolation Kit (GE healthcare) was used for
tissues and cell culture samples, following manufacturer’s instructions. For FACS-
isolated samples, the Arcturus PicoPure RNA Isolation Kit (Thermo Fisher) was
employed following manufacturer’s instructions. In this case, the total RNA was eluted in
15 pl of elution buffer and 1 pl was used for RNA guantification and quality control using

the Bioanalyzer High Sensitivity RNA chip.

Reverse transcription was carried out using the Maxima First Strand cDNA Synthesis
Kit (Thermo Fisher), and RT-gPCR was performed using the Fast SYBR Green
Mastermix (Applied Biosystems) in a Step One Plus machine (Applied Biosystems) with
the primers listed in Table 4. To ensure accuracy, all primers were tested by generating
a standard curve with serial dilutions of the sample of interest; only primers
demonstrating efficacy between 90% and 110% were used. The relative levels of
expression were calculated using the comparative Ct method normalized to the TBP
housekeeping gene and then experimental samples were normalised to their respective

controls:
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ACt = Ct (gene of interest) — Ct (housekeeping)
AACt = ACt (experimental sample) - ACt (control sample)

Fold change = 2 44t

8.2. Chromatin immunoprecipitation (ChIP) assay

For ChIP assays, NIH3T3 cells transfected with Snail-Myc were used. Cells at 80%
confluence from a 10 cm culture dish were fixed with 1% PFA for 10 minutes at RT. The
fixation was stopped by adding glycine solution to a final concentration of 0.125M and
incubated for an additional 5 minutes at RT. Cells were then harvested and pooled from
4 plates, and chromatin was isolated using the Pierce™ Magnetic ChIP Kit (Thermo
Fisher), following the manufacturer's instructions. Sonication was carried out in a
Bioruptor® Pico sonication device (Diagenode) in 15 cycles of 30-second on/off intervals.
Immunoprecipitation and DNA isolation were performed using the same Pierce™
Magnetic ChIP Kit and the anti-Myc antibody listed in Table 2. Finally, the isolated DNA

was used for direct gPCR assays.

9. Morpholino oligomer and in vivo treatment

In order to target Snaill expression systemically in vivo, a morpholino oligomer (MO)
strategy was used. A Snaill-specific vivo-morpholino (Snail1-MO) designed against the
boundary sequences of the intron 1 and exon 2 of the Snaill gene (5-
TGAACTCTGCGGGAAGAGAAGAGAC-3") and a standard control morpholino (Control-
MO) that targets the human B-globin intron mutation (5™
CCTCTTACCTCATTACAATTTATA-3') were designed by Gene Tools. C57BL/6 mice,
aged 7 weeks, were intravenously injected with 5555-Luc cells into the tail vein. After 10
dpi, a solution containing either Snail1-MO or Control-MO in saline (100 ul; 6 mg MO per
kg) was administered through tail vein injections in the corresponding mice every other
day. After a 20-day treatment period, mice were sacrificed, and their lungs were collected

for histological analysis to assess the efficacy of the treatment.
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Gene Primer Sequence (5’2 3’) Orientation
mTBP Fw CCTTGTACCCTTCACCAATGAC Sense
mTBP Rv ACAGCCAAGATTCACGGTAGA Antisense
mSnaill Fw CAGCTGCTTCGAGCCATAGA Sense
mSnaill Rv TGAGGGAGGTAGGGAAGTGG Antisense
mSnaill-e2 Fw (VM experiment) CACGCTGCCTTGTGTCT Sense
mShnaill-e3 Rv (VM experiment) GAATGGCTTCTCACCAGTGT Antisense
mSnaill-exonl Fw (RT-PCR) AGTTGACTACCGACCTTGCG Sense
mSnaill-exon3 Rv (RT-PCR) TGGTATCTCTTCACATCCGAG Antisense
MFAP Fw GGCTGGGGCTAAGAATCCG Sense
MFAP Rv GCATACTCGTTCACTGGACAC Antisense
mPDGFRa Fw GGCACAGGTCACCACGAT Sense
mPDGFRa Rv GCGAGTTTAATGTTTATGCCTTG Antisense
mCD3 Fw CAGTCAAGAGCTTCAGACAAG Sense
mCD3 Rv GATGGCTGTACTGGTCATATTC Antisense
mArgl Fw CCGATTCACCTGAGCTTTGA Sense
mArgl Rv AAAGGAGCCCTGTCTTGTAAAT Antisense
mCD8 Fw CCATGAGGGACACGAATAATAA Sense
mCD8 Rv GAGTTCACTTTCTGAAGGACTG Antisense
mFOXP3 Fw CAATAGTTCCTTCCCAGAGTTC Sense
mMFOXP3 Rv TCGGATAAGGGTGGCATAG Antisense
mVim Fw CGGCTGCGAGAGAAATTGC Sense
mVim Rv CCACTTTCCGTTCAAGGTCAAG Antisense
BS1 Fw (ChIP) GCGCTTGCTTTAGTGGTGAT Sense
BS1 Fw (ChIP) TTTGGAAAATAGGCACTTAGGA Antisense
BS2 Fw (ChIP) ATTTGGCTCCACTGTTCTTCC Sense
BS2 Fw (ChIP) CCGTTTTATTTCACCTTTTTGTT Antisense
BS3 Fw (ChIP) TGGAGACACCATATTCTAGCAAC Sense
BS3 Fw (ChlIP) TTCATTTTGGCTAAGTCCACATA Antisense
BS4 Fw (ChIP) TTTCTCTCGGATTGACGCCT Sense
BS4 Rv (ChIP) CAAATTGAAGCAGTACCAGGCA Antisense
BS5 Fw (ChlIP) TGGATCAATGTCATTCTGTCTG Sense
BS5 Fw (ChIP) TCTTGGAGCTCCTGCTGAGT Antisense
NC Fw (ChIP) ATTTTGTGCTGCATAACCTCCT Sense
NC Rv (ChIP) TAGCAACATCCTAAGCTGGACA Antisense

Table 4| List of gPCR primers used. VM, Vivo-morpholino. ChIP, Chromatin immunoprecipitation.
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10. Quantification of images

10.1. Quantification of KI-67 and Cleaved CASPASE-3

To assess proliferation and apoptosis in subcutaneous tumours and experimental
lung metastases, sections were stained with KI-67 and Cleaved CASP-3 antibodies to
specifically label proliferating and apoptotic cells, respectively. The stained sections were
then imaged using an Olympus FV1200 confocal microscope and the images were
analysed using ImageJ software. Proliferation and apoptosis within melanomas were
quantified by counting cells in three random fields at the tumour invasive front, tumour
centre, and tumour edge in each section. The same number of pictures was taken for
each tumour, with four different tumours analysed per condition. For experimental lung
metastases, representative images of different metastases were taken from each lung
section, with four different lungs examined per condition. The number of proliferating and
apoptotic cells was quantified as the density of apoptotic or proliferating tumour cells per

square millimetre (cells/ mm?).

10.2. Quantification of metastatic burden

Quantification of lung metastatic burden was conducted by collecting nine serial
H&E-stained sections at intervals of 150 um, covering a total depth of 1,200 um of lung
tissue. These sections were imaged using a Leica DFC700T digital camera. The total
metastases burden (metastasis area/total lung area *100), number of metastases
(number of metastases/ lung) and metastases size (total metastatic area/ number of

metastases) were calculated using Image J software.

11. In silico analyses

11.1. RNA-seq

For RNA sequencing, fibroblasts were isolated from Snail1ME -WT and Snail1ME -KO
tumours. Mice were initially injected with 5 x 10° GFP-expressing 5555 cells and once
tumours reached a volume of 80-100 mm? four doses of tamoxifen were injected
intraperitoneally on alternate days. Finally, mice were sacrificed, and tumours were
digested and subjected to RNA extraction using the Arcturus PicoPure RNA Isolation Kit

(Thermo Fisher) as previously described.
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The integrity and purity of RNA were assessed using the RNA Nano 6000 Assay on
the Bioanalyzer 2100 (Agilent). Samples were sent to Novogene Co., where sequencing
libraries were prepared using the NEBNext® Single Cell/Low Input RNA Library Prep Kit
for lllumina (NEB) following the manufacturer's recommendations. Sequencing was
performed using a cBot Cluster Generation Sequencing using PE Cluster Kit cBot-HS
(llumina) according to the manufacturer’s instructions. After cluster generation, the
library preparations were sequenced on an lllumina platform and 250 bp paired-end

reads were generated.

Raw data (raw reads) of FASTQ format were mapped to a mouse reference
transcriptome (Mus_musculus.GRCm38.cdna.all.fa) built with Kallisto v.0.46.1. Read
quantification to reference transcriptome was performed with Kallisto as well. The
following steps were performed using R and RStudio. Tximport was used to import
abundance.tsv files to R environment. EdgeR was used for differential expression
analysis to obtain DEGIist objects and normalisation. The MatrixStats package was used
to determine the statistics on the data. Data was filtered by choosing transcripts with at
least 10 reads and later, at least 1 CPM in at least 3 samples. Normalisation factor TMM
(trimmed mean of M-values) was applied. Limma and edgeR were used to obtain a final
DEG list, which was adjusted by BH (Benjamini-Hochberg) and sorted by p.value<0,05
and LFC >1. Finally, the graphical constructs of the RNA-seq data were performed using
gplots, plotly, gprofiler2, clusterprofiler and GSEABase (Mootha et al, 2003;

Subramanian et al., 2005).

11.2. Analysis of publicly available transcriptomic datasets

To explore the heterogeneity in our RNA-seq samples of CAFs, we conducted a
comparative analysis by aligning our transcriptomic data with publicly available datasets
detailing different CAF subpopulations across different cancer contexts. Specifically,
single-cell RNA sequencing (scRNA-seq) data from a murine melanoma model, reported
by Davidson et al. (Davidson et al., 2020) were downloaded from the supplementary
information and ArrayExpress database (accession number: E-MTAB-742). Additionally,
to enrich this comparative analysis, RNA-seq data from sorted fibroblasts in human
breast cancer (Costa et al, 2018) were accessed from the repository
EGAS00001002508. Custom gene sets based on differentially expressed genes (DEGS)

that define these CAF subpopulations were generated, and Gene Set Enrichment
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Analysis (GSEA) was conducted to compare these sets with our dataset (Mootha et al.,
2003; Subramanian et al., 2005).

Additionally, to investigate the relationship between Fap and Snaill gene expression
across different cancer types, The Cancer Genome Atlas (TCGA) database was used
(The TCGA Research Network: http://www.cancer.gov/tcga). A Pearson correlation

analysis was performed using the TCGA database, which encompasses all cancer types,

and a significance threshold was established at a p-value <0,05.

11.3. Statistical analysis

All statistical tests were carried out using Prism (GraphPad software, version 8.0).
For quantitative PCR, tumour burden and cell counting, treatments were compared to
their corresponding controls using two tailed Student’s t- test. Mice survival was analysed
using Kaplan-Meier survival curves, and the log-rank (Mantel-Cox) test was used to
compare survival curves using GraphPad Prism. All bar graphs in the study represent
Mean + SEM (Standard Error of the Mean). The levels of statistical significance were
indicated as follows: ns = not significant, *= p<0.05, ** = p<0.01, *** = p<0.001, and ****
= p=<0.0001.
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1. Snaill expression in murine melanomas

Snaill is an EMT-TF whose expression has been previously identified in both
epithelial (Brenot et al., 2018; Cano et al., 2000) and stromal cells (Alba-Castellén et al.,
2016; Stanisavljevic et al., 2015) from carcinomas. In addition, previous studies have
explored the impact of Snaill overexpression in melanoma cells (Kudo-Saito et al., 2009;
Liu etal., 2011). However, the expression and contribution of Snaill to melanoma biology

in an in vivo context had not been investigated.

With this in mind, we decided to focus our research towards understanding Snaill
expression and function in mouse melanoma models. To this end, we performed a
detailed characterization of Snaill expression in different murine melanoma models to

identify which specific cell types within melanomas express this transcription factor.

We first analysed Snaill expression in tumour samples from a melanoma reporter
mouse model available in our laboratory. This model was generated by crossing a BRAF-
driven mouse melanoma model Braf? Pten'™® Tyr::CreERT2 (Braf'¢°°%/Pten'™®)
(Dankort et al., 2009) with Rosa-LSL-tdTomato mice (Braf'6%°c/Pten'®/tdTomato). In this
model, treatment with 4-HT induces melanoma development with a short latency
(Dankort et al., 2009) and leads to the expression of the tdTomato fluorescent protein in
melanocytes and melanoma cells (Figure 6a). Immunofluorescence analysis confirmed
that SNAIL1 expression was specifically present in tdTomato-negative cells within the
BrafV8%%E/pPten'>*P/tdTomato tumours and absent in the normal skin of these mice,
indicating a reactivation of SNAIL1 in the stromal cells but not in the melanoma cells
(Figure 6b).

To investigate the specific role of Snaill within the melanoma stroma, we next
generated a syngeneic melanoma model in which Braf'6%€-5555 cells (Dhomen et al.,
2009; Hirata et al., 2015) were injected into UBC-Cre-ERT2 mice (Ruzankina et al.,
2007) crossed with Rosa-LSL-tdTomato (tdTomato) mice. This model allows the
ubiquitous expression of the Tomato fluorescent protein upon tamoxifen administration,
facilitating the tracking of red-labelled stromal cells within the allografts, thereby
distinguishing them from melanoma cells (Figure 6¢). Immunofluorescence analysis
demonstrated SNAIL1 expression in recombined tdTomato-positive cells within the
melanoma microenvironment of Braf'®°°E-tumours, which was not present in the normal
skin (Figure 6d).
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Figure 6| SNAIL1 is reactivated in the melanoma microenvironment. (a) Schematic representation of
the strategy used to characterize Snaill expression in Braf®?,Pten'™P tdTomato, Tyr::CreERT2 transgenic
inducible melanomas. Created with BioRender.com. (b) Representative images of immunolabelling for
SNAIL1 (white) in control skin (upper panel) and tumours (lower panel) from BrafV6%°E/Pten'oP/tdTomato
mice. Melanoma cells are labelled in red (tdTomato). (c) Schematic representation of the strategy used
to investigate Snaill expression in UBC-CreERT2-tdTomato melanomas. Created with BioRender.com.
(d) Representative images of immunolabelling for SNAIL1 (white) in control skin (upper panel) and
BrafV69°E-5555 tumours (lower panel) from UBC-CreERT2-tdTomato. Stromal cells are labelled in red
(tdTomato). Scale bars: 50um and 25um for higher magnification pictures.

To investigate the reactivation of microenvironmental Snaill (Snaill™E) on
melanoma, and to determine whether this could be found in different melanoma
subtypes, we expanded our study to include additional syngeneic melanoma models.
These models were characterized by oncogenic mutations in BRAF*, NRAS*, or WT
variants of both (BRAFVT/NRAS"T), allowing us to assess Snaill expression across

tumours with different oncogenic origins.
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To clearly differentiate between melanoma cells and stromal cells within melanomas,
we performed subcutaneous injections of GFP-expressing melanoma cells into UBC-
CreERT2-tdTomato mice. These melanoma cells harboured specific mutations,
including BrafVé%°E (5555), Braf'®°tpten'™® (FCT1) and Braf'¢°°E- Pten'™® Cdkn2a "
(YUMML.7). Tamoxifen administration was then initiated to trigger the recombination of
the tdTomato protein, leading to the expression of tdTomato in stromal cells. This allowed
us to distinguish the red-labelled stromal cells from the GFP-expressing melanoma cells
(Figure 7a). Through immunofluorescence analyses, we confirmed the reactivation of
SNAIL1 within the stromal cells of these BRAF-mutated tumours (Figure 7b).
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Figure 7| SNAIL1 is reactivated in different syngeneic melanoma models with oncogenic BRAF
mutations. (a) Schematic representation of the strategy used to study SNAIL1 expression in different
BRAF-mutated melanoma cell lines. Created with BioRender.com. (b) Representative images of double
immunolabeling for SNAIL1 (white), tdTomato (stromal cells) and GFP (green, melanoma cells) in

subcutaneous tumours from (a) upon injection of different mouse melanoma cell lines tagged with GFP:

5555 (Braf "), FCT1 (Braf’ ™ Pten'”""); YUMML.7 (Braf " Pten"”""*Cdkn2a™). Scale bars: 50pm.

Additionally, we carried out subcutaneous injections using Nras®®¥ -1014 and
Braf"TNras"-B16F10 GFP-expressing melanoma cells into UBC-CreERT2-tdTomato

mice (Figure 8a). Upon tamoxifen administration, we confirmed the expression of
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SNAIL1 in the stromal cells across these different tumour types (Figure 8b,c). These
findings suggest that SnaillME may have a significant impact on melanomas arising from

different genetic backgrounds, indicating its broad regulatory potential within the TME.
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Figure 8| SNAIL1 is reactivated in syngeneic melanoma models driven by a NRAS oncogenic
mutation and in Braf%™ Nras"WT-B16F10 melanomas. (a) Schematic representation of the strategy used
to study SNAIL1 expression in different melanoma cell lines. Created with BioRender.com. (b, c)
Representative images of double immunolabeling for SNAIL1 (white), tdTomato (stromal cells) and GFP

(green, melanoma cells) in subcutaneous tumours from (a) upon injection of 1014 (NrastlK) and B16F10

(BrafWTNrasWT), respectively. Scale bars: 50um.

2. Snail1ME contribution to melanoma growth and progression

2.1. Generation and validation of Snaill conditional knockout mice

After identifying that the transcription factor Snaill is predominantly found in stromal
cells within the microenvironment of different melanoma subtypes, we sought to
investigate its functional role in melanoma progression. To achieve this, we generated a
genetically engineered mouse model by crossbreeding UBC-Cre-ERT2-tdTomato mice
with Snail1™ mice (Rowe et al., 2009). This breeding strategy resulted in a mouse model
that enabled us to precisely block Snaill reactivation in the stromal cells (Figure 9a,b).
Melanomas were generated by subcutaneously injecting BrafV6%°E-5555 cells into UBC-
Cre-ERT2-tdTomato-Snaill** mice, referred to as SnaillME-WT, and UBC-Cre-ERT2-
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tdTomato-Snaill" mice, referred to as SnaillME-KO (Figure 9b). To block Snaill
expression in stromal cells, tamoxifen was administered either prior to the subcutaneous
injections or once tumours became detectable and palpable, depending on the
experimental aim. Subsequently, melanoma growth was monitored. As expected,
immunofluorescence analyses revealed the absence of Snaill in tdTomato-recombined
stromal cells in Snail1E-KO mice, validating both the successful generation of the model

and the efficiency of Snaill deletion (Figure 9c,d).
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Figure 9| Validation of a conditional knockout mouse model to address the impact of
microenvironmental Snaill in melanoma progression. (a) Schematic illustration of the Snaill gene.
The floxed allele has loxP sites flanking exon 3. (b) Mouse models used for the evaluation of Snaill on
the melanoma microenvironment with temporal control of Snaill loss of function and tdTomato
fluorescence as a recombination reporter. Created with BioRender.com. (c) Representative image of

immunolabelling for Snaill (white) in Snail1"=-wT (left) and Snail1"*-kO (right) tumours upon tamoxifen
administration. Stromal cells are labelled in red (tdTomato). (d) Quantification of Snail1” stromal cells (n=4

per condition) from Snaill""WT and Snail1""-KO tumours after tamoxifen administration. Data are
represented by Mean+SEM and statistically significant differences are tested by unpaired two-tailed
Student t-test. Each dot represents one animal (**=p<0.01).

2.2. Snaill reactivation in the tumour microenvironment promotes
melanoma growth

Next, we assessed the impact of Snail1ME on melanoma growth. To do this, we first
administered tamoxifen to effectively block stromal Snaill expression, after which we

performed subcutaneous injections of Braf'6%°€-5555 cells into the mice (Figure 10a).
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Tumour monitoring revealed a trend towards smaller initial tumour sizes in Snail1ME-KO

mice, which was accompanied by a decreased tumour growth over time (Figure 10b).
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Figure 10| SnaillME ablation reduces melanoma establishment and growth. (a) Schematic
representation of the protocol used to evaluate the role of Snaill to melanoma formation and progression.
Created with BioRender.com. (b) BrafY6%€-5555 tumour growth curves comparing SnaillME-WT and
SnaillME-KO (n= 7 SnaillME-WT and n= 5 SnaillME-KO). Data are represented by Mean+SEM and
statistically significant differences are tested by unpaired two-tailed Student t-test. Each dot represents
one animal (*=p<0.05).

This observation led us to investigate further into the contribution of Snaill during
melanoma progression. For that purpose, we designed an experimental approach that
recapitulates better the situation in the clinic, where treatment begins upon melanoma
detection. Accordingly, BrafV6%E-5555 cells were subcutaneously injected, and tamoxifen
treatment began once melanomas became detected and palpable (Figure 11a).
Importantly, we found a significant reduction of melanoma growth in SnaillE-KO mice,
particularly evident after 13dpi, compared to SnaillME-WT mice, in which tumours
continued to grow throughout the experiment (Figure 11b,c). These results support the

critical role of Snaill in the melanoma microenvironment in promoting melanoma growth.
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Figure 11| Snail1ME ablation reduces melanoma growth. (a) Schematic representation of the protocol
used to evaluate the role of Snaill in melanoma growth. Created with BioRender.com. (b) BrafV600E-5555
tumour growth curves comparing SnailLlME-WT and SnaillME-KO mice assessed in two independent
experiments combined in this graph (expl n=12 SnaillME-WT and n=8 Snail1ME-KO; exp2 n=9 Snail1ME-
WT and n=7 SnaillME-KO). (c) Final weight after collection of tumours from SnaillM&-WT (n=12) and
SnaillME-KO (n=8) mice. Data are represented by Mean+SEM and statistically significant differences are
tested by unpaired two-tailed Student t-test. Each dot represents one animal (*=p<0.05, **=p<0.01,
***p<0.001, ***p<0.0001 and #=p<0.05 for experiment 2). WT=Snail IME-WT and KO= Snail1"&-KO.

To explore the mechanisms underlying the observed reductions in tumour size

following Snail1ME inhibition, we conducted immunofluorescence analyses to assess

tumour cell proliferation and apoptosis (Figure 12a). We observed an increased

proliferation of melanoma cells in SnaillME-WT tumours, as evidenced by a higher

number of KI-67 positive tumour cells compared to SnaillME-KO tumours, which

correlated with their larger size (Figure 12b,c). In contrast, SnaillME-KO tumours

exhibited a greater number of apoptotic melanoma cells, as indicated by an increase in

Cleaved CASP-3 positive tumour cells (Figure 12d,e). These findings indicate that

Snaill reactivation in the melanoma microenvironment is necessary for melanoma

growth, as it plays a protective role in preventing cell death in melanoma cells.
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Figure 12| Snail1ME ablation reduces proliferation and promotes melanoma cell apoptosis. (a)
Schematic representation of the strategy used to evaluate the proliferation and apoptosis of Snail1ME-WT
and Snail1ME-KO tumours. Created with BioRender.com. (b) Representative images of immunolabelling
for KI-67(white) in tumours from SnailLlME-WT (left) and SnaillME-KO (right) mice. Stromal cells are
labelled in red (tdTomato). (c) Quantification of KI-67 (white) tumour nuclei-positive cells in images from
(b) (n=4). (d) Representative images of immunolabelling for Cleaved CASP-3 (white) in SnaillM&-WT and
Snail1IME-KO tumours. Stromal cells are labelled in red (tdTomato). (e) Quantification of images from (d)
(n=4). Data are represented by Mean=SEM and statistically significant differences are tested by unpaired
two-tailed Student t-test. Each dot represents one animal (*=p<0.05, **=p<0.01). WT=Snail1lME-WT and
KO= Snail1lME-KO. Scale bars: 50um.

2.3. Snaill is reactivated in melanoma-associated fibroblasts within
the TME

Upon confirming Snaill reactivation in the melanoma stroma and its impact in
modulating tumour growth, we aimed to further characterize its functional role. For this
purpose, Snaill expression was first assessed by immunofluorescence in the main

stromal cells present in tumours (Figure 13, Figure 14).

Previous studies have shown the expression of Snaill and other EMT-TFs in
macrophages (Cortés et al., 2017) and CAFs (Alba-Castellon et al., 2016; Blanco-Gomez
et al.,, 2020; K.-W. Lee et al., 2022; Stanisavljevic et al., 2015) in epithelial-derived

tumours.
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Figure 13| SNAIL1 is not expressed in the immune microenvironment of melanomas. (a)
Representative images of immunolabelling for SNAIL1 (white) and myeloid cells (green) in a section of a
BrafV600E-5555 melanoma grown in Cx3crlCreERT2-YFP mice. Arrows indicate macrophages, asterisks
indicate SNAIL1* cells. (b) Representative images of immunolabelling for SNAIL1 (white) and CD45
(green, immune cells) in melanomas from Snail LME-WT mice. Stromal cells are labelled in red (tdTomato).
Arrows indicate double-positive tdTomato*CD45* immune cells, asterisks indicate SNAIL1* cells. (c)
Representative images of double immunolabeling for SNAIL1 (white) and CD45 (green, immune cells) in
BrafV6%08/pten'>P/tdTomato melanoma model. tdTomato indicates melanoma cells (red). Arrows indicate
immune cells, asterisks highlight SNAIL1* stromal cells. Scale bars: 50um. IF, immunofluorescence.
Created with BioRender.com.

To investigate Snaill expression in these cell populations in melanoma, we first
analysed Braf'6%%E-5555 tumours grown in Cx3crlCreERT2-YFP reporter mice. These
mice are characterised by constitutive YFP expression in the myeloid lineage
(Geissmann et al., 2003; Jung et al., 2000), including both monocytes and macrophages.
Immunofluorescence analysis revealed that SNAIL1 was not expressed in Cx3crl-

positive cell populations in our tumour samples (Figure 13a).
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We extended our analysis to include additional immune subsets by using CD45
staining as a marker for the immune cells. Consistently, our results demonstrated an
absence of SNAIL1 expression in CD45-positive immune cells in SnailIME-WT (Figure
13b). This finding was further confirmed in the Braf'¢°°%/Pten'™"/tdTomato melanoma

transgenic model (Figure 13c).
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Figure 14| SNAIL1 is predominantly reactivated in melanoma-associated fibroblasts. (a)

Representative image of immunolabelling for SNAIL1 (white) and PDGFRa (green) in Braf * " -5555

tumours from Snaill"'=-WT mice. Stromal cells are labelled in red (tdTomato). Arrows indicate fibroblasts
(triple-positive for SNAIL1*PDGFRa*tdTomato*). (b) Representative image of immunolabelling for

SNAIL1 (white) and PDGFRa (green) in Braf "*/Ptenl”/ tdTomato melanomas in which tumour cells
are labelled in red (tdTomato). Arrows indicate fibroblasts (SNAIL1*PDGFRa*tdTomato’). Scale bars:
25um. IF, immunofluorescence. Created with BioRender.com.

In contrast, SNAIL1 expression was detected in melanoma-associated fibroblasts,
as indicated by double staining for PDGFRa and tdTomato in SnaillVE-WT tumours
(Figure 14a). This result was further confirmed in the melanoma transgenic
BrafV6%%&/pten'>®/tdTomato model, where SNAIL1 was also found in PDGFRa*tdTomato
melanoma-associated fibroblasts (Figure 14b). Altogether, these results indicate that

Snaill is mainly expressed in CAFs and is absent in immune cell populations.
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2.4. Snaill reactivation in CAFs promotes melanoma growth

Given our previous findings indicating that SNAIL1 is predominantly expressed in
CAFs from the melanoma microenvironment, we sought to determine whether the
observed reduction in tumour growth could be specifically attributed to this fibroblast

population.

In order to explore the functional relevance of SNAIL1 in regulating tumour growth
within the CAF population, we used a PDGFRa-CreERT2-tdTomato reporter mouse
model crossed with Snaill™ (Rowe et al., 2009) mice. This model allowed us to
temporally control Snaill loss-of-function specifically in PDGFRa-positive fibroblasts.
Melanomas were induced by subcutaneous injections of Braf/®%°t-5555 cells into
PDGFRa-CreERT2-tdTomato reporter mice, referred to as PDGFRa-Snaill WT, and into
PDGFRa-CreERT2-tdTomato-Snaill™ mice, referred to as PDGFRa-Snaill KO mice
(Figure 15a).

Our immunofluorescence analyses confirmed SNAIL1 reactivation in PDGFRa*-
tdTomato labelled cells, consistent with our previous results from the SnaillME-WT
mouse model. Additionally, we confirmed that SNAIL1 expression was successfully
blocked following tamoxifen administration, thus validating the effectiveness of this

mouse model (Figure 15b).

Notably, our studies revealed that blocking Snaill expression in PDGFRa* CAFs
prior to melanoma cells injection (Figure 15c) resulted in reduced tumour growth (Figure
15d) and improved survival rates in mice (Figure 15€). To extend our understanding, we
also assessed the impact of blocking Snaill activity in PDGFRa-positive fibroblasts on
already established tumours (Figure 16a). The results showed a significant decrease in

melanoma growth compared to the control group (Figure 16b,c).
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Figure 15| Snaill ablation in PDGFRa* fibroblasts reduces melanoma growth and improves mice
survival. (a) Mouse models used for the evaluation of Snaill impact on melanoma-associated fibroblasts
(PDGFRa*). Created with BioRender.com. (b) Representative images of immunolabelling for SNAIL1
(white) in PDGFRa-CreERT2-tdTomato (PDGFRa-Snaill WT) (left) and PDGFRa-CreERT2-tdTomato-
Snaill" (PDGFRa-Snaill KO) (right) tumours upon tamoxifen administration. tdTomato indicates
PDGFRa+ cells (red). (c) Schematic representation of the protocol used to evaluate the role of Snaill in
PDGFRa*-fibroblasts to melanoma formation and progression. Created with BioRender.com. (d)
BrafV609E-5555 tumour growth curves comparing PDGFRa- Snaill WT and PDGFRa- Snaill KO mice
after tamoxifen administration (n=7 WT and n=6 KO). (e) Overall survival of PDGFRa- Snaill WT and
PDGFRa- Snaill KO mice with BrafV60E-5555 melanomas after Snaill-silencing compared to controls
(n=7 WT and n=6 KO). Data are represented by Mean+SEM and statistically significant differences are
tested by unpaired two-tailed Student t-test (*=p<0.05 and **=p<0.01). Scale bar: 50um.
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Figure 16| Snaill ablation in PDGFRa-positive fibroblasts reduces melanoma growth. (a) Schematic
representation of the protocol used to evaluate the role of Snaill in PDGFRa*-fibroblasts to melanoma
progression. Created with BioRender.com. (b) BrafV6°%E-5555 tumour growth curves comparing PDGFRa-
Snaill WT and PDGFRa- Snaill KO mice assessed in two independent experiments combined in this
graph (expl n=7 WT and n=9 KO; exp2 n=11 WT and n=7 KO). (c) Final weight after collection of tumours
from (a) PDGFRa- Snaill WT (n=11) and PDGFRa- Snaill KO mice (n=7). Data are represented by
Mean+SEM and statistically significant differences are tested by unpaired two-tailed Student t-test. Each
dot represents one animal (*=p<0.05 and #=p<0.05, ##=p<0.01 for experiment 2). WT= PDGFRa- Snaill
and KO= PDGFRa- Snaill.

Altogether, these findings highlight the crucial role that Snaill* melanoma-associated

fibroblasts in driving tumour growth.
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3. Mechanisms underlying the regulatory function of Snail1ME in

melanoma growth

Upon establishing that Snaill is predominantly expressed in CAFs and that its
targeting in these cells leads to reduced melanoma growth, we aimed to elucidate the
underlying mechanisms. To identify Snaill downstream targets in fibroblasts, we
performed a transcriptomic analysis comparing Snaill-WT and Snaill-KO fibroblasts,

isolated from SnaillME-WT and Snail1ME-KO tumours, respectively.

3.1. Snaill expression is associated to immunosuppressive gene
signatures in melanoma-associated fibroblasts.

First, to isolate fibroblasts, we used melanomas from SnaillMe-WT and Snail1lME-KO
mice, generated by injecting GFP-expressing Braf'6%°E-5555 cells. These mice were
treated with tamoxifen until tumours were dissected and digested using a cold enzymatic
solution. Fibroblasts were then labelled with an APC-conjugated anti-PDGFRa antibody
and sorted by FACS as PDGFRa*tdTomato*GFP- cells (Figure 17a). We strategically
selected an early time point for tumour sample collection, when considerable tumour size
differences were already evident between both groups but Snail1-KO tumours had not
yet fully regressed (Figure 17b).

Before proceeding with RNA sequencing, we confirmed the integrity and specificity
of the isolated cell population through RT-gPCR and immunofluorescence analyses. As
expected, we found an enrichment of Pdgfra levels in the sorted samples compared to
the non-sorted controls by RT-gPCR (Figure 17c). Additionally, we confirmed Snaill
downregulation in PDGFRa*tdTomato* cells from Snaill-KO mice at the chosen time
point (Figure 17c). Further validation at the protein level corroborated that the isolated
cells were positive for PDGFRa, SNAILL1, and a-SMA, another marker commonly
associated with CAFs (Figure 17d,e). These results demonstrated the successful

isolation of a highly specific fibroblast population for further analyses.

Subsequently, we performed transcriptomic analysis on the isolated Snaill-WT and
Snail1-KO fibroblasts samples, each consisting of PDGFRa*tdTomato*GFP- cells pooled
from three mice of the same genotype. Differential gene expression analysis was
performed, and hierarchical clustering revealed that samples from the same group
clustered together (Figure 18). Notably, among the 520 differentially expressed genes
(DEGS) detected upon Snaill targeting, 323 were upregulated and 197 were
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downregulated, which is consistent with Snaill role as a transcriptional repressor (Cano
et al., 2000).
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Figure 17| Strategy for the isolation and validation of fibroblasts from snaill""-WT and Snail1""-
KO tumours. (a) Schematic representation of the strategy used to isolate fibroblastrs from Braf * --5555
melanomas grown subcutaneously in Snaill"""-WT and Snail1“"-KO mice. Created with BioRender.com.
(b) Tumour growth graph of a representative experiment showing the selected time point for CAFs
isolation (SnaillME-WT:7 and SnaillME-KO:7). (c) Pdgfra and Snaill mRNA levels assessed by RT-gPCR
to validate the fibroblasts population isolated by FACS (Pdgfra*tdTomato*GFP-) from tumours in (a)
(samples from 3 animals with the same genotype were pooled for each condition). (d,e) Representative
images of double immunolabeling for SNAIL1 (green) and different CAFs markers (magenta), specifically
PDGFRa in the right panel and a-SMA in the left panel, magenta), in cells isolated from tumours in (a)
after FACS-sorting (Pdgfra+thomato+GFP'). Scale bars: 50pm. Data are represented by Mean+SEM and
statistically significant differences are tested by unpaired two-tailed Student t-test (*=p<0.05).

79



Results

Snaill-WT CAFs Snaill-KO CAFs

Row Z-Score

16T

b’

€2€

|

o LA ]

KO4

Figure 18| Differential gene expression in Snaill-WT and Snaill-KO sorted fibroblasts. Cluster
analysis heatmap from the differentially expressed genes (DEGs) with a -2-2 Z score scale. It presents
filtered and normalized counts per million data from DEGs, comparing Snaill-WT and Snail1-KO CAFs.
Each column represents a different sample, each comprising three animals of the same genotype: WT
n=3 and KO n=4.

With the aim of identifying the molecular mechanism underlying Snaill function in the
CAFs, we next performed a gene ontology enrichment analysis on the DEGs in Snaill-
KO fibroblasts (Figure 19). Our analysis indicated a significant enrichment of biological
processes associated with morphogenesis and differentiation among the upregulated
genes upon Snaill silencing (Figure 19a), which is consistent with the well-established

role of Snaill in embryonic development (Carver et al., 2001; Nieto et al., 1992).

In contrast, analysis of the downregulated genes demonstrated a significant
association with immune system processes. Notably, 11 of the 15 most enriched
biological processes were associated with immune system functions (Figure 19b).
These findings strongly suggest that Snaill may play a crucial role in shaping the
immunological landscape within the TME, potentially through mechanisms such as the

regulation of cytokine secretion or the alteration of immune cell infiltration patterns.
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Figure 19| Gene ontology enrichment analysis of the differentially expressed genes. (a) Dot plot of
the 15 most significant GO terms of the up-regulated genes. (b) Dot plot of the 15 most significant GO
terms of the down-regulated genes. Dot size and colour indicate the number and significance of genes
within each set, respectively.

Further exploration using GSEA (Subramanian et al., 2005) analysis indicated that
melanoma-associated fibroblasts were characterized by an enrichment of pathways
related to TGFB signalling, EMT, fibroblasts activation in carcinomas, and pathways
linked to both immunosuppression and pro-inflammatory responses (Erez et al., 2010).
Notably, this enrichment was diminished in Snail1-KO fibroblasts (Figure 20a). Given
the downregulation of genes and pathways predominantly associated with
immunosuppression in Snail1-KO fibroblasts, we performed a DEG analysis focused on
immunosuppressive genes (Figure 20b). Specifically, key immunosuppressive genes
such as Ccll, Ccl22, Cxcl13, Fap or Ccr7, which have been previously associated with
suppressing anti-tumour immune activity (Kuehnemuth et al., 2018; Martinenaite et al.,
2016; Ren et al., 2022; Weber et al., 2020; Wiedemann et al., 2016; Yang et al., 2016),
were significantly downregulated in Snaill-KO fibroblasts (Figure 20b,c,d). These
results suggest a potential enrichment of the anti-tumour immune response in tumours

lacking Snail 1ME,
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Figure 20| Snaill in PDGFRa-positive CAFs is associated with fibroblasts activation and
immunosuppressive signatures. (a) Gene set enrichment analysis (GSEA) of DEGs genes ranked by
log2 ratios, revealing the enrichment of the indicating signatures in Snaill-WT CAFs. Normalised
enrichment score (NES) and corresponding p-values are represented. (b) Heatmap panel showing the
expression of genes associated with immunosuppression from entry C4048329 in the TopGene and
DisGeNet databases. (c) Volcano plot of Log2 fold change of DEGs from Snaill-WT and Snaill-KO
fibroblast samples. The red dots on the right represent the upregulated genes and the red dots on the left
the downregulated genes. (d) Fap transcript quantification in Pdgfra*tdTomato* fibroblasts from RNA-seq
analysis (CPM, counts per million) of melanomas grown in Snaill-WT (WT) and Snail1-KO (KO) mice.
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3.2. Snaill expression is associated to immunosuppressive gene
signatures in CAFs from additional mouse and patient’s tumours

To better understand the role of Snaill in CAFs, we took advantage of publicly
available transcriptomic datasets of fibroblasts populations (Figure 21). Interestingly,
aligning our transcriptomic data with melanoma stromal scRNA-seq data (Davidson et
al., 2020), we observed that Pdgfra*tdTomato* fibroblasts from SnaillME-WT tumours
were significantly enriched in signatures corresponding to S1 (‘immune”) and S2
(“desmoplastic”) CAF subpopulations. Importantly, the most significant differential
signature between our Pdgfra‘tdTomato* cells from SnaillM&-WT and SnaillME-KO
tumours was linked to the S1 (“immune”) subpopulation (Figure 21a), which is
characterized by an elevated expression of immunomodulatory factors (Davidson et al.,
2020).
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Figure 21| Comparative analysis of Snaill-WT and Snaill-KO fibroblasts with additional
transcriptomic datasets. (a) GSEA analysis of custom gene sets derived from DEGs in the S1 “immune”,
S2 “desmoplastic”, and S3 “contractile” CAFs subpopulations as defined by (Davidson et al., 2020). (b)
GSEA analysis of marker gene sets in the immunosuppressive breast CAF subpopulation, as defined by
(Costa et al., 2018). Normalized enrichment score (NES) and corresponding p-values are represented.
Ns, not significant. Created with BioRender.com.
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To further corroborate these findings, we conducted an additional analysis by
comparing our transcriptomic data with an independent dataset obtained from human
breast cancer CAFs (Figure 21b), previously identified as immunosuppressive (Costa et
al., 2018). Together, these results confirm the potential role of Snaill in promoting

immunosuppression when expressed in CAFs.

3.3. Snaillin melanoma-associated fibroblasts regulates anti-tumour
immune responses

Our transcriptomic analyses strongly suggested that the anti-tumour effects observed
upon Snaill targeting in the melanoma microenvironment were closely associated with
the immunoregulatory functions of CAFs. To determine whether these transcriptional
alterations corresponded to changes in immune cell infiltration, we next performed flow
cytometry analysis on Braf'6%°E-5555 melanomas grown in SnaillM&-WT and Snail1VE-
KO mice (Figure 22a).

Strikingly, consistent with the impaired melanoma growth, we observed a higher
percentage of tumour-infiltrating cytotoxic T cells (CD8a*) in SnaillME-KO tumours
compared to Snail1ME-WT tumours (Figure 22b). Additionally, we detected a significant
decrease of regulatory T cells (FOXP3*) within SnaillME-KO tumours (Figure 22c).
Further analysis revealed an increased presence of B cells and Natural Killer cells in
tumours from SnaillME-KO mice (Figure 22d), while the populations of dendritic and
myeloid cells remained constant (Figure 22e,f). However, we detected increased levels
of Arginase 1 (Argl) in melanomas from SnaillME-WT mice (Figure 22g), a marker for
M2-like macrophages with known immunosuppressive and protumorigenic functions
(Movahedi et al., 2010).

Collectively, these results provide evidence that Snail1lME acts as an inhibitor of the

anti-tumour immune responses, thus promoting melanoma progression.
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Figure 22| Snail1ME targeting induces an anti-tumour immune response in melanoma. (a) Schematic
representation of the strategy used to characterize the immune cell profiling by flow cytometry analysis in
BrafV600E.5555 melanomas from SnailIlME-WT (WT, n= 8) and Snail1ME-KO (KO, n= 7) mice. (b, ¢) Graphs
showing percentages of Cytotoxic T cells (CD3*CD8a*) and Regulatory T cells (CD3*FOXP3") in tumours
from (a). (d) Graphs showing percentages of lymphoid cells from (a); B cells (CD45*CD22*) and natural
killer cells (CD45*CD335"). (e) Graph showing percentage of dendritic cells (CD45*CD11c") in tumours
from (a). (f) Graphs showing percentages of myeloid cells in tumours from (a); monocytes
(CD11b*Ly6C*Ly6G") and neutrophils (CD11b*Ly6CLy6G™"), are represented. (g) Argl mRNA levels
detected by RT-gPCR in tumour samples from SnailLlME-WT and Snail1lME-KO mice (n= 6 WT and n=8
KO). Data are represented by Mean + SEM and statistically significant differences are tested by unpaired
two-tailed Student t-test. Each dot represents one animal (ns= not significant, *=p< 0.05, **=p< 0.01, ***p<
0.001).
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3.4. Snaill correlates with poor clinical outcomes in melanoma
patients

Given our findings indicating the immunosuppressive activity of Snaill in
experimental models and the established association between immunosuppression and
resistance to immunotherapy (Jenkins et al., 2018), we sought to explore the relationship
between Snaill expression levels and clinical outcomes in melanoma patients treated
with immune checkpoints inhibitors. Through the analysis of transcriptomic datasets
(Kovacs & Gyorffy, 2022) of Kaplan-Meier Plotter (Lanczky & Gy6érffy, 2021), we found
that elevated Snaill expression either pre-treatment or during treatment with anti-
programmed death-1 (anti-PD-1) correlated with a lower overall survival rates in
melanoma patients (Figure 23).
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Figure 23| Prognostic value of SNAIL1 expression in melanoma patients receiving anti-PD-1
therapy. (a) Overall survival analysis of melanoma patients before anti-PD-1 therapy (n=258). (b) Overall
survival analysis of melanoma patients on-treatment with anti-PD-1 therapy (n=67). Data was analysed
using Kaplan-Meier Plotter. Survival curves for patients with SNAIL1 expression above the median are
represented in red, and for those below the median in black. HR, hazard ratio.
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3.5. Snail1ME targeting phenocopies the effects of anti-PD-1 therapy
in melanoma

Given the demonstrated correlation between elevated Snaill levels and reduced
overall survival rates in melanoma patients treated with anti-PD-1 therapy, we sought to
evaluate the potential therapeutic implications of Snaill depletion on the efficacy of anti-
PD-1 immune checkpoint therapy in vivo. To this end, Braf'6®°E-5555 melanomas were
grown in both Snail1ME-WT and Snail1ME-KO mice. Once tumours were established, mice
were divided into four different groups. All mice received tamoxifen treatment; however,
two groups (SnaillME-WT TAM and SnaillME-KO TAM) were treated exclusively with
tamoxifen, while the other two groups (SnaillME-WT TAM + aPD1 and Snail1M5-KO TAM
+ aPD1) received both tamoxifen and anti-PD- 1 therapy (Figure 24a). This experimental
design enabled a direct comparison of tumour growth across different conditions,
evaluating the effects of Snaill depletion alone, immune checkpoint inhibition, and their

combined impact.

Our results revealed that SnaillME-WT mice exhibited a significant reduction in
tumour growth upon anti-PD-1 treatment, confirming the sensitivity of Braf/6%%E-5555
melanomas to this therapy. As expected, in the absence of anti-PD-1 treatment,
SnaillME-KO mice presented smaller tumours than those from SnaillME-WT mice, which
kept growing over time. Intriguingly, the administration of anti-PD-1 therapy to Snail1VE—

KO mice did not result in a further reduction in tumour size (Figure 24b).

Taken together, these findings suggest that the tumour-suppressive effects of
targeting Snaill are comparable to those of anti-PD-1 therapy in SnaillVE-WT mice.
However, additional studies are required to corroborate these observations and to

elucidate the mechanisms underlying these effects.
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Figure 24| Snail1ME targeting phenocopies anti-PD-1 therapy. (a) Schematic representation of the
strategy used to investigate the impact of silencing Snaill in combination with anti-PD-1 therapy in vivo.
(b) Tumour volume at the indicated days post injection in SnaillME-WT and SnaillME-KO treated with
tamoxifen or tamoxifen with anti-PD-1 (10 mg/kg, every 3 days) starting at 8dpi. Different groups (upper
panel) are indicated in the horizontal axis (n= 9 SnailLME-WT with TAM, n= 9 SnailIME-WT with anti-PD-1
+ TAM, n= 7 SnaillME-KO with TAM, n= 6 SnaillME-KO with anti-PD-1 + TAM). Comparison between
relevant conditions are indicated (lower panel). Data are represented by Mean + SEM and statistically
significant differences are tested by unpaired two-tailed Student t-test. Each dot represents one animal
(ns= not significant, *=p< 0.05, **=p< 0.01, ***p< 0.001).
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4. Snaill regulates Fap expression in fibroblasts

Considering that Snaill acts primarily as a transcription factor and performs its
function by regulating gene expression, we next aimed to identify Snaill downstream
targets that could be implicated in immunomodulation. Analysis of our RNA-seq data
revealed that Fap was one of the most significantly downregulated genes following
Snaill inhibition in fibroblasts isolated from Snail1ME-KO tumours (Figure 20b,c,d).

Interestingly, recent studies using syngeneic carcinoma models indicate that FAP-
expressing CAFs contribute to tumour progression by promoting immune-evasion within
an immunosuppressive environment (Cohen et al., 2017; Costa et al., 2018; Cremasco
et al., 2018; Takahashi et al., 2015; Yang et al., 2016; Y. Zhang & Ertl, 2016). Based on

this, we aimed to further explore the relationship between Snaill and Fap.
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Figure 25| Fap is adownstream target of Snaill in melanoma-associated fibroblasts. (a) Fap mRNA
levels detected by RT-gPCR in BrafY6%%€-5555 bulk tumour samples from SnailLlME-WT (WT) and Snail 1ME-
KO (KO) mice (n=7 WT and n=8 KO). (b) Snaill and Fap mRNA levels detected by RT-gPCR in Snaill-
WT and Snaill-KkO Pdgfra*tdTomato* sorted fibroblasts from SnaillME-WT and SnaillM&-KO
subcutaneous tumours (n=3 WT and n=3 KO, with samples from 3 animals of the same genotype pooled
for each condition). Data are represented by Mean + SEM and statistically significant differences are
tested by unpaired two-tailed Student t-test. Each dot represents one animal (*=p< 0.05).
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We first focused on evaluating the effect of Snaill on Fap expression in our
experimental models. Supporting our previous RNA-seq data (Figure 20), we observed
significantly lower mRNA levels of Fap in SnaillME-KO tumours compared to Snail1ME-
WT tumours (Figure 25a). Further validation in sorted Pdgfra*tdTomato* fibroblasts from

Snail1ME-KO tumours confirmed reduced Fap expression (Figure 25b).

To elucidate the regulatory role of Snaill at the molecular level, we manipulated its
expression in NIH3T3 fibroblasts cells (Figure 26a). Consistent with our previous results,
Fap expression was decreased when Snaill was downregulated using siRNA (Figure
26b). Conversely, TGFB treatment, which upregulates Snaill levels, resulted in
increased Fap expression (Figure 26c¢). To further validate these findings, we used
CYD19 (H. M. Li et al., 2020), a novel drug designed to induce Snaill degradation. We
assessed the efficacy of CYD19 in degrading Snaill at both gene and protein levels
(Figure 26d). Additionally, Vimentin was used as a functional readout of Snaill
capabilities to induce EMT in fibroblasts. Interestingly, CYD19 treatment led to a
decrease in Fap levels in NIH3T3 fibroblasts, reinforcing the role of Snaill in regulating

Fap expression (Figure 26d).

Supporting these findings, analysis of The Cancer Genome Atlas (TCGA) data from
different cancers revealed a positive correlation between Snaill and Fap expression in

28 tumour types, including melanoma (Figure 27).
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Figure 26| Validation of Fap as direct target of Snaill in NIH3T3 cell line under different in vitro
conditions. (a) Schematic representation of the in vitro treatments applied to NIH3T3 cells to investigate
the relationship between Snaill and Fap. (b) Snaill and Fap mRNA levels decrease detected by RT-
gPCR upon Snaill-silencing using a siRNA in TGFB-treated NIH3T3 cells. Cells were collected 48 h post-
transfection (n=3). (c) Snaill and Fap mRNA levels increase detected by RT-gPCR upon TGFf treatment
in NIH3T3 cells. Cells were collected 48 h post TGFB treatment (n= 3). (d) Snaill, Vimentin and Fap
mRNA levels detected by RT-qPCR in NIH3T3 cells treated with TGF{ (2 ng/ml) for 24 h, followed by
treatment with either vehicle or CYD19 (5 nM) in the presence of TGFf for an additional 48 h (left panel).
Representative IF of SNAIL1 (white) in cells from (d). Scale bar: 50 ym (right panel). Data are represented
by Mean + SEM and statistically significant differences are tested by unpaired two-tailed Student t-test.
Each dot represents one animal (**=p< 0.01, ***p< 0.001).
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Figure 27| Correlation analysis of Fap and Snaill across cancer types. Pearson correlation analysis
results for the expression levels of Fap and Snaill, using all cancer types data from The Cancer Genome
Atlas program (TCGA) database. The graph includes cancer types with statistically significant correlations
(p<0.05), with positive correlations represented in red and negative correlations in blue.

Considering the observed downregulation of Fap when Snaill levels are diminished,
and its upregulation upon Snaill overexpression, we hypothesized that Snaill may
directly bind to the regulatory regions of the Fap promoter to regulate its expression in
fibroblasts. To test this hypothesis, we conducted chromatin immunoprecipitation (ChlIP)
assays using NIH3T3 cells transiently overexpressing Snaill tagged with a Myc epitope
(Figure 28a).

Using the SnapGene® software, we identified multiple Snaill consensus E-boxes
(CANNTG) near the transcription start sites of both murine and human Fap promoters
(Villarejo et al., 2014). Regions containing two or more E-box motifs were considered as
predicted Snaill binding sites (BS), and we found several within the mouse Fap promoter
(BS1, BS2, BS3, BS4 and BS5). An intergenic region lacking SNAIL1 binding sites (He
et al., 2012) was used as a negative control (NC) (Figure 28b).
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Subsequent ChIP analysis on NIH3T3 cells transfected with Snaill-Myc (Figure 28c)
demonstrated significant enrichment of Snaill at BS1, BS2 and BS3, when compared to
the 1gG control. These results indicated that SNAIL1 can directly activate Fap expression
in fibroblasts (Figure 28d). Altogether, these data strongly indicate that Snaill regulates
Fap expression in fibroblasts.
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Figure 28| Snaill directly regulates Fap in fibroblasts binding to its promoter. (a) Schematic
representation of the strategy used to investigate the SNAI enrichment on the Fap promotor by ChIP
assay in NIH3T3 cells, using an anti-Myc antibody (for SNAI-Myc overexpression). Created with
BioRender.com. (b) Representation of the mouse Fap locus. SNAIL1 potential binding sites (E-boxes;
CANNTG) on Fap promoter are represented as green diamonds (BS1: +591 bp, BS2: -97bp, BS3:
—-722bp, BS4: -1293bp, BS5 —2259bp). An intergenic region without SNAIL1 binding sites was used as
a negative control (NC). Ex1: Snaill exon 1. (c) Validation of Snaill and Fap mRNA levels increase
detected by RT-gqPCR after Snaill transfection in NIH3T3 cells (n= 3). (d) Relative enrichment of SNAIL1
binding to the five potential sites, normalised to the NC region and the anti-IgG controls (n= 4). Data are
represented by Mean + SEM and statistically significant differences are tested by unpaired two-tailed
Student t-test. Each dot represents one independent experiments (ns= not significant, * = p< 0.05, ** =
p< 0.01, ***p< 0.001, ****p< 0.0001).
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5. Snaill as a therapeutic target in melanoma

Therapeutic management of melanoma patients usually begins when the cells have
disseminated to the lymph nodes or distant organs. Given our previous results showing
that SnailVE targeting blocks subcutaneous melanoma growth, we next investigated the

potential role of targeting Snaill in the metastatic niche microenvironment.

5.1. Snaill is reactivated in the metastatic niche microenvironment

To elucidate the contribution of this transcription factor to the metastatic niche
microenvironment, we injected luciferase-expressing Braf/¢%°t-5555 melanoma cells into
the tail vein of Snail1VE-WT and SnailME-KO mice (Figure 29a).
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Figure 29| Snaill is reactivated in the lung metastatic niche. (a) Schematic illustration of the
experimental approach used to assess SNAIL1 expression in melanoma lung metastases and confirm its
depletion post-tamoxifen treatment. Created with BioRender.com. (b) Representative image of
immunolabelling for SNAIL1 (white) in control lung tissue after tamoxifen administration. (c) SNAIL1
quantification post-tamoxifen administration in Braf¥6°°-5555 |ung metastases, comparing SnaillME-WT
(n=4) and SnaillME-KO (n=4) mice. (d,e) Representative images of immunolabelling for SNAI (white) in
BrafV600E.5555 Jung metastases from SnaillME-WT and SnaillME-KO samples described in (c). Stromal
cells are labelled in red (tdTomato). Data are represented by Mean+SEM and statistically significant
differences are tested by unpaired two-tailed Student t-test. Each dot represents one animal (**=p<0.01).
WT=SnaillME-WT and KO= SnaillME-KO. Scale bars: 50um.
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Initial validation confirmed the absence of SNAILL in control lungs (Figure 29b).
Interestingly, Snaill reactivation was observed in the metastatic microenvironment of
SnaillME-WT mice (Figure 29c,d), suggesting that Snaill could have an impact in
regulating melanoma metastases. In contrast, tamoxifen administration effectively
suppressed Snaill expression in Snail1ME-KO mice, confirming the efficacy of this model
for studying the implications of this transcription factor in melanoma lung metastases
(Figure 29e).

Using a similar approach, we further detected SNAIL1 expression in PDGFRa-
positive CAFs from melanoma lung metastases in SnaillME-WT mice (Figure 30a). This
result was corroborated by identifying SNAIL1 expression in PDGFRa*-positive CAFs in

lung metastases obtained from Braf'¢°°%/Pten'™"/tdTomato mice (Figure 30b).

Snail1ME-WT Lung metastases

. DAPI SNAIL1 tdTomato SNAIL1
SnailME-WT (WT)

/“/’ BrafV600E-

5555

7 -1

b BrafV6%F/Pten>®/tdTomato Lung metastases

DAPI SNAIL1 tdTomato SNAIL1

4-HT

treatment
<

<«

Brafv600E/ptenloxP/tdTomato

Figure 30| Snaillis reactivated in PDGFRa-positive fibroblasts within melanoma lung metastases.
(a) Representative images of double immunolabelling of SNAIL1 (white) and PDGFRa (green, fibroblasts)
in BrafV690E_5555 |lung metastases from SnailLME-WT. Stromal cells are labelled in red (tdTomato). Scale
bar: 25um. (b) Representative images of double immunolabelling of SNAI (white) and PDGFRa (green,
fibroblasts) in BrafV89°E-5555 Jung metastases from BrafYs%°€/Pten!™®/tdTomato mice after 4-HT treatment.
Tumour cells are labelled in red (tdTomato). Scale bar: 50um. Created with BioRender.com.
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5.2. Snail1ME targeting reduces metastatic burden and improves mice
survival

To elucidate the contribution of SnaillME to melanoma lung metastases colonization,
we initially administered tamoxifen to block Snaill activity in the lung microenvironment.
We then injected luciferase-expressing Braf'6%°E-5555 melanoma cells into the tail vein
of SnaillME-WT and Snail1ME-KO mice. The progression of metastases was monitored
using BLI in an IVIS until the end of the experiment (Figure 31a). Interestingly, a reduced
BLI signal was observed in Snail1ME-KO mice, pointing towards a decreased metastatic
burden (jError! No se encuentra el origen de la referencia.b). At the end of the
experiment, lung tissues were weighted, with those from Snail1M5-KO group showing a
significant reduction in weight (-46.7%) (Figure 31c). These observations were further
corroborated by histological analyses (Figure 31d), which revealed a significant
decrease in the metastatic burden (-90.4%), a reduction in the number of metastasis (-
73.7%), and a significant shrinkage in the size of individual metastases (-70.7%) in the
Snail1ME-KO mice (Figure 31d,e).

In a parallel experiment, we wanted to assess the impact of SnaillM® on the
progression of pre-established melanoma lung metastases. In this approach, luciferase-
expressing Braf"¢%°E-5555 melanoma cells were initially injected into the tail vein of mice.
Following the visual confirmation of metastases using the IVIS, tamoxifen was
administered to block Snaill expression (Figure 32a). Over the course of the
experiment, SnaillME-KO mice exhibited a reduction in BLI signal in the lungs (Figure
32b), indicating decreased metastatic growth. Ex vivo BLI analyses of the lungs
confirmed these observations, showing a reduced BLI signal in SnaillME-KO lungs
(Figure 32c). Additionally, lung tissue weights were significantly reduced (-37.5%) in
SnaillME-KO (Figure 32d). Histological quantification of the lungs (Figure 32e) further
supported these results, showing a significant reduction in the metastatic burden (-
82.9%), fewer metastases number (-47.6%), and smaller metastases size (-77.5%) in
the Snail1ME-KO group (Figure 32f).
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Figure 31| Snail1VE depletion reduces melanoma lung metastases colonization. (a) Experimental
set-up of the in vivo strategy used design to study the contribution of microenvironmental Snaill to lung
metastases formation in SpaillME-WT (WT) and SnaillME-KO (KO) mice following tamoxifen
administration. Created with BioRender.com. (b) Representative in vivo BLI signal images from mice in
(a) at 22dpi. The BLI scale is represented next to the panel. Measurement units: p/s/cm?/sr. (c) Lung
weight from SnaillME-WT and SnaillME-KO mice described in (a). (d) Representative H&E-stained lung
sections at 22dpi. Scale bar: 2mm. (e) Metastases burden, metastases number and metastases size
quantification from lungs in (&) (n= 8 WT and n= 8 KO). Data are represented by Mean+tSEM and
statistically significant differences are tested by unpaired two-tailed Student t-test. Each dot represents
one animal (*=p<0.05, ***p<0.001).
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Figure 32| Snail1ME depletion reduce melanoma lung metastases progression. (a) Experimental set-
up of the in vivo strategy used design to study the contribution of microenvironmental Snaill to lung
metastases progression in SnaillME-WT (WT) and Snail1ME-KO (KO) mice. Created with BioRender.com.
(b, c) Representative in vivo and ex vivo BLI signal images from mice in (a). The BLI scale is represented
next to the panel. Measurement units: p/s/cm?/sr. (d) Lung weight from SnaillME-WT and Snail1ME-KO mice
at 25dpi. (e) Representative H&E-stained lung sections at 25dpi. Scale bar: 2mm. (f) Metastases burden,
metastases number and metastases size quantification from lungs in (a) (n= 13 WT and n= 11 KO). Data
are represented by Mean+SEM and statistically significant differences are tested by unpaired two-tailed
Student t-test. Each dot represents one animal (*=p<0.05, **p<0.01).

Further, we investigated the potential impact of SnaillME inhibition on overall mice
survival (Figure 33a). Kaplan-Meier survival analysis demonstrated an almost 30%
increase in the lifespan of Snail1E-KO mice compared to SnaillME-WT counterparts, as
assessed by long-rank test (X?=6.92, p<0.01) (Figure 33b). Additionally, lung weight
measurements corroborated this finding, revealing a reduction in lung weight (-42,1%),
which indicates a decreased metastatic burden in the Snail1E-KO group (Figure 33c).
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Figure 33| Snail1ME ablation in melanoma lung metastases improves survival in mice. (a) Schematic
representation of the experimental approach used to evaluate how microenvironmental Snaill in lung
metastases impacts mice survival. (b) Overall survival of SnailIME-WT and Snail1ME-KO with melanoma
lung metastases after Snaill-silencing (n=9 WT and n= 7 KO). Survival curves compared using the log-
rank (Mantel-Cox) test. (c) Lung weight from SnaillME-WT and SnaillME-KO mice in (b). Data are
represented by Mean+SEM and statistically significant differences are tested by unpaired two-tailed
Student t-test. Each dot represents one animal (**p<0.01). WT= Snail1lVE-WT and KO= Snail1VE-KO.

Importantly, as in the subcutaneous tumours, we conducted a detailed analysis of
the lung metastases from SnaillME-KO mice (Figure 34a). Immunofluorescence
analyses were performed to assess melanoma cell proliferation and apoptosis. The
results demonstrated that SnaillME-KO metastases showed a significant decrease in
proliferation, as indicated by fewer KI-67-positive melanoma cells (Figure 34b,c), and a
significant increase in apoptosis, reflected by higher Cleaved-CASP3-positive melanoma
cells (Figure 34d,e). These findings are consistent with the reduced metastatic burden

and are in line with our prior results from the subcutaneous tumours.
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Figure 34| Snail1MF ablation reduces proliferation and promotes melanoma cell apoptosis at the
metastatic niche. (a) Schematic representation of the strategy used to evaluate the proliferation and
apoptosis of SnailIME-WT and Snail 1ME-KO experimental lung metastases. Created with BioRender.com.
(b) Representative images of immunolabelling for KI-67(white) in lungs from SnaillME-WT (left) and
Snail1ME-KO (right) mice. Stromal cells are labelled in red (tdTomato). (c) Quantification of KI-67 (white)
tumour nuclei-positive cells in images from (b) (n=4). (d) Representative images of immunolabelling for
Cleaved CASP-3 (white) in SnaillME-WT and SnaillME-KO experimental lung metastases. Stromal cells
are labelled in red (tdTomato). (e) Quantification of images from (d) (n=4). Data are represented by
Mean+SEM and statistically significant differences are tested by unpaired two-tailed Student t-test. Each
dot represents one animal (*=p<0.05, *=p<0.01). WT=SnaillME-WT and KO= SnaillME-KO. Scale bars:
50pm.

Subsequent evaluation of the immune infiltrate in the lungs by flow cytometry (Figure
35a) revealed that metastases from SnaillME-KO mice had an increased number of
cytotoxic T cells (CD8a*) (Figure 35b) and a lower infiltration of regulatory T cells
(FOXP3*) compared to those from SnaillME-WT mice (Figure 35c). Interestingly, the
populations of lymphoid, dendritic and myeloid cells remained unchanged (Figure
35d,e,f) . Furthermore, reduction in Fap mRNA levels was detected in lung metastases

from Snail1ME-KO mice (Figure 35g), further supporting our previous findings.

Taken together, these findings strongly suggest that genetic inhibition of Snaill within
the TME leads to a reduction in metastatic growth. This outcome is consistent with our
prior results, showing a less immunosuppressive microenvironment and an enhanced

anti-tumour immune response upon Snaill silencing.
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Figure 35| SnaillE targeting in melanoma lung metastases leads an anti-tumour immune
response. (a) Schematic representation of the strategy used to characterize the immune cell profiling by
flow cytometry analysis in Braf'®%%€-5555 melanoma lung metastases from SnaillME-WT (WT, n= 10) and
Snail1ME-KO (KO, n= 7) mice. (b, ¢) Graphs showing percentages of Cytotoxic T cells (CD3*CD8a*) and
Regulatory T cells (CD3*FOXP3*) in tumours from (a). (d) Graphs showing percentages of lymphoid cells
from (a); B cells (CD45*CD22*) and natural killer cells (CD45*CD335"). (e) Graph showing percentage of
dendritic cells (CD45*CD11c") in tumours from (a). (f) Graphs showing percentages of myeloid cells in
tumours from (a@); monocytes (CD11b*Ly6C*Ly6G") and neutrophils (CD11b*Ly6CLy6G™"), are
represented (n= 8 WT and n= 7 KO). (g) Fap mRNA levels detected by RT-gPCR in experimental lung
metastases samples from SnailIME-WT and SnaillVE-KO mice (n= 7 WT and n= 6 KO). Data are
represented by Mean + SEM and statistically significant differences are tested by unpaired two-tailed
Student t-test. Each dot represents one animal (ns= not significant, *=p< 0.05, **=p< 0.01).
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5.3. Systemic targeting of Snaill in vivo as a potential therapeutic
strategy for melanoma

Previous work in the laboratory demonstrated the therapeutic potential of targeting
Snaill with antisense oligonucleotides in renal fibrosis (Grande et al., 2015). To explore
the applicability of this strategy in melanoma, we employed a similar strategy by
administering a VIVO-morpholino (VI-MO) that targets a specific splicing site in the
Snaill mRNA (referred to as Snail1l-MO) (Grande et al., 2015). This VI-MO was injected
into the tail vein of C57BL/6 mice with established luciferase-expressing Braf'¢%°t-5555
lung metastases. After confirming the presence of lung metastases by BLI imaging, mice
were subjected to VI-MOs treatments, and metastatic progression was continuously
monitored using the IVIS system (Figure 36a). Results from both in vivo (Figure 36b)
and ex vivo (Figure 36¢) BLI analyses demonstrated a significant reduction in signal
intensity and metastatic burden Snail1-MO treated mice. At the end of the experiment,
histological examination of the lungs revealed significant reductions in lung tissue weight
(56.7%) (Figure 36d), metastatic burden (55.9%), and the number of metastases
(37.4%), compared to the Control-MO treated group (Figure 36¢,f).

To validate the effectiveness of Snaill-MO in supressing Snaill expression, we
conducted protein and gene expression analyses in the lung metastases of treated mice
(Figure 37a,b). Immunofluorescence analyses showed a significant decrease in
SNAIL1-positive cells in the lung metastases of Snail1l-MO treated mice, compared to
the Control-MO treated mice and untreated healthy controls (Figure 37a). This reduction
in SNAIL1 protein levels was supported by RT-gPCR analyses, which revealed
decreased Snaill expression levels in lungs from Snaill-MO treated mice. This
downregulation was concomitant with a reduction in Fap mRNA levels (Figure 37b), thus

corroborating our previous findings that Snaill regulates Fap.
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Figure 36| Snaill systemic targeting significantly reduces melanoma lung metastases in mice. (a)
Schematic representation of the experimental approach. Nine days after tail vein injection of BrafV60%E-5555
cells, C57BL/6 mice were injected with vivo-morpholino (VI-MO) control (Control-MO, n=6) or Snaill
morpholino (Snaill-MO, n=5) every other day. Created with BioRender.com. (b) Representative in vivo BLI
signal images from mice in (a) at 10 and 20dpi. (c) Representative ex vivo BLI signal images of lungs from
mice in (a) at 20dpi. The BLI scale is represented in each panel. Measurement units: p/s/cm?/sr. (d) Final
weight after collection of lungs from mice treated with Control-MO or Snail1-MO. (e) Representative H&E-
stained lung sections after VI-MO treatment. Scale bar: 100um. (f) Metastasis burden, metastasis number
and metastasis size quantification from mice treated with Control-MO or Snail1-MO. Data are represented
by Mean+SEM and statistically significant differences are tested by unpaired two-tailed Student t-test. Each
dot represents one animal (ns= not significant, *=p<0.05, ***p<0.001).

103



Results

a Lung metastases

Control lung Control-MO Snaill-MO

DAPI SNAIL1

DAPI SNAIL1

b o
Snaill Fap Cd8a Foxp3
15 *% 15 * 40 Hx 2.0 ns

" ) ° ° 0 K] °

° S . S0 S °

= = = E15
o S o 5 o S o S
23 21O 28 28 ’
c o < o B S Qo c Qo
S5 S 552 5 5lo

2 o

=l oSN = s 8
23 2 g% i °F oo

£ £ g0 £05

9] <] S © S ° 0%0

c < c . c

0.0 oo 0-L === 0.0

@ Control-MO 3 Snaill-MO @ Control-MO [ Snaill-MO

Figure 37| Snaill systemic targeting with VM enhances anti-tumour immunity at the metastatic
nivhe. (a) Representative images of immunolabelling for SNAIL1 (white) in lungs tissue sections after VI-
MOs treatment. (b) Snaill and Fap mRNA levels assessed by RT-gPCR in lung metastases samples
from mice treated with Control-MO (n=6) or Snail1-MO (n=5). (c) Cd8a and Foxp3 mRNA levels assessed
by RT-gPCR in lung metastases samples from mice treated with Control-MO (n=6) or Snail1l-MO (n=5).
Data are represented by Mean+SEM and statistically significant differences are tested by unpaired two-
tailed Student t-test. Each dot represents one animal (ns= not significant, *=p<0.05, **p<0.01). Scale bars:
50um and 25um for higher magnification pictures.

Additionally, we assessed the impact of Snail1l-MO treatment on the immune profile
of the lungs. Notably, we observed a significant increase in Cd8a expression levels,
along with a trend towards decreased Foxp3 expression (Figure 37c). These findings
indicate that systemic inhibition of Snaill induce an anti-tumour immune response and
reduces metastatic burden in melanoma, consistent with the effects observed in our

Snail1ME-KO mice.
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Snaill is a crucial EMT-TF during embryonic development, but it is generally not
expressed in healthy adult tissues. Its reactivation in epithelial cells is involved in fibrosis
and the progression of several cancer types (Boutet et al.,, 2006; Nieto et al., 2016).
Snaill-induced EMT provides carcinoma cells with migratory and invasive traits
promoting metastasis (Nieto et al., 2016). Although previous studies have shown that
Snaill overexpression in melanoma cells in vitro promotes invasion and metastasis
(Kudo-Saito et al., 2009), the contribution to melanoma biology in an in vivo context had
not been defined. In this study, we identify a novel immunoregulatory role for Snaill in

melanoma when it is expressed in the TME.

Interestingly, the modulation of the immune response within the TME is crucial for
determining clinical outcomes in cancer patients. Recent research underscores the
importance of the TME in fostering anti-cancer immunity and affecting the effectiveness
of immunotherapies. These findings suggest that targeting TME components could be a
good strategy to improve treatment outcomes. Therefore, a thorough understanding of
the TME is essential for predicting patient responses and identifying new therapeutic
strategies (J. Chen et al., 2022).

By analysing mouse melanomas from different genetic backgrounds, we consistently
identified the reactivation of Snaill in the TME across all samples, that included inducible
melanomas from GEMMs and subcutaneous and lung melanomas from allografts. This
finding highlights the ubiquitous expression of SnaillME and its potential as a key
therapeutic target in tumours and metastasis from different genetic backgrounds. We
specifically focused on investigating the contribution of Snaill to BRAF-driven melanoma
models, given the high prevalence of this mutation in this type of cancer (Rebecca et al.,
2020). For this, we generated a mouse model that enables Snaill ablation within an
undisturbed immunocompetent environment, allowing us to investigate the contribution
of Snaill™E to melanoma in an in vivo context. We demonstrate that blocking Snail1VE,
either prior to tumour and metastases establishment or after they are detectable, blocks
melanoma growth. This is associated with increased apoptosis and reduced proliferation

of melanoma cells upon Snail1"E targeting, leading to smaller tumours and metastases.

Characterization of melanomas from these models reveals that Snaill is reactivated
particularly in CAFs. Previous studies had identified Snaill in the stroma of different
carcinomas, particularly within the fibroblasts of breast and colorectal cancers (Franci et
al., 2009; Stanisavljevic et al., 2015). As previously described, CAFs are a prominent

component of the TME and are known to significantly contribute to tumour growth,
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invasion and metastases (Lavie et al., 2022). The implication of Snaill in CAFs from
carcinomas has been linked to malignant phenotypes, leading to worse patient outcomes
(Franci et al., 2009; A. Herrera et al., 2014; Stanisavljevic et al., 2015). However, the
specific cellular and molecular mechanisms by which Snaill impacts CAFs function,
especially in melanoma, remained largely unexplored. Previous findings showed that
Snaill expression in CAFs from breast or colorectal cancer promotes tumour cell
invasion through paracrine signalling (Alba-Castell6n et al., 2016). However, we found
that in melanoma Snaill reactivation in CAFs leads to tumour growth. To elucidate the
molecular mechanisms by which Snail1*CAFs support melanoma growth, we conducted
a transcriptomic analysis comparing fibroblasts isolated from tumours in Snail1ME-WT
and SnaillME-KO mice. Gene Ontology enrichment analysis revealed that differentially
down-regulated genes in Snaill-KO fibroblasts are predominantly associated with the
regulation and recruitment of immune cells. Although the contribution of stromal Snaill
to the regulation of the immune response in melanoma had not been previously
described, these results are consistent with those obtained upon Snaill transduction in
melanoma cells reported previously. Particularly, this study indicated that silencing
Snaill-induced EMT in melanoma cells improves systemic immune responses (Kudo-
Saito et al., 2009).

Recently, single-cell RNA sequencing studies to investigate CAF heterogeneity and
functionality across different tumour types have shed light into the understanding of their
features that can be harnessed to design better cancer therapies (Costa et al., 2018;
Lavie et al., 2022; Luo et al., 2022). While extensive characterization of CAF subsets in
pancreas and breast cancer has been conducted (Lavie et al., 2022), less is known about
CAFs biology in melanoma biology. Our results reveal that ablation of Snaill leads to a
decrease in pathways related to the activation of carcinoma-associated fibroblasts. This
finding aligns with previous studies demonstrating that Snaill expression in fibroblasts
is necessary for their activation in different carcinoma models (Alba-Castellon et al.,
2016), suggesting that this is also the case in melanoma. In addition, previous studies
from the laboratory indicated that Snaill is reactivated in renal fibrosis, promoting a
profibrotic inflammatory environment by sustaining TGFB signalling and cytokines
production (Grande et al., 2015). Our results reveal a similar pattern in melanoma, where
Snaill depletion in CAFs affects TGFf signalling and inflammation, impacting into the

recruitment and activation of immune cells.
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Interestingly, three different melanoma CAFs subsets have been recently identified in a
syngeneic B16 melanoma model (Davidson et al., 2020). Notably, PDGFRa expression
was widely found in the populations enriched at early stages of melanoma progression,
which is the time point at which we performed the CAFs transcriptomic analysis. Two of
the three populations described, associated with early melanoma stages, and exhibiting
high levels of PDGFRa, were linked to immunomodulation. Subset S1 plays a direct role
in the recruitment and regulation of immune cells, while subset S2 is associated with the
modulation of the ECM remodelling, including different collagens members associated
with a fibrotic phenotype (Bonnans et al., 2014), which is, in turn, implicated in immune
exclusion (Davidson et al., 2020). Interestingly, our transcriptomic analysis show that
CAFs in our melanoma BRAF-driven model are particularly enriched in the signatures
corresponding to the S1 and S2 subpopulations, and that the bigger difference between
CAFs upon Snaill targeting corresponds to the immunoregulatory S1 signature.
Therefore, all these results support that Snaill is implicated in fostering an
immunosuppressive environment, which, in turn, diminishes the anti-tumour immune
responses. This is supported by our results showing that in subcutaneous tumours and
metastases, SnaillVE-targeting is associated with enhanced anti-tumour immune
responses, evidenced by increased infiltration of CD8*-T lymphocytes and decreased
FOXP3*-T lymphocytes.

Critically, we find that one of the most differentially expressed genes between
fibroblasts from SnaillME-WT and Snail1ME-KO tumours is Fap, which is highly expressed
in Snaill*CAFs and downregulated upon Snaill targeting. Previous research indicated
that targeting Fap can supress tumour growth in murine models. Nevertheless, the
majority of these studies have primarily concentrated on the effects of Fap on tumour
cell biology and tumour-associated angiogenesis in immunocompromised mice using
xenograft models (J. D. Cheng et al., 2002; Lo et al., 2015). However, additional research
had established an association between FAP-expressing CAF populations and
immunosuppressive characteristics (Costa et al., 2018; Cremasco et al., 2018; Y. Zhang
& Ertl, 2016). Interestingly, the suppression of FAP* stromal cells has been shown to
promote anti-tumour responses mediated by T cells in an immunocompetent pancreatic
mouse model (Kraman et al., 2010a) and FAP*CAFs can induce an immunosuppressive
phenotype by recruiting MDSCs through CCL2 signalling (Yang et al.,, 2016).
Furthermore, elevated FAP expression in CAFs through the JAK-STAT3 signalling
pathway contributes to a pro-tumorigenic immune response, leading to increased

production of anti-inflammatory cytokines such as IL-10 and TGFf (Yang et al., 2016).

109



Discussion

Consistent with these evidences, our RNA-sequencing data shows downregulation of
the JAK-STATS signalling pathway, among other pro-tumorigenic pathways, when
Snaill is blocked. These results align with the decreased Fap levels found in Snaill-KO
CAFs, which are associated with anti-tumour immunity and reduced tumour growth.
Indeed, we found that SnaillME-KO tumours exhibited a higher infiltration of CD8*
cytotoxic T cells, B cells and NK cells, and a lower infiltration of FOXP3* regulatory T
cells, which correlates with impaired melanoma growth. Further, FAP-expressing CAFs
have been associated with the recruitment and differentiation of immunosuppressive
cells such as regulatory FOXP3*T lymphocytes, MDSCs, and TAMs (Y. Zhang & Ertl,
2016). In agreement with this, we find that the decrease in regulatory T cells found in the
TME of tumours from SnaillME-KO mice favours an anti-tumorigenic phenotype. In
addition, we find a statistically significant increase in Argl mRNA levels in SnaillME-WT
tumours. This enrichment is associated with the so-called M2 macrophage phenotype,
known for its immunosuppressive properties and its role in supporting cancer

progression (Hao et al., 2012).

Given these evidences indicating that FAP-expressing CAFs promote an
immunosuppressive phenotype (Costa et al., 2018; Yang et al., 2016; Y. Zhang & Ertl,
2016) as well as tumour growth, invasion, and metastases (H. Wang et al., 2014; Wen
et al.,, 2017), we further explored SNAIL1-FAP relationship. Notably, as mentioned
above, Fap is among the most downregulated genes in our transcriptomic analysis of
fibroblasts from SnaillME-KO mice. Our in vitro data, involving the overexpression or
silencing of Snaill, indicate that Snaill can regulate Fap. Although Snaill is primarily
recognized as a potent transcriptional repressor and was the first E-cadherin repressor
identified (Batlle et al., 2000; Cano et al., 2000), Snaill can shift its function to an
activator through different mechanisms, such as interacting with CBP, which involves
lysine residue acetylation (Hsu et al., 2014; Rembold et al., 2014), or by binding to the
p65 subunit (Stanisavljevic et al., 2011). These interactions enable Snaill to induce the
expression of mesenchymal genes or promote immune modulation. In addition, in
carcinoma cells, Snaill directly activates cytokine transcription implicated in the
recruitment of tumour-associated macrophages inducing changes in the TME (Hsu et
al., 2014). Interestingly, in this study we used the drug CYD19 on fibroblast in vitro to
specifically target Snaill. CYD19 drug has the ability to block Snaill-CBP/p300
interactions by disrupting the acetylation and stabilization of Snaill, which leads to its
degradation and subsequently reduces the expression of its target genes (H. M. Liet al.,

2020). Our findings suggest that the activation of Fap mediated by Snaill might be due
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to a potential interaction with CBP. This is evidenced by a significant decrease in Fap
MRNA levels upon CYD19 treatment, concomitant with a reduction in Snaill protein and
MRNA levels. Interestingly, the pharmacological inhibition of Snaill by CYD19 in
carcinomas has been shown to impair tumour growth and metastases in vitro and in vivo
(H. M. Li et al., 2020).

Previous studies have demonstrated that FAP is expressed in stromal fibroblasts of
most epithelial cancers (Scanlan et al., 1994) and we show that Snaill expression is
positively correlated with Fap expression across most cancer types, including
melanoma. Critically, we have analysed Fap promoter region in different species, and
found Snaill binding sites in the Fap promoter. Furthermore, we demonstrate that
SNAIL1 directly binds to the Fap promoter, indicating that Snaill can induce Fap
expression in fibroblasts. This induction might contribute to the immunosuppressive
microenvironment in SnailIlME-WT tumours, promoting a pro-tumorigenic response and

resulting in larger tumours compared to those from Snail1ME-KO mice.

Moreover, our work reveals that the ablation of Snail1ME in melanoma also impairs
the colonization and progression of experimental lung metastases in vivo, indicating that
blocking Snaill reactivation in the melanoma microenvironment affects not only the
subcutaneous compartment but also extends its influence to the metastatic niche. The
results from the experimental lung metastases assays, where SnaillVE is abolished
before and after tumour cell injections, reveals that blocking Snaill not only impairs
metastases growth but also decreases the number of metastases, indicating that
Snaill™E plays a role in the colonization of melanoma cells. This finding suggests that
targeting SnaillME could be an effective therapeutic strategy to prevent early-stage
metastatic dissemination in melanoma. Furthermore, we show that decreased Fap levels
and anti-tumour immune responses in the metastatic niche upon Snaill silencing
recapitulate those occurring in the subcutaneous compartment. This suggests that
despite the heterogeneity of CAFs, Snaill is expressed in this population in an organ-
independent manner to promote immunosuppression and tumour growth. Therefore,
targeting Snail1E could be a promising approach to enhance anti-tumour immunity and

inhibit melanoma progression across different organs.

Immunosuppression in the TME is associated with poor patient outcomes and worst
responses to immunotherapies, and therefore understanding the mechanisms driving
immunosuppression is very relevant for cancer treatment (Rouse, 2007; Waldman et al.,

2020). Immune checkpoint inhibitors have significantly improved melanoma therapies.
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However, despite these advancements, their effectiveness is still limited, with a response
rate of approximately 50% (Carlino et al., 2021). Current research efforts to enhance the
efficacy of immune checkpoint inhibitors are focused on investigating the mechanisms
that regulate immunosuppression (Jenkins et al., 2018) and identifying biomarkers to
predict patient responses. Our findings indicate that Snaill expression is associated with
worse clinical outcomes in melanoma patients receiving anti-PD-1 therapy. This is
consistent with the fact that SnaillM® promotes immunosuppression, as an immune-
deprived tumour is likely to be less responsive to anti-PD-1 therapy, which relies on the
activation of immune system to target and eliminate cancer (Gellrich et al., 2020). This
highlights the potential to target Snaill to improve response to anti-PD-1 therapy.
However, our preliminary in vivo experiments show that the combination of anti-PD-1
therapy and Snail1lE loss does not significantly reduce tumour growth, suggesting that
responses driven by targeting SnaillM® may share some of the antitumour immunity
mechanisms elicited by PD-1 blockade. However, further experiments are needed to
properly assess the effect of targeting Snaill in combination with anti-PD-1 therapy in

melanoma progression, including its impact on the metastatic niche.

Critically, previous attempts at targeting CAFs in cancer have included systemic
inhibition of FAP, however this led to unexpected side effects, such as cachexia (Roberts
et al., 2013). In this work, we demonstrate that in vivo systemic targeting with a Snaill
morpholino reduces metastatic burden in mice, extending their survival with no adverse
effects. Moreover, as Snaill was previously associated with increased metastasis by
favouring immune evasion by an EMT-dependent mechanism in melanoma cells (Kudo-
Saito et al., 2009), our data further support the Snaill potential as a promising
therapeutic target in melanoma. Snaill has classically considered undruggable, however
CYD19, has proved efficient in impairing tumour growth in mouse models of breast
cancer (H. M. Li et al., 2020). In this study we show that this compound not only blocks
Snaill expression but also decreases Fap levels in fibroblasts and considering that
Snaill expression is almost absent in healthy tissues (Boutet et al., 2006), its inhibition

in melanoma patients should be safe and lack major adverse effects.
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Figure 38| Schematic illustration of the key findings on the regulatory role of Snail1ME in melanoma
growth. Briefly, Fap expression in fibroblasts is regulated by Snaill, leading to an immunosuppressive
phenotype in the melanoma microenvironment. This process is partly driven by cytotoxic T cell
dysfunction and regulatory T cell enrichment, thus promoting melanoma growth. Conversely, in the
absence of Snaill in the TME, Fap expression is downregulated in CAFs, resulting in a shift towards an
anti-tumour immune response. These changes are directly linked to increased melanoma cell apoptosis,
decreased tumour growth, reduced metastatic burden, and improved mice survival. Created with

BioRender.com.

In this study, we demonstrate the crucial role of Snail1VE in shaping the TME and its
significant impact on melanoma growth. Snaill™® acts as a driver of CAF-induced
immunosuppression, reducing anti-tumour immunity and promoting melanoma
progression (Figure 38). Furthermore, Snaill expression correlates with reduced
efficacy to immune checkpoint inhibitors. Therefore, our findings suggest that Snail1VE
represents a promising therapeutic target for reactivating the immune system against
melanoma. Targeting Snail1ME could enhance the efficacy of existing treatments and
improve patient outcomes. Additionally, this research broadens our understanding of the
complex interactions within the TME in cancer and provides a foundation for further
studies on therapeutic strategies that may inhibit Snaill. Such interventions may offer

new and effective avenues for combating this aggressive cancer.
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Snaillis reactivated in the melanoma microenvironment across different mouse
models, particularly in cancer-associated fibroblasts in subcutaneous tumours and at

the metastatic niche.

Snaill expression in the microenvironment contributes to melanoma growth.
SnaillME ablation blocks melanoma growth and promotes tumour cell apoptosis in

subcutaneous tumours and metastases.

Snaill expression in CAFs is associated with fibroblast activation and
immunosuppressive signatures. Transcriptomic analysis of melanoma-associated
fibroblasts upon Snail1“E silencing, and CAFs subsets in patient’s samples, indicates

that Snaill induces immunosuppression.

Snaill expression correlates with poor clinical outcomes in melanoma
patients. Immunosuppression contributes to reduced responses to immunotherapy,
and there is an inverse correlation between Snaill levels, and the effectiveness of

anti-PD-1 therapy, supporting the immunosuppressive role of Snail 1 in melanoma.

Snaill targeting induces anti-tumour immune responses in melanoma.
Consistent with the identified immunosuppressive role of Snail1VE, its depletion leads
to increased infiltration of cytotoxic T cells, B cells, and NK cells, and decreased
infiltration of regulatory T cells in subcutaneous tumours and metastasis, correlating

with impaired melanoma growth.

Snaill induces Fap expression in fibroblasts. Experiments in cultured fibroblasts
indicate that FAP, a CAF marker previously associated with immunosuppression, is
a direct target of Snaill. Analyses of available data from patient’s samples indicate

a positive correlation between Snaill and Fap expression.

Systemic targeting of Snaill in vivo reduces melanoma growth. The use of VI-
MO to block Snaill is associated with a lower metastatic burden, reduced FAP levels
and increased Cd8a levels, supporting enhanced anti-tumour immunity and

highlighting the potential of Snaill as a therapeutic strategy in melanoma treatment.
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8. Altogether, these results indicate that Snaill is a driver of CAF-induced
immunosuppression, which reduces anti-tumour immunity and promotes

melanoma growth.
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Snaill se reactiva en el microambiente del melanoma en diferentes modelos de
ratén, especialmente en los fibroblastos asociados al cancer, tanto en tumores

subcutaneos como en el nicho metastasico.

La expresién de Snaill en el microambiente favorece el crecimiento del
melanoma. La eliminacion de Snaill en el estroma detiene el crecimiento del
melanoma y promueve la apoptosis de las células tumorales en melanomas

subcutaneos y metastasis.

La expresion de Snaill en fibroblastos asociados al cancer esté relacionada
con su activacion y con caracteristicas inmunosupresoras. El andlisis
transcriptomico de fibroblastos asociados al melanoma, tras el silenciamiento de
Snaill en el microambiente, asi como el estudio de las subpoblaciones de CAF en

muestras de pacientes, indican que Snaill promueve inmunosupresion.

La expresion de Snaill se asocia con resultados clinicos mas desfavorables
en pacientes con melanoma. La inmunosupresién esta relacionada con respuestas
deficientes a la inmunoterapia, y la expresion de Snaill muestra una correlacién
inversa con las respuestas a la terapia anti-PD-1, lo que respalda el papel

inmunosupresor de Snaill en el melanoma.

La inhibicién sistémica de Snaill induce respuestas inmunitarias
antitumorales en el melanoma. Consistente con la identificacion de su papel
inmunosupresor en el estroma, la deplecion de Snaill provoca a una mayor
infiltracién de células T citotoxicas, células B y células NK, y a una reduccion de la
infiltracién de células T reguladoras en tumores subcutaneos y metéastasis, lo que se

asocia con una disminucién del crecimiento melanoma.

Snaill induce la expresion de Fap en fibroblastos. Experimentos en fibroblastos
cultivados indican que FAP, un marcador de CAF previamente asociado con la
inmunosupresion esta directamente regulado por Snaill. Los andlisis de datos de

muestras de pacientes indican una correlacién positiva entre la expresion de Snaill

y Fap.
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7. El blogueo sistémico de Snaill in vivo reduce el crecimiento del melanoma. El
uso de VI-MO para bloquear Snaill se asocia con una menor carga metastasica,
niveles reducidos de FAP y niveles incrementados de Cd8a, lo que respalda una
mayor inmunidad antitumoral y destaca el potencial de Snaill como una estrategia

terapéutica en el tratamiento del melanoma.
8. En conjunto, estos resultados indican que Snaill es un elemento clave en la

inmunosupresién inducida por los CAF, lo que disminuye la inmunidad

antitumoral y favorece el crecimiento del melanoma
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Melanoma is an aggressive form of skin cancer due to its high metastatic abilities and resistance to therapies. Melanoma cells reside
in a heterogeneous tumour microenvironment that acts as a crucial regulator of its progression. Snail1 is an epithelial-to-
mesenchymal transition transcription factor expressed during development and reactivated in pathological situations including
fibrosis and cancer. In this work, we show that Snail1 is activated in the melanoma microenvironment, particularly in fibroblasts.
Analysis of mouse models that allow stromal Snail1 depletion and therapeutic Snail1 blockade indicate that targeting Snail1 in the
tumour microenvironment decreases melanoma growth and lung metastatic burden, extending mice survival. Transcriptomic
analysis of melanoma-associated fibroblasts and analysis of the tumours indicate that stromal Snail1 induces melanoma growth by
promoting an immunosuppressive microenvironment and a decrease in anti-tumour immunity. This study unveils a novel role of
Snail1 in melanoma biology and supports its potential as a therapeutic target.
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INTRODUCTION
Melanoma is the most aggressive form of skin cancer. If found
early, it can be surgically resected, but melanoma is extremely
metastatic and very resistant to treatments when disseminated to
other organs. Even though in recent years the landscape of
melanoma treatment has greatly improved with the use of more
effective targeted therapies and immunotherapies, not all patients
respond to these treatments and many of the patients who
respond develop resistance after a relatively short period of
disease control [1]. Importantly, melanoma progression and how it
responds to treatments is strongly influenced by the tumour
microenvironment (TME) [2].

Epithelial to mesenchymal transition (EMT) is a developmental
process that can be triggered in pathological conditions including
fibrosis and cancer. Epithelial cells undergo EMT acquiring the
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Anti-tumour immunity
Impaired melanoma growth
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capacity to move and disseminate [3, 4]. EMT endows cancer cells
with invasive and migratory capabilities as the tumour progresses
[5, 6]. The main inducers of the EMT are transcription factors (TFs)
of the Snail, Twist and Zeb families. EMT-TFs coordinate the
downregulation of epithelial genes and the induction of
mesenchymal ones [3, 7]. EMT-TFs play an important role in the
development and dissemination of epithelial-derived carcinomas,
particularly when they are expressed in tumour cells [3, 8, 9] but
also when their expression is associated with stromal cells,
particularly cancer-associated fibroblasts (CAFs) [10-14]. CAFs,
central components of the tumour stroma, are a complex and
heterogeneous population of myofibroblasts whose activity
associates with tumour aggressiveness. CAFs coordinate a wide
array of functions including matrix remodelling, angiogenesis, and
tumour-promoting immune evasion [15, 16].
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Reprogramming in the expression of different EMT-TFs,
including Zeb1/2, Twist and Snail2 in melanoma cells is
associated with tumour progression [17-21]. In addition,
previous studies have assessed the impact of Snaill-induced
EMT in melanoma cells [22-24]. However, whether Snaill
expression in the TME regulates melanoma biology has not
been investigated. In this study, we use different mouse models
to unveil a novel immunoregulatory role of Snail1 reactivation in
the melanoma microenvironment. We show that Snail1 expres-
sion in fibroblasts regulates fibroblast activation protein alpha
(Fap) expression and promotes immunosuppression. Consistent
with the latter, Snail1 targeting significantly decreases tumour
and metastatic burden, increasing mice survival. We also show
that the effects driven by microenvironmental Snail1 targeting
are associated with an increase in anti-tumour immune
responses. Altogether, this indicates that stromal Snaill has a
crucial role in shaping the melanoma microenvironment to drive
tumour progression.

RESULTS

Snail1 reactivation in the tumour microenvironment promotes
melanoma growth

Snail1 expression has been previously found in epithelial and
stromal cells in carcinomas [11, 25]. To characterise the
expression of Snail1 in melanoma, and to distinguish tumour
cells from the cells in the TME, we generated a melanoma
reporter mouse model by crossing the inducible BRAF-driven
mouse melanoma model Braf“" Pten'>® Tyr:CreERT2
(Braf'®*°°f/Pten'>") [26] with Rosa-LSL-tdTomato mice (tdTo-
mato). Tamoxifen treatment of these mice results in melanoma
development with a short latency [26] and the expression of the
Tomato fluorescent protein in melanocytes and melanoma cells.
Analysis of this model showed SNAI1 expression restricted to
tdTomato-negative cells in the tumours (Fig. 1a, b) indicating
that Snaill is reactivated in the melanoma microenvironment
but not in the melanoma cells. To specifically target the stroma,
we next generated a syngeneic melanoma model by injecting
murine Braf'®°°-5555 cells [27, 28] in UBC-Cre-ERT2 mice [29]
crossed with tdTomato mice (Fig. 1c). In this model, tamoxifen
treatment promotes the ubiquitous expression of the Tomato
fluorescent protein in the mouse, allowing to trace the red
labelled stromal cells in the allografts. Analysis of the tumours
confirmed SNAI1 expression in the recombined cells from the
melanoma microenvironment that was absent in normal skin
(Fig. 1d). We extended our analyses to additional oncogenic
BRAF and BRAF"//NRAS"" melanoma syngeneic models and
confirmed SNAIT reactivation in the stroma of these tumours
(Supplementary Fig. 1). Next, we wanted to assess the
contribution of microenvironmental Snaill (Snail™) to mela-
noma growth. For this, UBC-Cre-ERT2-tdTomato mice were bred
with Snai1™” mice [30] to prevent Snaill reactivation in the
tumour stroma. Melanomas were established by subcutaneous
injection of Braf'®°°t-5555 cells in UBC-Cre-ERT2-tdTomato and
UBC-Cre-ERT2-tdTomato-Snai1™? (referred as SnaillME-WT and
Snail1ME-KO, respectively) (Fig. 1c). When the tumours were
already established, animals were treated with tamoxifen to
block stromal Snaill expression and melanoma growth was
monitored (Fig. Te). We confirmed that recombined stromal cells
from Snail1™E-KO mice lack SNAIT expression (Fig. 1f). Impor-
tantly, melanoma growth was blocked and significantly reduced
in Snail1ME-KO compared to Snail1™E-WT mice (Fig. 1g, h). In line
with these results, we observed a decrease in the proliferation of
melanoma cells from Snail1™E-KO tumours (Fig.1i, j) and a
significant increase in apoptotic melanoma cells as indicated by
cleaved-Caspase 3 (Fig. 1k, I). These results show that Snaill is
expressed in the melanoma microenvironment where it is
necessary for melanoma growth.

SPRINGER NATURE

Snail1 reactivation in melanoma-associated fibroblasts
decreases anti-tumour immunity
Expression of Snaill and other EMT-TFs have been reported in
macrophages and CAFs from epithelial-derived tumours [10-14].
To investigate Snail1 expression in these cell populations in
melanoma, we first analysed Braf'®°°c-5555 tumours grown
subcutaneously in Cx3cr1CreERT2-YFP reporter mice. These mice
constitutively express YFP in the myeloid lineage including
monocytes and macrophages [31, 32]. We did not detect SNAI1
on myeloid cells in our tumours (Fig. 2a) or in additional immune
populations as assessed by CD45 staining (Fig. 2b, Supplementary
Fig. 2a). On the contrary, we detected SNAIT expression in
melanoma-associated fibroblasts, as indicated by double tdTo-
mato-PDGFRa positive staining (Fig. 2¢c). SNAIT positive expression
in melanoma-associated fibroblasts was further confirmed in the
melanoma transgenic BRAF'*%%%/Pten'®/tdTomato model (Fig. 2¢).
We also validated SNAI1 expression in PDGFRa* cells by using
PDGFRa-CreERT2-tdTomato reporter mice (Supplementary Fig. 2b)
and confirmed that blocking SNAI1 expression in PDGFRa™
fibroblasts reduced melanoma growth (Supplementary Fig. 2c).
To determine the mechanisms implicated in Snail1 contribution
to melanoma growth, we isolated tdTomato"PDGFRa™ cells from
Braf'*°®t-5555 tumours grown in Snaill™®-WT and Snail1™c-KO
mice after tamoxifen treatment and performed RNA sequencing
(Fig. 2d, Supplementary Fig. 3a). We corroborated that isolated
cells were positive for PDGFRa, SNAI1, and aSMA, an additional
CAF marker (Supplementary Fig. 3b), and confirmed Snail
downregulation in tdTomato™PDGFRa™ cells from Snail1™E-KO
mice (Supplementary Fig. 3c). Among the 520 differentially
expressed genes (DEGs) detected upon Snail1 targeting, 323 were
upregulated and 197 downregulated (Fig. 2e). In agreement with
the role of Snail1 in embryonic development, gene ontology (GO)
analysis of the upregulated genes showed an enrichment in
biological processes associated with morphogenesis and differ-
entiation (Fig. 2f) [33, 34]. On the contrary, 11 out of the 15 most
enriched biological processes in the downregulated genes were
associated with the immune system (Fig. 2f). In addition, gene set
enrichment analysis (GSEA) [35] showed that melanoma-
associated fibroblasts were enriched in signatures related to TGFf3
signalling and fibroblast activation in carcinomas and this
correlation was decreased upon Snaill targeting (Fig. 2g). We
also found that several of the downregulated genes including
Ccl1, Ccl22, Cxcl13 or Ccr7 were associated with immunosuppres-
sion and decreased anti-tumour immunity [36-40] (Supplemen-
tary Fig. 3d, e). Additional GO and GSEA analyses confirmed a
significant decrease in processes and genes associated with
immunosuppression and pro-inflammatory pathways in Snaill
depleted melanoma-associated fibroblasts [41] (Fig. 2g, h,
Supplementary Fig. 3f). Interestingly, comparison of our transcrip-
tomic data with melanoma stromal scRNAseq data [42] showed
that tdTomato ™ PDGFRa™ cells from Snaill™&-WT tumours were
enriched in the signatures related to the S1 ("immune") and S2
("desmoplastic") CAFs subpopulations (Fig. 2i). Critically, the most
significant difference between tdTomatoPDGFRa" cells from
Snail ME-WT and  Snailt™E-KO tumours corresponds to the
signature of the S1 (“immune”) population, associated to higher
expression of immunomodulatory factors [42]. Further, we also
compared our transcriptomic data with an additional dataset from
breast cancer CAFs defined as immunosuppressive [43] and
confirmed that tdTomato"PDGFRa™ cells from Snail1ME-WT were
enriched in the signature associated to immunosuppression and,
this correlation was decreased upon Snail1 targeting (Fig. 2j).
Altogether, our data suggest that the anti-tumour effects
observed upon Snail1 targeting in the melanoma microenviron-
ment may be related to CAFs immunoregulatory functions. To test
this hypothesis, we characterised the immune infiltration in
Braf’¢°*=.5555 melanomas upon Snail1™E depletion (Fig. 3a). We
observed that compatible with the impaired growth of
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Fig. 1 Snail1l is expressed in the melanoma microenvironment and its ablation reduces tumour growth and promotes apoptosis.
a, b Representative images of immunolabelling for SNAI1 (white) in control skin and tumours from Braf<A, Pten'™P, tdTomato,
Tyr:CreERT2 (Braf'®°%/Pten'*/tdTomato) mice. Melanoma cells are labelled in red (tdTomato). ¢ Mouse models generated to investigate
the impact of Snail1 on the melanoma microenvironment. d Representative images of immunolabelling for SNAI1 (white) in control skin
(left panel) and Braf'®°°t-5555 tumours (right panel) from Snail1ME-WT mice. Stromal cells are labelled in red (tdTomato). e Experimental
set-up of the in vivo strategy design to study the contribution of Snaill to melanoma progression. Created with BioRender.com.
f Quantification of SNAI1* stromal cells (n = 4 per condition) (left panel) and representative image of immunolabelling for SNAIT (white)
in Snailt™E-KO tumours upon tamoxifen administration (right panel). Stromal cells are labelled in red (tdTomato). g Braf'®°°c-5555
tumour growth was assessed in two independent experiments combined in this graph (exp1 n = 12 Snail 1M&-WT and n = 8 Snail1ME-KO;
exp2n=9 Snail1ME-WT and n = 7 Snail1ME-KO). h Final weight after collection of tumours from Snail 1ME-WT (WT) and Snail1ME-KO (KO)
mice (n =12 WT; n = 8 KO). i Representative images of immunolabelling for KI-67(white) in tumours from Snail1ME-WT and Snail1™&-KO
mice. Stromal cells are labelled in red (tdTomato). j Quantification of KI-67 (white) tumour nuclei-positive cells in images from (i) (n = 4).
k Representative images of immunolabelling for Cleaved-CASP3 (white) in tumours from Snail1™E-WT and Snail15-KO mice. Stromal
cells are labelled in red (tdTomato). | Quantification of images from (k) (n =4). Data are represented by Mean + SEM and statistically
significant differences are tested by unpaired two-tailed Student t-test. Each dot represents one animal (*=p <0.05, **=p<0.01,
**¥¥p < 0.001, ****p < 0.0001 and # = p < 0.05 for experiment 2). WT = Snail1ME-WT and KO = Snail1ME-KO. Scale bars: 50 um and 25 pm for
higher magnification pictures.

melanomas, the percentage of tumour infiltrating cytotoxic T cells (Fig. 3c). Further analyses show an increase in B cells and Natural
(CD8™) was elevated in tumours from Snail1™E-KO compared to killer (NK) cells in tumours from SnailiME-KO mice, while the
SnailtE-WT mice (Fig. 3b). In addition, significantly fewer number of dendritic cells and myeloid cells remained constant
regulatory T cells (FOXP3™) were found in Snailt™&-KO tumours (Fig. 3d, e). However, we detected upregulated expression of
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Arginase 1 (Argl) (Fig. 3f) a marker associated with M2-like
macrophages with immunosuppressive and pro-tumourigenic
functions, in melanomas from Snaill™&-WT compared to
SnailME-KO mice. Altogether, these data indicate that Snail 1™t
expression blocks anti-tumour immune responses.
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Interestingly, given our results indicating that Snaill promotes
immunosuppression in our models, and the association of
immunosuppression with resistance to immunotherapy [44], we
sought to investigate the correlation of Snail1 levels with clinical
outcomes in patients treated with immune-checkpoint inhibitors.
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Fig. 2 Snail1 expression in PDGFRa"-CAFs is associated with fibroblast activation and immunosuppression signatures. a Representative
images of immunolabelling for SNAI1 (white) and myeloid cells (green) in a section of a Braf6%°E_5555 melanomawgrown in Cxcr1CreERT2-YFP
mice. b Representative images of immunolabelling for SNAI1 (white) and CD45 (green) in melanomas from Snail1™"=-WT mice. Stromal cells are
labelled in red (tdTomato). ¢ Representative images of immunolabelling for SNAIT (white) and PDGFRa (green) in Braf'®°°t-5555 tumours from
Snail1ME-WT mice. Stromal cells are labelled in red (tdTomato) (left panel) and in BRAFY?E/Pten'®/tdTomato melanomas where melanoma
cells are labelled in red (tdTomato) (ritht panel). Scale bar: 25 ym. d Schematic illustration of the strategy followed to isolate fibroblasts from
Braf®°°t-5555 melanomas in Snail1ME-WT and Snail1™E-KO mice. Created with BioRender.com. e RNAseq heatmap of differentially expressed
genes (DEGs). The scale bar corresponds to row Z score in a -2-2 relationship. Filtered and normalised count per million data from the DEGs
has been plotted to compare Snail1-WT and Snail1-KO CAFs. Columns represent the different samples. Each sample is a pool of three different
animals with the same genotype WT n = 3, KO n = 4. f Representation of gene ontology enrichment analysis of the 15 top GO terms as ranked
by various gene set testing methods. The dot plot size and colour represent the relative number and relevance of the genes in the set,
respectively. g Gene set enrichment analysis (GSEA) of DEGs genes (log2 ratio-ranked) shows enrichment of TGFp + EMT, JAK-STAT3 and IL-6
pathway signatures and enrichment of Carcinoma-associated fibroblasts signature in Snail1-WT CAFs. NES (normalised enrichment score) and
p-value scores are shown. h Panel showing expression of genes associated with immunosuppression from entry C4048329 in the Toppgene
and DisGeNet databases. i GSEA analysis of custom gene sets generated from DEGs in the S1 “immune’ S2 “desmoplastic” and S3 “contractile”
CAFs populations defined in [42]. NES (normalised enrichment score) and p value scores are shown, ns, not significant. Created with
BioRender.com. j GSEA analysis of marker gene sets in the immunosuppressive breast CAF population defined in [43]. NES (normalised

enrichment score) and p value scores are shown.

Analysis from transcriptomic datasets [45] using Kaplan-Meier
Plotter [46] revealed that high Snail1 expression before or on-
treatment with anti-programmed death-1 (anti-PD-1) correlated
with a lower overall survival in melanoma patients (Fig. 3g, h).

Snail1 induces Fap expression in fibroblasts

Recent studies using syngeneic carcinoma models indicate that
CAFs expressing FAP are responsible for immune-evasion associated
with a pro-tumourigenic TME [43, 47-51]. Given our results showing
that Snail1™E in melanoma promotes immunosuppression and that
its silencing blocks tumour growth, we next investigated the
potential relationship between Snail1 and Fap in fibroblasts. First, we
characterised our models. Analysis of our RNAseq data showed a
decrease in Fap expression in melanoma-associated fibroblast upon
Snail1 depletion (Supplementary Fig. 3d, e). Further, we confirmed
lower levels of Fap mRNA in tumours from Snaill®-KO when
compared to Snail1'&-WT mice (Fig. 4a) and in tdTomato " PDGFRa ™"
isolated fibroblasts from those tumours (Fig. 4b). In line with this,
Fap was downregulated in NIH3T3 fibroblasts after silencing Snail
expression with a siRNA (Fig. 4c) and upregulated upon TGF(
treatment or Snail overexpression (Fig. 4d, e). Further, we found that
CYD19, an inducer of Snaill degradation [52], reduced Fap
expression in NIH3T3 fibroblasts (Fig. 4f) indicating that Snail1 could
be regulating Fap expression. We also analysed TCGA (The Cancer
Genome Atlas) data from different cancers and found a positive
correlation between Snail and Fap expression in 28 tumour types
including melanoma (Supplementary Fig. 4). To assess whether
SNAIT could directly bind to regulatory regions of the Fap promoter,
we next performed chromatin immunoprecipitation (ChlP) assay in
Snail1-overexpressing NIH3T3 cells. For this, we looked for consensus
Snail1 E-boxes [53] (CANNTG) within the mouse Fap promoter using
the SnapGene® software. Both murine and human FAP promoters
contain multiple Snail1 E-boxes near their transcription start site. We
considered regions with 2 or more E-boxes as predicted SNAI1
binding sites (BS), and we found several within the mouse Fap
promoter (BS1, BS2, BS3, BS4 and BS5) (Fig. 4g). Chromatin
immunoprecipitation analysis confirmed that BS1, BS2 and BS3
were highly enriched in SNAI1 binding as compared with IgG control
in the NIH3T3 cell line (Fig. 4h). All this together indicates that SNAI1
could directly regulate Fap transcription in fibroblasts.

Snail1" targeting reduces metastatic burden and increases
mice survival

Our results show that targeting Snaill™® blocks subcutaneous
melanoma growth. We next wanted to address whether Snaill
regulates the metastatic niche microenvironment. For this, we
injected luciferase-expressing Braf"®°®E-5555 melanoma cells in the
tail vein of SnailtE-WT and Snail1™E-KO mice. We confirmed that
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SNAI1 expression was absent in control Iun%ls and was reactivated in
the metastatic microenvironment in Snail1E-WT mice (Fig. 5a) and
blocked in metastases from Snail1ME-KO mice (Fig. 5a, b). We also
observed SNAI1 reactivation in PDGFRa"-CAFs from melanoma IunEg
metastases in Snaill®WT mice that was confirmed in Braf'*°*%/
Pten'®/tdTomato melanomas (Fig. 5¢, Supplementary Fig. 5). When
metastases were detected by bioluminescence in an IVIS in vivo
imaging system, animals were treated with tamoxifen and
metastases growth was monitored (Fig. 5d, e). Histological analysis
of the lungs (Fig. 5f) showed a significant decrease in metastatic
burden (—82.9%), metastases number (—47.6%) and size (—77.5%)
in SnailME-KO compared to Snail1™&-WT mice (Fig. 59). Further, we
also investigated whether blocking Snail1™® activation could
improve mice survival. Kaplan-Meier analysis showed an almost
30% increase in the survival of Snailt™&-KO mice, compared to
Snail 1ME-WT, assessed by long-rank test (X* = 6.92, p < 0.01) (Fig. 5h).
Importantly, as in the subcutaneous tumours, these anti-tumour
immune effects were associated with a decrease in proliferation and
an increase in apoptosis in the melanoma cells in Snail1™E-KO
metastases (Fig. 5i, j). We then analysed the immune infiltrate in the
lungs and confirmed that metastases from Snail1*-KO mice had an
increased number of cytotoxic T cells (CD8") and a lower infiltration
of regulatory T cells (FOXP3™) compared to Snail1"'&-WT metastases
(Fig. 5k). Gene expression analysis also showed a decrease in Fap
mMRNA levels in lung metastases from the Snail1 -KO mice (Fig. 5I).

The data described above indicate that genetic blockade of Snail1
activation in the TME decreases metastases growth and in line with
our previous results, this is associated with a less immunosuppres-
sive environment. We had previously shown that Snail1 targeting by
injection of antisense oligonucleotides could constitute a good
therapeutic strategy in renal fibrosis [54]. To investigate whether this
was also the case in melanoma, we used a similar approach and
injected a VIVO-morpholino (VI-MO) that targets a splicing site in the
Snail mRNA (Snail1-MO) [54] into the tail vein of C57BL/6 mice with
established Braf'*°t-5555 |ung metastases (Fig. 6a). Once lung
metastases were detected by bioluminescence, the mice were
treated with VI-MOs and the signal was monitored by IVIS (Fig. 6b).
Histological analysis of the lungs (Fig. 6¢) showed a decrease in the
weight (—56.7%), metastatic burden (—55.9%) and number of
metastases (—37.4%) in the Snail1-MO as compared to Control-MO
treated mice (Fig. 6d). We confirmed the efficacy of the morpholino
in blocking Snail1 expression in the lung metastases (Fig. 6e, f) that
was accompanied by a decrease in Fap levels (Fig. 6f). Further,
metastases from mice treated with Snail1-MO had increased Cd8a
compared to Control-MO treated mice (Fig. 6g). Thus, as observed in
our Snail1ME-KO mice, Snail1 systemic inhibition was associated with
an anti-tumour immune response and decreased melanoma
metastatic burden.
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DISCUSSION targeting is enough to reduce melanoma metastatic burden and

Modulation of the immune response in the TME plays a major role
in the clinical response to treatments [55]. In this study, we have
identified stromal Snail1 as a driver of melanoma growth by

promoting an
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immunosuppressive TME. Moreover,

Snaill

increase mice survival.

Snaill is an essential TF during embryonic development
whereas it is mostly absent in healthy adult tissues. Snaill
reactivation is involved in fibrosis and in the progression of several
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Fig.3 Snail1"F targeting induces an anti-tumourigenic immune response in melanoma. a Schematic representation of the strategy used to
perform immune cell profiling by flow cytometry analysis of Braf'®°°t-5555 melanomas in Snail1&-WT (WT) and Snail1™&-KO (KO) mice.
Created with BioRender.com. b, ¢ Graphs showing percentages of Cytotoxic T cells (CD37CD8a™) and Regulatory T cells (CD3"FOXP3™) in
tumours from (a) (n =8 WT and n = 7 KO). d Graphs showing percentages of lymphoid cells from (a); B cells (CD457CD22%), natural killer cells
(CD457CD335%), and dendritic cells (CD457CD11c"). e Graphs showing percentages of myeloid cells in tumours from (a); monocytes
(CD11b*Ly6C*Ly6G) and neutrophils (CD11b"Ly6CLy6G"), are represented (n =8 WT and n=7 KO). f Arg7 mRNA levels detected by RT-
gPCR in tumour samples from (a) (n =5 WT and n =8 KO). Data are represented by Mean + SEM and statistically significant differences are
tested by unpaired two-tailed Student t-test. Each dot represents one animal (ns = not significant, *=p < 0.05, **=p <0.01, ***p < 0.001).
g, h Prognostic value of Snail1 expression in response to anti-PD-1 therapy. Survival curves plotted for melanoma patients. SNAIT expression
assessed before anti-PD-1 therapy (n=258) or on treatment (n = 67). Data was analysed using Kaplan-Meier Plotter. Patients with SNAI1
expression above the median are indicated in red line, and patients with expressions below the median in black line. HR hazard ratio.

cancer types [56], as a potent driver of the EMT process in
carcinoma cells [9]. Previous studies indicated that Snaill
induction in melanoma cells promotes invasion and metastasis
[22], however, Snail1 contribution to melanoma biology in an in
vivo context was not defined. Our analyses of an inducible BRAF-
driven melanoma reporter model reveal that SNAIT in melanoma
is reactivated in the stroma, particularly in CAFs. This is confirmed
in syngeneic melanoma models where we find SNAI1 expression
in CAFs in subcutaneous tumours and in lung metastases. In this
study, we have generated mouse models that allow Snaill
ablation in an otherwise undisturbed immunocompetent environ-
ment to unveil the contribution of microenvironmental Snail1 to
melanoma. We demonstrate that stromal Snail1 depletion blocks
melanoma growth. This is associated with diminished proliferation
and increased apoptosis of melanoma cells, pointing towards a
non-cell autonomous role of microenvironmental Snaill in
melanoma cells. In accordance with this, Snail1 expression in
CAFs from breast or colorectal cancer promotes epithelial cell
invasion by paracrine signalling mediated by prostaglandinE2 [11].
Here we show that Snaill-expressing CAFs mediate a tumour-
promoting phenotype in melanoma by exerting an immunoregu-
latory role in the tumours.

Recently, single-cell sequencing technologies have shed light
into the complexity and heterogeneity of CAFs in different tumour
types and a better understanding of their functions and features
can be harnessed to design better therapies for cancer treatments
[16, 43, 57]. Although CAFs subsets in pancreas and breast have
been characterised in detail [16], less is known about CAFs
modulation of melanoma biology. Recently, three different
melanoma CAFs populations have been described [42] and Pdgfra
expression was widely found in the populations enriched at early
stages of melanoma progression when our CAFs transcriptomic
analysis was performed. Interestingly, we find that Fap is highly
expressed in Snail1-expressing CAFs and downregulated upon its
depletion. Further, we demonstrate that SNAI1 directly binds to the
Fap promoter indicating that Snail1 can induce FAP expression in
fibroblasts. Snaill has classically been considered a potent
transcriptional repressor [25], however it can also act as a
transcriptional activator [58, 59]. In carcinoma cells, Snail1 directly
activates the transcription of cytokines implicated in the recruit-
ment of tumour-associated macrophages promoting TME remodel-
ling [58]. Moreover, we previously showed that in renal fibrosis,
Snail1 reactivation in tubular epithelial cells promotes a profibrotic
inflammatory microenvironment by sustaining TGFf signalling and
cytokines production [54]. We show in this study that Snaill
depletion in CAFs also impinges on pathways associated to TGF(3
signalling and inflammation and into the recruitment and activation
of immune cells, indicating that Snail1 has a major immunoregu-
latory role when expressed in the melanoma microenvironment.
Further, it is known that FAP-expressing CAFs populations are
associated with immunosuppressive characteristics [43, 49, 50], and
that elevated FAP expression in CAFs through the JAK-STAT3
signalling pathway, contributes to a pro-tumourigenic immune
response [47]. Consistently, our RNA sequencing data shows
downregulation of the JAK-STAT3 signalling pathway among other
pro-tumourigenic pathways when Snail1 is blocked. All these results
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are in line with the decrease in Fap levels we find in Snail1 KO-CAFs
in association with anti-tumour immunity as shown by increased
infiltration of cytotoxic CD8*-T, B cells and NK cells, and consistent
with impaired melanoma growth. FAP"CAFs have also been
associated with the recruitment of regulatory FOXP3*-T lympho-
cytes [50], and in agreement with this, we find that the decrease in
regulatory T cells we observe in the TME of tumours from Snail 1E-
KO mice favours an anti-tumourigenic phenotype.

Interestingly, the effects of blocking Snail1 reactivation in the
melanoma microenvironment are not restricted to the subcuta-
neous compartment but extend to the metastatic niche. Micro-
environmental Snaill depletion impairs the progression of
experimental lung metastases associated with decreased Fap levels
and anti-tumour immune responses. This suggests that despite CAFs
heterogeneity, Snail1 is expressed in this population in an organ-
independent manner to promote immunosuppression and tumour
growth. We also demonstrate that in vivo systemic targeting with a
Snaill morpholino reduces metastatic burden in mice, extending
mice survival. Moreover, as Snaill was previously associated with
increased metastases by favouring immune evasion by an EMT-
dependent mechanism in melanoma cells [22], our data further
support Snail1 potential as a good therapeutic target in melanoma.
Snail1 has been classically considered undruggable, however CYD19,
a recently developed inhibitor of Snail1 protein-protein interactions,
has proved efficient in impairing tumour growth in mouse models of
breast cancer [52]. We show here that this compound not only
blocks Snail1 expression but also decreases Fap levels in fibroblasts
and considering that Snail1 expression is almost absent in healthy
tissues [56], its inhibition in melanoma patients should be safe and
lack major adverse effects.

The use of immune checkpoint inhibitors that target regula-
tory pathways on T cells to elicit anti-tumour responses has
greatly improved the management of melanoma patients.
However, only ~50% of patients respond [60]. Interestingly,
Snaill-induced EMT in melanoma cells promoted resistance to
immunotherapy based on intratumour injection of dendritic cells
[22] and we show here that SNAI1 expression correlates with
worse clinical responses to anti-PD-1 in melanoma patients.
Current efforts directed to improve immune checkpoints
inhibitors efficacy and the clinical management of patients
include the characterisation of mechanisms regulating immuno-
suppression [44] and the discovery of biomarkers to predict
responses. In this study, we show that Snail1 is a driver of CAFs-
induced immunosuppression and pro-tumour immunity in
melanoma, that its expression correlates with impaired
responses to immune checkpoint inhibitors and therefore, we
confirm its potential as a therapeutic target.

METHODS

Mice

All experiments involving animals were performed in accordance with the
European Community Council Directive (2010/63/EU) and Spanish legisla-
tion. The protocols were approved by the CSIC Ethics Committee and the
Animal Welfare Committee at the Instituto de Neurociencias CSIC-UMH.
Mice were hosted in a pathogen-free facility under controlled temperature,
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humidity, and 12 h light/dark cycle. All experiments were performed in
7-8-week-old mice C57BL/6. To analyse Snail1 in melanomas we crossed
the inducible BRAF-driven mouse melanoma model Braf“* Pten'® Tyr:-
CreERT2 (BRAFV®%!/Pten'™®) [26] (RRID:IMSR_JAX:013590) with Rosa-LSL-
tdTomato (RRID:IMSR_JAX:007909) mice (referred as Braf'®°%%/pten'®"/
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tdTomato). To investigate Snail1 in the TME we crossed UBC-Cre-ERT2 mice
[29] (RRID:IMSR_JAX:008085) or PDGFRa-CreERT2 mice [61] with Rosa-LSL-
tdTomato (tdTomato) (RRID:IMSR_JAX:007909) and Snai1™" mice [30]. To
analyse myeloid populations in tumours, we used Cx3cr1CreERT2-YFP mice
(RRID: IMSR_JAX:021160).
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Fig. 4 Fap is a direct target of Snail1 in fibroblasts. a Fap mRNA levels detected by RT-qPCR in Braf'®°t-5555 tumours from Snail1M&-WT
(WT) and Snail1E-KO (KO) mice (n=7 WT and n=8 KO). b Fap mRNA levels detected by RT-gPCR in Snail1-WT and Snail1-KO PDGFRa "/
tdTomato™ isolated fibroblasts (n =3 WT and n =3 KO) (c) Snaill and Fap mRNA levels detected by RT-gPCR upon Snail1 silencing using a
siRNA in TGFf treated NIH3T3 cells. Transfected cells were collected 48 h after transfection (n = 3). d Snaill and Fap mRNA levels increase
detected by RT-qPCR upon TGFp treatment in NIH3T3 cells. Cells were collected 48 h after TGFp treatment (n = 3). e Snaill and Fap mRNA
levels increase detected by RT-gPCR after SNAI1 transfection in NIH3T3 cells (n = 3). f Snail1, Vimentin and Fap mRNA levels detected by RT-
gPCR in NIH3T3 cells treated with TGFp (2 ng/ml) for 24 h and then with vehicle or CYD19 (5 nM) in the presence of TGFp for another 48 h (left
panel). Representative IF of SNAI in cells from (f), scale bar: 50 um (right panel). g SNAI1 enrichment on the Fap promoter shown by ChiP assay
in NIH3T3 cells, using an anti-Myc antibody (for SNAI1-Myc overexpression). Schematic representation of the mouse Fap locus is shown. SNAI1
potential binding sites (E-boxes; CANNTG) on the Fap promoter are represented as green diamonds (BS1: +591 bp, BS2: —97bp, BS3: —722bp,
BS4: —1293bp, BS5 —2259bp). An intergenic region without SNAI1 binding sites was used as a negative control (NC). Ex1: SNAIT exon 1.
h Relative enrichment of SNAI1 binding to the five potential sites, normalised to the NC region and the anti-IgG controls (n = 4). Data are
represented by Mean + SEM and statistically significant differences are tested by unpaired two-tailed Student t-test. Each dot represents one
:nimal (@) or independent experiments (c-f) (ns = not significant, * = p < 0.05, ** = p < 0.01, ***p < 0.001, ****p < 0.0001).

Cell culture

Murine melanoma cell line Braf“®®t.-5555 [27, 28] was originallgl obtained
from Richard Marais laboratory and luciferase-expressing Braf'®°%-5555 cells
(5555-Luc) were kindly given by Imanol Arozarena’s lab (NavarraBiomed).
BRAFYTNRASVT-B16F 10 (CRL-6475) and BRAF'*°°E-YUMM 1.7 (CRL-3362) cells
were obtained from ATCC, and the FCT1 cell line was isolated from a tumour
arising in Braf“*®%/Pten'®®/tdTomato transgenic mouse in our laboratory.
NIH3T3 fibroblasts (CRL1658) were purchased from ATCC. All cell lines were
maintained in DMEM (Sigma) supplemented with 10% FBS (Sigma) and 1%
penicillin/streptomycin  (Sigma). Cells were kept at 37°C in a humid
atmosphere containing 5% CO, and the media was replaced every 2/3 days.
Melanoma cells were passaged when they reached 80% confluency 1:10
every 72 h, while NIH3T3 cells were passaged when they reached 60-70%
confluency 1:20 every 72 h. Cells were discarded up to seven consecutive
passages and replaced by fresh stocks. All cell lines were tested and
confirmed negative for mycoplasma monthly at the host institution.

Inducible melanoma reporter model

Tumours were induced topically in 6-8 weeks Braf'*°°%/Pten'* /tdTomato
mice. Treatment with 1.5 pl 4 hydroxy tamoxifen (4-HT) (Sigma) (8 mg/ml),
dissolved in ethanol:DMSO (80:20), was applied on the shaved skin of the
back. Mice were immobilised until 4-HT dried completely. Tumours were
collected when reaching approximately 1200 mm?® (formula: length x
width x depth x 0.562).

Melanoma subcutaneous allografts

5555 melanoma cells (5 x 10° in 100ul in sterile PBS Ca>"Mg?-free) were
subcutaneously injected in the dorsal area of Snail1™E-WT and Snail1™E-
KO or PDGFRa-CreERT2/tdTomato and PDGFRa-CreERT2/tdTomato
Snail1™™ 7-8 weeks old mice. Treatment with tamoxifen (Sigma)
(intraperitoneally, 100 mg/kg body weight), dissolved in corn oil:ethanol
(90:10), was carried out to induce recombination. Tamoxifen administra-
tion began once tumours reached a volume of 80-100 mm?>. Tumour
volume was recorded with a calliper every 2/3 days. When the tumours
reached the limit size the mice were sacrificed, and tumours were
collected for histological analysis.

For CAFs isolation by FACS Snailt™E&-WT and Snail1™E-KO mice were
injected with GFP-expressing 5555 cells as previously described. Four
doses of tamoxifen were injected intraperitoneally on alternate days
before collection and processing of the tumours. To study the myeloid
populations in melanoma tumours, Braf'®°®t-5555 melanoma cells were
injected as described previously in Cx3cr1CreERT2-YFP mice.

Experimental metastasis assay

To evaluate metastatic progression in vivo, Braf'®°°t-5555 -Luc (1x10*
cells in 100 pl of sterile PBS Ca®*Mg>-free) were intravenously injected into
the lateral tail vein, using a 27-gauge needle. Lung colonisation was
analysed in vivo and ex vivo by BLI. Anaesthetised mice (isoflurane) were
injected intraperitoneally with D-luciferin (Perkin Elmer) (150 mg/kg body
weight) and imaged with an IVIS Lumina XR imaging system (PerkinElmer).
The lung BLI of every mouse was determined using Living Image software
(PerkinElmer). Tamoxifen treatment (intraperitoneally, 100 mg/kg body
weight) was started once experimental metastases were established and
detected by BLI imaging. Tamoxifen was administered three days a week
until the end of the experiment. Mice were sacrificed after 3 weeks, and
tissues were collected for histological analysis.
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Tumour processing

Tumours and lungs were fixed in 4% PFA for 4 h or ON respectively at 4 °C.
After fixation, tumours and lungs 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 lungs and tumours were sectioned in a
cryostat (Leica) at 8 pm-thick sections and dried for 2h at room
temperature (RT) before being used for immunolabelling or stored at
—80°C.

Immunofluorescence (IF) stainings
Sections were blocked in 5% NGS, 1% BSA and 0.2% Triton x-100 for 1 h at
RT and incubated with the primary antibodies O/N at 4°C in blocking
solution and the following day for 30 min at RT. After extensive washing in
PBS, slices were incubated with the secondary antibodies and DAPI in a
blocking solution for 1 h at RT. After washing the secondary antibody with
PBS, slices were mounted in Dako Fluorescence Mounting Medium (Dako).
Information and dilution of antibodies are listed in Supplementary Table 1.
For IF in fibroblasts, FAC isolated cells were cultured and treated on poly-
lysine (Sigma) glass coverslips in 12-well plates and fixed with 4% PFA for
15min at RT. Afterwards, cells were washed three times with PBS,
permeabilized with 0.1% Triton x-100 in PBS for 15 min and blocked in a
0.1% Triton x-100 1% BSA solution for 1 h at RT. Then, cells were incubated
with the primary antibodies O/N at 4°C in 1% BSA solution and the
following day for 30 min at RT. After washing three times with PBS, cells
were incubated with the secondary antibodies and DAPI 1 h at RT in 1%
BSA solution. After washing the secondary antibody with PBS, cells were
imaged.

Immunostainings were conducted using the primary and secondary
antibodies listed in Supplementary Table 1. Pictures were taken with an
Olympus FV1200 confocal microscope with 20x or 40x objectives.

Quantification of Ki-67 and cleaved Caspase-3

Proliferation and apoptosis were evaluated after IF staining by imaging
sections and processing them with the Image) software. To analyse
tumour proliferation and apoptosis, cell counts were obtained in three
random fields from the tumour invasive front, three random fields from the
tumour centre and three random fields from the tumour edge in each
tumour slice. The same number of pictures were performed in every
tumour slice. Four different tumours were analysed per condition. To
analyse experimental lung metastases proliferation and apoptosis,
representative pictures of different metastases were taken from each lung
slice. Four different lungs were analysed per condition. The number of
proliferating and apoptotic cells was determined as number of apoptotic
or proliferating tumours cells/mm?,

Histological analysis of melanoma lung metastases

8 um-thick lung sections were prepared and stained with Haematoxylin
and Eosin (H&E) (Sigma) and documented with a Leica DFC700T digital
camera. To quantify lung metastatic burden, 9 serial H&E stained lung
sections were collected every 150 um, spanning a total of 1200 microns of
lung tissue. Total metastatic area (metastasis area/total lung area *100),
number of metastases (number of metastases/lung) and average
metastasis size (total metastatic area/number of metastases) were
measured using Image J software.
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Fig.5 Microenvironmental Snail1 depletion reduces melanoma metastatic burden and improves mice survival. a Representative images of
immunolabelling for SNAI1T in control lung tissue and Braf'®°°5-5555 lung metastases from Snail1M&-WT and Snail1ME-KO mice. Scale bar: 50 pm.
b SNAI1 quantification after TAM administration in lung metastases from (a). ¢ Representative images of double immunolabelling of SNAI1
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mMRNA levels assessed by RT-gPCR in SnaillME-WT (WT) and Snail1™E-KO (KO) lung metastases. Data are represented by Mean + SEM and
statistically significant differences are tested by unpaired two-tailed Student t-test. Each dot represents one animal (*=p < 0.05 and **=p < 0.01).
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Fig. 6 Snail1 systemic targeting significantly reduces melanoma lung metastases in mice. a Scheme of the experimental approach.
Nine days after tail vein injection of Braf"®°®-5555 cells, C57BL/6 mice were injected with vivo-morpholino (VI-MO) control (Control-MO) or
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Tissue processing for flow cytometry

Tumours and lungs were mechanically dissociated using a scalpel blade
followed by a cold and slow enzymatic digestion (2.5 mg/ml Collagenase A
and 0.2 mg/ml DNAse 1) (all from Roche) in PBS at 4°C for 1h using
constant gentle orbital agitation. After the incubation, the cell suspension
was filtered through a 40 um cell strainer using a 2 ml syringe plunger. The
content was centrifuged (5min 350g and 1 min 10.000 rpm) and pellets
were resuspended in 1 ml of RBC lysis buffer for 4 min at RT. Subsequently,
cells were centrifuged and resuspended in fluorescence-activated cell
sorting (FACS) buffer.

FACS and flow cytometry

Prior to antibody staining, samples were blocked with Fc-block CD16/CD32
(Biolegend, 101320, 1:50) in FACS buffer for 10 min on ice to block
nonspecific binding. For cell surface staining, cells were resuspended in the
appropriate antibody cocktail and incubated for 30 min on ice protected
from light. Samples were centrifuged and washed with a FACS buffer. For
intracellular staining, cells were then collected and centrifuged for 5 min
350 g. Cells were fixed, permeabilized and stained for transcription factors
using the True-Nuclear Transcription Factor Buffer Set (Biolegend, Cat#
424401) according to the manufacturer's instructions. Viability was
assessed by staining with DAPI. Information and dilution for antibodies
used for flow cytometry are listed in Supplementary Table 1. For fibroblast
sorting cells, PDGFRa* GFP™ tdTomato™ were selected and sorted directly
into a lysis solution from Arcturus PicoPure RNA Isolation Kit

Oncogene (2023) 42:2659 - 2672

(Thermofisher). For sample validation, cells were plated in poly-L-lysine
treated (Sigma) glass coverslips in 12-well plates and cultured for 24 h prior
to IF. Immune cell profiling by flow cytometry was carried out by analysing
50.000 live singlets in each sample. All fluorescent data were analysed
using BD FACSDiva Software (BD Bioscience).

Total RNA extraction cDNA synthesis and qPCR analysis

RNA extraction from FACS-isolated samples was performed following the
instructions in the Arcturus PicoPure RNA Isolation Kit (Thermo Fisher). The
RNA was collected in 15 pl of elution buffer (TE) and 1 pl was used for
quantification and quality control using the Bioanalyzer High Sensitivity
RNA chip. RNA extraction from bulk tumour or metastases samples was
performed using the lllustra 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-gPCR was done using the Fast SYBR Green
Mastermix (Applied Biosystems) and the primers listed in Supplementary
Table 2. Relative levels of expression were calculated using a housekeeping
gene and then experimental samples were normalised to their respective
control.

RNA sequencing
RNA degradation and purity were assessed using the RNA Nano 6000
Assay for the Bioanalyzer 2100 (Agilent). Samples were sent to Novogene
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Co. Sequencing libraries were generated using NEBNext® Single Cell/Low
Input RNA Library Prep Kit for lllumina (NEB) following the manufacturer’s
recommendations. Sequencing was performed using a cBot Cluster
Generation Sequencing using PE Cluster Kit cBot-HS (lllumina) according
to the manufacturer's recommendation. After cluster generation, the
library preparations were sequenced on an lllumina platform and 250 bp
paired-end reads were generated.

RNA sequencing analysis

Raw data (raw reads) of FASTQ format were mapped to a mouse reference
transcriptome (Mus_musculus.GRCm38.cdna.all.fa) built with Kallisto v.0.46.1.
Read quantification to reference transcriptome was performed with Kallisto
as well. The following steps were performed using R and RStudio. Tximport
was used to import abundance.tsv files to R environment. EdgeR was used
for differential expression analysis to obtain DEGIlist objects and normal-
isation. The MatrixStats package was used to determine the statistics on the
data. Data was filtered by choosing transcripts with at least 10 reads and
later, at least one CPM in at least three samples. Normalisation factor TMM
(trimmed mean of M-values) was applied. Limma and edgeR were used to
obtain a final DEG list adjusted by BH (Benjamini-Hochberg) and sorted by p
value < 0.05 and LFC > 1. The graphical constructs of the RNAseq data were
performed using gplots, plotly, gprofiler2, clusterprofiler, GSEABase and GSEA
software v4.3.2 [35, 62].

Transfection of plasmids and interfering RNAs

For RNA interference in NIH3T3 cells, siRNA obtained from Silencer®
predesigned (Ambion) was used for Snaill (Snaill siRNA (antisense):
AUAUUUGCAGUUGAAGAUCtt). Snail-Myc plasmid was transfected in
NIH3T3 cells seeded in six-well plates and 48 h after transfection cells
were lysed for RNA extraction.

CYD19 drug administration

NIH3T3 cells were initially treated with TGFB (2ng/ml) for 24h.
Subsequently, the cells were exposed to either the vehicle or 5nM of
CYD19 (Cat#AOB11460, Aobious) in the presence of TGF for an additional
48 h. Following the treatment, NIH3T3 cells were subjected to IF or gene
expression analysis.

Chromatin immunoprecipitation (ChIP) assay

NIH3T3 cells transfected with SNAI1-Myc were fixed at 80% confluency from
10 cm culture dish by adding 1% PFA for 10 min and subsequently quenched
with glycine solution 0.125 M for 5 min. Then, the cells were harvested and
pooled together from four plates, and the chromatin was isolated using the
Pierce™ Magnetic ChIP Kit (Thermo Fisher) following the manufacturer’s
instructions. The sonication was performed in 15 cycles of 30-s on/off
intervals in a Bioruptor® Pico sonication device (Diagenode). Finally, the
immunoprecipitation and DNA isolation were performed using the same
Pierce™ Magnetic ChlP Kit and the anti-Myc antibody listed in Supplementary
Table 1. The isolated DNA was used for direct qPCR reaction.

Vivo-morpholino treatment

Snail1 Vivo-morpholino (Snail1-MO) (5’-TGAACTCTGCGGGAAGAGAAGA-
GAC-3’) against the boundary sequences of the intron 1 and exon 2 of
Snaill gene and standard control morpholino (Control-MO) that targets
human B-globin intron mutation (5’-CCTCTTACCTCATTACAATTTATA-3)
were designed (by Gene Tools). C57BL/6 mice aged 7 weeks were injected
in the tail vein with Braf'®°t-5555 -Luciferase cells. 10dpi, a solution
containing Snail1-MO or Control-MO in saline (100 ul; 6 mg MO per kg) was
injected in the tail vein of the corresponding mice every other day. After
20 days mice were sacrificed and lungs were processed, sectioned, and
subjected to analysis.

Statistical analysis

All statistical tests were performed using GraphPad Prism 8 software.
Student’s t-test or One-way ANOVA with Bonferroni’s multiple compar-
ison 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 difference
between groups were represented as follows: * = p < 0.05, ** = p<0.01,
*** — p<0.001 and **** = p <0.0001.
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DATA AVAILABILITY

Single Cell RNAseq data from [42] are accessible via supplementary information or
ArrayExpress: E-MTAB-7427. Bulk RNAseq data of sorted fibroblasts from [43] were
accessed via EGAS00001002508. The datasets generated during the current study are
available from the corresponding author on reasonable request.
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SUPPLEMENTARY FIGURES AND LEGENDS

Supplementary Figure 1 (Related to Figure 1)
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Supplementary Figure 2 (Related to Figure 2)
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Supplementary Figure 3 (Related to Figure 2)
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Supplementary Figure 4 (Related to Figure 4)
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Supplementary Figure 5 (Related to Figure 5)
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1 (Related to Figure 1). Snaill expression in different
syngeneic melanoma models.

Representative images of double immunolabeling for SNAIL1 (white) and GFP (green,

. . . .. ME
melanoma cells) in subcutaneous tumours in tamoxifen-treated Snaill™ -WT (stromal

cells in red) upon injection of different mouse melanoma cell lines tagged with GFP: 5555

V600E V600E flox/+ V600E flox/flox

(BRAF"%); FCT1 (BRAFPTEN"); YUMM1.7 (BRAF “*PTEN"""Cdkn2a™);

B16F10 (BRAF'NRAS""). Scale bars: 50um.

Supplementary Figure 2 (Related to Figure 2). Snaill targeting in PDGFRa’
fibroblasts reduces melanoma growth.

(a) Representative images of double immunolabeling for SNAI1 (white) and CD45

V600E

(green, immune cells) in BRAF /Pten”/tdTomato melanoma model. tdTomato

indicates melanoma cells (red). (b) Representative images of immunolabelling for SNAI1

(white) in PDGFRa-CreERT2-tdTomato (PDGFRa-Snaill WT) (left) and PDGFRa-

flffl

CreERT2-tdTomato-Snaill™ (PDGFRa-Snaill KO) (right) tumours upon tamoxifen

administration. tdTomato indicates PDGFRa" cells (red). (c) Braf "°"-5555 tumour

growth curves in PDGFRa-Snaill WT and PDGFRa-Snaill KO mice (h=7 WT and n=6
KO). Data are represented by MeantSEM and statistically significant differences are

tested by unpaired two-tailed Student t-test (*=p<0.05 and **=p<0.01). Scale bar: 50um.



Supplementary Figure 3 (Related to Figure 2). Isolation strategy and

transcriptomic analysis of Pdgfro(+ CAFs from Snail1"-WT and Snail1" -KO mice.

V600E

(&) In vivo experiment designed to isolate fibroblast from Braf -5555 melanomas

grown subcutaneously in Snaill"*-WT and Snail1"“-KO mice. Tumour growth graph of
an experiment showing the selected time point for the CAFs isolation (SnaillME—WT=7

and SnaillME—KO=7). (b) Representative images of double immunolabeling for SNAI1

(green) and different CAFs markers (magenta), in cells isolated from tumours in (a) after

FACS-sorting (Pdgfra’tdTomato 'GFP). Scale bars: 50pm. (c) Snaill mRNA levels

assessed by RT-gPCR to validate the fibroblasts population isolated by FACS

(Pdgfra+thomato+GFP') from tumours in (a) (samples from 3 animals with the same

genotype were pooled for each condition). (d) Volcano plot of Log, fold change of DEGs

between Snaill-WT and Snaill-KO fibroblast samples. The red dots on the right

represent the upregulated genes and the red dots on the left the downregulated genes.

(e) Transcript quantification in Pdgfrofthomato+ fibroblasts subjected to RNA-Seq (Fig.
2d, e) (counts per million, CPM) from melanomas growing in Snail1-WT (WT) and Snaill-

KO (KO) mice. (f) Gene set enrichment analysis (GSEA) showing enrichment of the

indicated signatures in the Snaill"®-WT and Snail1"*-KO CAFs from tumours. NES,
normalized enrichment score. Data are represented by Mean+SEM and statistically

significant differences are tested by unpaired two-tailed Student t-test (*=p<0.05).

Supplementary Figure 4 (Related to Figure 4). Fap and Snaill correlation across
cancer types.

Pearson correlation analysis between Fap and Snaill expression using all cancer types
from The Cancer Genome Atlas program (TCGA) database. The graph includes cancer
types with a significant correlation (p-value <0.05). Positive correlation is represented in

red and negative correlation in blue.



Supplementary Figure 5 (Related to Figure 5). Snaill is expressed in PdgfrofCAFs

. . . |
in lung metastases from an inducible BRAF “*/pten”“/tdTomato melanoma

model.

Representative images of double immunolabeling for SNAI1 (white) and PDGFRa

V600E loxP

(green, fibroblasts) in BRAF /Pten " /tdTomato melanoma lung metastases.

tdTomato indicates melanoma cells (red). Scale bar: 50um.



Supplementary Table 1. Antibodies

Antibody Concentration Species and type Provider (Cat #)
Myc-tag (ChiP) 1:500 Goat pAb Abcam (ab9132)
IgG (ChiP) 1:500 Rabbit Thermo Fisher kit (1862739)
Snaill 1:50 Rabbit monoclonal Cell Signalling (C15D3, 3879)
GFP 1:500 Chicken polyclonal Aveslab (Ziﬁgloe)ntlflc, GFP-
PDGFRa 1:100 Rat monoclonal Invitrogen (ng’oa’ 14-1401-
Kl-67 1:1000 Rabbit polyclonal Abcam (ab15580)
cglses/\gdé 3 1:500 Rabbit monoclonal Cell signalling (5A1E, 9664)
a-SMA 1:1000 Mouse monoclonal Sigma (A2547)
CD45 1:350 Rat monoclonal BD Pharmingen™ (550539)
PDGFRa-APC 1:50 Rat monoclonal Biolegend (135908)
CD11b-APC 1:50 Rat monoclonal Biolegend (101211)
Ly6C-FITC 1:50 Rat monoclonal Biolegend (128005)
Ly6G-APC/Fire 1:50 Rat monoclonal Biolegend (127651)
CD3-APC 1:50 Rat monoclonal Biolegend (100235)
CD4-APC/Fire 1:50 Rat monoclonal Biolenged (100459)
CD8a-FITC 1:50 Rat monoclonal Biolegend (100705)
CD45-APC 1:50 Rat monoclonal Biolegend (103112)
CD11c-APC/Fire 1:50 Armenian Hamster Biolegend (117352)
monoclonal
CD22-FITC 1:50 Rat monoclonal Biolegend (126106)
CD335-FITC 1:50 Rat monoclonal Biolegend (137606)
FOXP3-AF488 1:50 Rat monoclonal Biolegend (126406)
Alexa Fluor 488 1:500 Goat anti-rabbit Invitrogen (A11008)
Alexa Fluor 488 1:500 Goat anti-chicken Life Technologies (A11039)
Alexa Fluor 488 1:500 Goat anti-rat Invitrogen (A11006)
Alexa Fluor 647 1:500 Goat anti-rabbit Life Technologies (A27040)
Alexa Fluor 647 1:500 Goat anti-rat Invitrogen (A21247)
Alexa Fluor 647 1:500 Donkey anti-mouse Invitrogen (A31571)




Supplementary Table 2. Primer Sequences

Gene Primer Sequence (5’°->3’)
MTBP Fw CCTTGTACCCTTCACCAATGAC
mTBP Rv ACAGCCAAGATTCACGGTAGA
mSnaill Fw CAGCTGCTTCGAGCCATAGA
mSnaill Rv TGAGGGAGGTAGGGAAGTGG
mSnaill-e2 Fw (VM experiment) CACGCTGCCTTGTGTCT
mShaill-e3 Rv (VM experiment) GAATGGCTTCTCACCAGTGT
mSnaill-exonl Fw (RT-PCR) AGTTGACTACCGACCTTGCG
mSnaill-exon3 Rv (RT-PCR) TGGTATCTCTTCACATCCGAG
MFAP Fw GGCTGGGGCTAAGAATCCG
mFAP Rv GCATACTCGTTCACTGGACAC
mPDGFRa Fw GGCACAGGTCACCACGAT
mPDGFRa Rv GCGAGTTTAATGTTTATGCCTTG
mCollal Fw TAAGGGTCCCCAATGGTGAGA
mCollal Rv GGGTCCCTCGACTCCTACAT
mColla2 Fw GCTCCTCTTAGGGGCCACT
mColla2 Rv ATTGGGGACCCTTAGGCCAT
mCD3 Fw CAGTCAAGAGCTTCAGACAAG
mCD3 Rv GATGGCTGTACTGGTCATATTC
mArgl Fw CCGATTCACCTGAGCTTTGA
mArgl Rv AAAGGAGCCCTGTCTTGTAAAT
mCD8 Fw CCATGAGGGACACGAATAATAA
mCD8 Rv GAGTTCACTTTCTGAAGGACTG
mFOXP3 Fw CAATAGTTCCTTCCCAGAGTTC
mFOXP3 Rv TCGGATAAGGGTGGCATAG
BS1 Fw (ChiP) GCGCTTGCTTTAGTGGTGAT

BS1 Fw (ChiP)

TTTGGAAAATAGGCACTTAGGA

BS2 Fw (ChiP)

ATTTGGCTCCACTGTTCTTCC

BS2 Fw (ChiP)

CCGTTTTATTTCACCTTTTTGTT

BS3 Fw (ChiP)

TGGAGACACCATATTCTAGCAAC

BS3 Fw (ChiP)

TTCATTTTGGCTAAGTCCACATA

BS4 Fw (ChiP)

TTTCTCTCGGATTGACGCCT

BS4 Rv (ChiP)

CAAATTGAAGCAGTACCAGGCA

BS5 Fw (ChiP)

TGGATCAATGTCATTCTGTCTG

BS5 Fw (ChiP)

TCTTGGAGCTCCTGCTGAGT

NC Fw (ChiP)

ATTTTGTGCTGCATAACCTCCT

NC Rv (ChiP)

TAGCAACATCCTAAGCTGGACA
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