
Article

Melanocyte differentiation and mechanosensation
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Abstract

Melanocyte dysfunctions can lead to pigmentation disorders or
melanoma. Melanocytes interact context-dependently with various
types of ECM, including collagens and fibronectin. Alterations in
ECM composition and stiffness can impact cell behavior, but their
specific roles for melanocyte functions remain unclear. We here
exposed melanocytes to different ECM proteins and varying sub-
strate stiffnesses, and identified MITF, a key regulator of melano-
cyte differentiation and function, as an ECM- and mechanosensitive
transcription factor. Moreover, distinct ECM proteins and substrate
stiffness engaged a FAK/MEK/ERK/MITF signaling axis to control
melanocyte functions. Collagen I restricted FAK and ERK activation,
promoting elevated nuclear MITF levels, melanocyte proliferation
and a differentiated transcriptomic signature. Conversely, fibro-
nectin elicited FAK and ERK activation, reduced nuclear MITF,
increased motility and a dedifferentiated transcriptomic signature.
On fibronectin, inhibiting MEK/ERK activity caused increased MITF
nuclear localization and enhanced melanogenesis. Additionally,
FAK inhibition reduced ERK activation and enhanced melanogen-
esis, supporting that FAK acts upstream of ERK. Finally, melano-
cytes show ECM-dependent mechanoresponses. In summary,
extrinsic cues exert substantial effects on melanocyte function,
involving ERK-dependent MITF regulation.
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Introduction

Melanocytes (MCs) are pigment-producing cells found in the basal
layer of the skin epidermis, and in various organs such as the brain,
heart, and eyes (Centeno et al, 2023). The pronounced dendritic
morphology of cutaneous MCs enables an efficient melanosome
transfer to surrounding keratinocytes, providing photoprotection
(Benito-Martínez et al, 2021; Cui and Man, 2023; Domingues et al,
2020; Hirobe, 2014; Prospéri et al, 2024). Dysfunctions of MCs can
cause pigmentation disorders such as albinism and vitiligo
(Coutant et al, 2024), and can lead to malignant transformation
into melanoma, an aggressive form of skin cancer responsible for
most skin cancer-related deaths (Matthews et al, 2017).

The specification and differentiation of MCs from the neural
lineage are governed by the melanocyte-inducing transcription
factor (MITF). MITF regulates MC differentiation by controlling
the expression of pigmentation genes (e.g., Tyr, Trp1, and Trp2)
and maintains cellular homeostasis by modulating genes involved,
among others, in cell cycle progression (e.g., Cdk2) and apoptosis
(e.g., Bcl2) (Goding and Arnheiter, 2019; Kawakami and Fisher,
2017). MITF is also a major player in melanoma progression,
influencing both the melanoma cell differentiation state and
plasticity, contributing to high tumor heterogeneity. Within a
single tumor, different cell states co-exist: highly differentiated,
proliferative melanocytic cells, which are associated with high
MITF levels, whereas slow-cycling, dedifferentiated, invasive stem-
like cells correlate with low MITF levels (Arozarena and Wellbrock,
2019; Carreira et al, 2006; Cheli et al, 2011; Hoek et al, 2008; Müller
et al, 2014; Popovic and Tartare-Deckert, 2022; Rambow et al, 2019;
Tirosh et al, 2016; Tsoi et al, 2018; Wouters et al, 2020).
Interestingly, differentiated MCs can give rise to melanoma
through a process that includes their reprogramming and
dedifferentiation (Köhler et al, 2017). However, the specific factors
and mechanisms driving this dedifferentiation of mature MCs, and
the role of MITF in these processes, remain poorly understood.
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Therefore, understanding how MITF affects MC plasticity and
identifying novel factors that regulate MITF expression and activity
could provide new insights into the mechanisms underlying MC
transformation.

In addition to the heterotypic cell-cell interaction with
keratinocytes, MCs are in direct contact with the basement
membrane, a specialized extracellular matrix (ECM) rich in type
IV collagen (COL IV), which forms the junction with the
underlying dermis, comprising type I collagen (COL I) and
fibronectin (FN) (Pfisterer et al, 2021). This implies that under
physiological conditions, COL IV is the predominant ECM type
epidermal MCs are exposed to, whereas interactions with dermal
COL I and FN can occur due to altered basement membrane
integrity, for instance, following injury or chronic UV exposure
(Amano, 2009, 2016; Fisher and Rittié, 2018; Iriyama et al,
2011, 2020; Yoshihisa et al, 2014). Within the skin, a wide range
of stiffness has been reported for different compartments, ranging
from lower kPa (dermis-like) to lower MPa (epidermis-like) values
(Biggs et al, 2020; Feng et al, 2022; Graham et al, 2019).
Importantly, the cellular microenvironment, including ECM
components and tissue stiffness, significantly impacts cell fate
and function (Bonnans et al, 2014; Guilak et al, 2009; Walma and
Yamada, 2020). Cells adapt to these molecular and mechanical
parameters by transmitting environmental signals to intracellular
signal transduction pathways, including mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK) path-
ways (Tan et al, 2023). Crucial for this process are focal adhesions
(FAs), dynamic multi-protein complexes at the plasma membrane
that link the ECM to the actin cytoskeleton via transmembrane
receptors such as integrins. Notably, focal adhesion kinase (FAK), a
key signaling protein within FAs, is activated through integrin
engagement with the ECM, resulting in autophosphorylation and
activation of downstream signaling pathways like MAPK/ERK
(Paszek et al, 2005). In various cell systems, such signal activation
downstream of ECM cues has been reported to affect the
localization and activation levels of various transcription factors
and coregulatory factors, such as Yes-associated protein (YAP),
leading to gene expression changes that impact processes like
proliferation, survival, or differentiation (Ishihara and Haga, 2022).

In melanoma cells, MAPK signaling components have recently
been reported to negatively regulate MITF nuclear localization and
activity in melanoma cells: rapidly accelerated fibrosarcoma (RAF)
proteins, acting upstream of ERK, interact directly with MITF,
causing its cytoplasmic retention and reduced transcriptional
activity (Estrada et al, 2022), while MAPK/ERK signaling, in
collaboration with glycogen synthase kinase 3 (GSK3), controls
MITF nuclear export (Ngeow et al, 2018). The transcriptional co-
activator YAP, known to translocate into the nucleus in response to
ECM stiffening in various cell types (Cai et al, 2021; Dupont et al,
2011; Huang et al, 2022; Miskolczi et al, 2018), promotes MITF
expression in uveal and cutaneous melanoma cells (Barbosa et al,
2023; Miskolczi et al, 2018) and serves as MITF cofactor in uveal
melanoma (Barbosa et al, 2023). This indicates a dual role of YAP
in the control of MITF in melanoma. However, whether and how
ECM cues modulate MITF remains to be elucidated.

So far, studies have separately explored the roles of ECM type
and substrate stiffness for MC biology. For example, Hara et al
reported that COL IV stimulates dendricity in human MCs on glass
substrates (considered as ultra-hard stiffness) (Hara et al, 1994),

while melanin production on stiff PDMS substrates (5.5 MPa)
coated with laminin is higher compared to softer counterparts
(from 50 kPa to 1.8 MPa) (Choi et al, 2014). However, the potential
synergistic effects of substrate stiffness and ECM components on
MC functions remain to be defined. Understanding such effects is
particularly important since the ECM undergoes continuous
remodeling that includes de novo synthesis and degradation
(Pfisterer et al, 2021). Various factors, such as skin aging,
inflammation, sunlight exposure, wound healing, and fibrosis, can
promote ECM remodeling, potentially resulting in aberrant ECM
modifications (Pfisterer et al, 2021), which may modify the
presentation of ECM ligands and alter substrate stiffness. For
instance, during wound healing, the ECM transitions from an FN-
rich provisional matrix to a COL I–rich structure as the tissue
repairs. Nevertheless, it is still insufficiently understood how
substrate stiffness influences the cellular responses to specific
ECM components, and, conversely, whether cells need to engage in
particular ECM interactions in order to sense environmental
stiffness features.

This study investigated whether and how substrate stiffness and
ECM components act together to modulate MC functions. We
compared the combined effects of various ECM proteins and
substrate stiffness on MC behavior. Given that MITF plays a central
role in integrating environmental signals to regulate key aspects of
MC identity, function, and plasticity—and considering its known
regulation by the MAPK/ERK pathway, which mediates ECM
signal transduction—we hypothesized that MITF may serve as a
key effector of ECM-dependent cues in MCs. By investigating how
ECM composition and mechanical properties affect MITF activity,
we aimed to uncover mechanisms through which the microenvir-
onment shapes MC behavior and plasticity. Our results revealed
that ECM components control MC differentiation and function via
an FAK-MEK-ERK-MITF axis, with different ECM types deter-
mining the ability of MCs to perceive and respond to mechanical
stimuli in their environment.

Results

ECM components differentially affect MC morphology,
adhesion and migration

To assess how extracellular mechanical cues affect MC behavior, we
employed PDMS substrates of varying stiffnesses: ≈45 kPa, defined
here as soft (Fig. EV1A), ≈140 kPa as intermediate (Fig. EV1B) and
≈900 kPa as stiff (Fig. EV1C). This range was chosen to reflect the
wide range of stiffness found within the skin and because increased
environmental stiffness is associated with multiple pathologies
(Diazzi et al, 2020; Pfisterer et al, 2021; Wang et al, 2023). To mimic
both normal and altered ECM conditions, COL IV-, COL I-, and
FN-coated substrates of varying stiffness were used for cultures of
either primary (pMCs) or immortalized murine MCs (stably
expressing membrane-targeted tandem dimer Tomato; iMCs,
generated for this study), followed by molecular, cellular, and
functional assays.

Interestingly, visual inspection in phase-contrast and fluores-
cence microscopy revealed distinct ECM-specific phenotypes, with
COL I and FN eliciting opposing cellular responses. iMCs cultured
on FN-coated substrates exhibited a more dendritic shape
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compared to the mostly bi- or tripolar MCs grown on COL I (Fig.
1A). To examine this phenotype further, we performed a Sholl
analysis (Figs. 1A–C and EV2A; Binley et al, 2014; Sholl, 1953).
Quantification of the dendritic complexity of MCs (Fig. 1B) and
the corresponding Sholl profile (Figs. 1C and EV2A) confirmed
that most iMCs exposed to COL IV and FN displayed between four
to seven dendrites, whereas MCs grown on COL I exhibited mostly
two to three dendrites (Fig. 1B). Noteworthy, over the range of
stiffnesses tested, MC dendricity was not impacted by substrate
stiffness, irrespective of the ECM protein type used (Fig. EV2A).

Since cell spreading is regulated by coordinated changes in
adhesions to ECM and cytoskeletal reorganization, we next
examined the cell area as well as key cell adhesion parameters.
Among these, FAK activity by means of its autophosphorylation (p-
FAK) and quantification of the number of focal adhesions (FAs)
per cell served as indicators of responses resulting from MC-ECM
interactions. In both pMCs and iMCs, the smallest cell area was
detected on COL I (Figs. 1D,E and EV3A) and correlated with the
lowest p-FAK levels (Figs. 1D,F and EV3B), whereas the largest cell
areas (Figs. 1D,E and EV3A) were found on FN, correlating with
high p-FAK signals (Figs. 1D,F and EV3B). Substrate stiffness,
however, seemed to have less influence on the cell area: apart from
a slight increase from soft to intermediate stiffness in iMCs cultured
on COL I, we did not note significant changes of the cell area across
the different substrate stiffnesses, regardless of the ECM protein
used (Figs. 1E and EV3A). In contrast, both p-FAK and the number
of FAs per μm² exhibited a significant stiffness-mediated increase in
MCs grown on FN-coated substrates (Figs. 1F,G and EV3B,C).
Conversely, the overall low p-FAK levels in COL I-exposed iMCs
even decreased with stiffness (Fig. 1F), highlighting that stiffness
sensing in MCs depends on the ECM type.

Finally, since cell morphology and FAs are closely linked to cell
movement, we investigated whether the distinct ECM molecules
influence MC motility. Live-cell imaging of iMCs revealed that both
the distance traveled (Fig. 2A–C) and velocity (Fig. 2D) of cell
migration decreased on COL I compared to COL IV and FN,
whereas FN-grown iMCs showed increased motility (Fig. 2A–C)
and faster migration (Fig. 2D) relative to their COL IV-grown
counterparts.

Together, these data show that COL I and FN trigger opposite
morphological, adhesive and migratory phenotypes in MCs.

COL I and FN have opposite effects on melanin
production and MC proliferation

Given the observed role of ECM components for MC morphology
and migration, we next investigated whether ECM cues influence
other MC functions. As a hallmark task of MCs, we examined their
melanin production by measuring both intracellular melanin
contents and melanin released into the culture medium. iMCs
grown on COL I-coated substrates exhibited the highest intra- and
extracellular melanin content, while melanin levels on FN were
lowest compared to COL I and COL IV (Fig. 3A,B). Notably, the
expression of Tyr, an essential gene for melanogenesis, correlated
with melanin production, exhibiting a higher expression in iMCs
exposed to COL I than in those exposed to FN (Fig. 3C).
Like iMCs, pMCs cultured on FN produced the least melanin on
soft and intermediate stiffness (Fig. EV3D). For all ECM types
tested, the highest values for melanin production were observed at

high stiffness (Figs. EV3D and 3A,B). Collectively, these data
demonstrated that compared to COL I, FN restricts melanin
production.

Using a BrdU assay, we next evaluated MC proliferation. While
stiffness had no effect on MC proliferation in the presence of COL
IV and FN, we observed a higher proportion of BrdU-positive iMCs
when exposed to stiff COL I-coated substrates, indicating a
synergistic effect of COL I and stiffness on MC proliferation
(Fig. 3D). Among the three ECM types tested, FN exposure resulted
in the lowest proliferation rates (Fig. 3D), a finding that could be
further confirmed by Ki67 immunostaining (Fig. 3E), as well as
live-cell imaging followed by quantification of the percentage of
dividing cells (Fig. 3F). Overall, these experiments revealed a
stiffness-dependent proliferative phenotype triggered by COL I,
while FN appears to restrict cell division of MCs.

Together, our findings show that melanin production and Tyr
expression are highest in MCs exposed to COL I and lowest in FN-
grown MCs. Moreover, cell proliferation was lowest on FN, and
stiffness-mediated increase in proliferation was only observed on
COL I-coated substrates, suggesting that MC mechanoresponses
depend on the ECM type.

MITF nuclear localization is modulated by ECM
molecules and substrate stiffness, but does not correlate
with nuclear YAP

Our data indicate an ECM-dependent regulation of MC prolifera-
tion and melanin production, with COL I and FN driving opposite
effects on these cellular functions. Considering the central role of
the transcription factor MITF in the control of both melanogenesis
and cell cycle progression (Goding and Arnheiter, 2019), and
taking into account the observed increase of the MITF target gene
Tyr on COL I (Fig. 3C), we next examined the impact of ECM
cues on the protein levels and subcellular localization of MITF
(Figs. 4A–C and EV3E). Although overall MITF levels were slightly
higher on FN compared to COL I, nuclear MITF intensity showed a
1.5-fold increase on COL I compared to FN (Fig. 4A, B). When
considering the percentage of nuclear MITF relative to total cellular
levels, a 2.6-fold enrichment was observed in MCs exposed to COL
I compared to those on FN (Figs. 4A,C and EV3E). These
differences align with elevated melanin production on COL I and
suggest that ECM components influence MITF subcellular
distribution.

Furthermore, a stiffness-mediated increase of MITF nuclear
localization was noted in MCs on COL I (Figs. 4B,C and EV3E), thus
identifying MITF as an ECM- and mechanosensitive transcription
factor. The contrasting phenotypes of MCs grown on COL I vs. FN
were also evident when correlating nuclear MITF levels to the cell area
(Fig. EV4A): while MCs grown on COL I were characterized by a low
ratio of cell area to nuclear MITF compared to COL IV, FN-exposed
MCs showed high ratios, i.e., a large cell area was associated with low
MITF. Interestingly, this ratio decreased with substrate stiffness on
COL I and FN but not on COL IV (Fig. EV4A), suggesting that
changes in nuclear MITF are not linearly related to morphological
changes in response to ECM. siRNA-mediated knockdown of MITF
(Fig. EV4B) confirmed the principal role of MITF for melanin
production on both COL I and FN (Fig. 4D).

Given that YAP is a transcriptional co-activator known to
translocate into the nucleus in response to ECM stiffening in
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Figure 1. ECM components determine the morphology and adhesion of immortalized melanocytes.

iMCs were cultured overnight on substrates of varying stiffness, defined here as soft (PDMS ratio 1:60 ≈ 40 kPa), intermediate (PDMS ratio 1:35 ≈ 130 kPa) and stiff
(PDMS ratio 1:10 ≈ 1 MPa) coated with COL IV, COL I or FN. (A) Top: Representative micrographs of iMCs, expressing td-Tomato, cultured overnight on stiff substrates
coated with COL IV, COL I or FN; scale bar: 20 µm. Bottom: Representative binary image of cells used for Sholl analysis, with radius drawn every 5 µm. (B) Quantification of
the number of dendrites of iMCs; graph indicating the percentage of cells exhibiting 2 or 3 dendrites, between 4 and 7, or more than 7 dendrites; mean ± SEM, N= 3
(biological replicates), n(cells) ≥85. (C) Graphs showing the Sholl profile analysis, plotting the number of dendrite intersections against the distance from the cell body.
The SEM are represented by the connecting curve (dotted line); N= 3 (biological replicates), n(cells) ≥85. Each curve represents an ECM type, and each graph represents
a substrate stiffness condition; Welch ANOVA test: 1:60: *p= 0.0101 (COL I vs. FN), *p= 0.024 (COL I vs. COL IV), ns p= 0.3119 (FN vs. COL IV); 1:35: **p= 0.0057
(COL I vs. FN), *p= 0.0142 (COL I vs. COL IV), ns p= 0.1536 (FN vs. COL IV); 1:10: **p= 0.0019 (COL I vs. FN), *p= 0.0138 (COL I vs. COL IV), *p= 0.0362 (FN vs. COL
IV). (D) Representative micrographs of iMCs (expressing membrane-targeted tandem dimer (td) Tomato) cultured on stiff substrates coated with COL IV, COL I or FN and
immunostained for p-Y397-FAK and with DAPI; scale bar: 20 µm. (E) Quantification of the cell area of iMCs; violin plots display the medians and distributions of cell area
in each condition; N= 3 (biological replicates), n(cells) ≥69; Kruskal–Wallis test: COL IV: ns p > 0.9999 (1:60 vs. 1:35), ns p= 0.8765 (1:60 vs. 1:10), ns p > 0.9999 (1:35 vs.
1:10); COL I: ****p < 0.0001 (1:60 vs. 1:35), ns p= 0.2148 (1:60 vs. 1:10), *p= 0.234 (1:35 vs. 1:10); FN: ns p= 0.3094 (1:60 vs. 1:35), ns p > 0.9999 (1:60 vs. 1:10), ns
p= 0.3022 (1:35 vs. 1:10); 1:60: ****p < 0.0001 (COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), *p= 0.0482 (FN vs. COL IV); 1:35: ****p < 0.0001 (COL I vs. FN),
**p= 0.0033 (COL I vs. COL IV), ns p > 0.9999 (FN vs. COL IV); 1:10: ****p < 0.0001 (COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), ns p= 0.4259 (FN vs. COL IV).
(F) Quantification of p-FAK levels; violin plots show the medians and distributions of the integrated density of p-FAK per cell; N ≥ 4 (biological replicates), n(cells) ≥82;
Kruskal–Wallis test: COL IV: ns p= 0.4894 (1:60 vs. 1:35), ns p= 0.0928 (1:60 vs. 1:10), ns p > 0.9999 (1:35 vs. 1:10); COL I: ns p= 0.3868 (1:60 vs. 1:35), ****p < 0.0001
(1:60 vs. 1:10), ****p < 0.0001 (1:35 vs. 1:10); FN: ns p= 0.282 (1:60 vs. 1:35), *p= 0,0359 (1:60 vs. 1:10), ns p= 0.8607 (1:35 vs. 1:10); 1:60: *p= 0.0256 (COL I vs. FN), ns
p= 0.0604 (COL I vs. COL IV), ns p > 0,9999 (FN vs. COL IV); 1:35: ****p < 0.0001 (COL I vs. FN), *p= 0.0427 (COL I vs. COL IV), *p= 0.0311 (FN vs. COL IV); 1:10:
****p < 0.0001 (COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), ***p= 0.0005 (FN vs. COL IV). (G) Quantification of the number of focal adhesions per µm2 per cell with
violin plots displaying medians and distributions; N ≥ 3 (biological replicates), n(cells) ≥65; Kruskal–Wallis test: COL IV: ns p > 0.9999 (1:60 vs. 1:35), ns p= 0.9173 (1:60
vs. 1:10), ns p > 0.9999 (1:35 vs. 1:10); COL I: ns p > 0.9999 (1:60 vs. 1:35), ns p > 0.9999 (1:60 vs. 1:10), ns p= 0.375 (1:35 vs. 1:10); FN: *p= 0.0363 (1:60 vs. 1:35),
****p < 0.0001 (1:60 vs. 1:10), ****p < 0.0001 (1:35 vs. 1:10); 1:60: ns p > 0,9999 (COL I vs. FN), ns p > 0.9999 (COL I vs. COL IV), ns p= 0.0733 (FN vs. COL IV); 1:35: ns
p > 0.9999 (COL I vs. FN), ns p > 0.9999 (COL I vs. COL IV), ns p > 0.9999 (FN vs. COL IV); 1:10: ****p < 0.0001 (COL I vs. FN), *p= 0.017 (COL I vs. COL IV), ns
p > 0.9999 (FN vs. COL IV). AU arbitrary units. Source data are available online for this figure.

Figure 2. Differential effects of ECM proteins on iMC motility, with COL I decreasing and FN increasing motility.

(A) Image showing the temporal color code analysis from live-cell imaging of iMCs cultured overnight in a plastic chamber coated with COL IV, COL I, or FN to visualize
cell dynamics over time. The different colors represent morphology and position of the iMCs at a given time (20min intervals), with the color gradient indicating time
progression (from 0 to 240min); scale bar: 50 µm. (B) Tracks showing the path and distance of cells (one cell= one track) relative to the point of origin (time point zero)
in the x and y plane (representative of one experiment). (C) Quantification of total distance traveled by iMCs; violin plots show the medians and distributions; N= 3
(biological replicates), n(cells) ≥113; Kruskal–Wallis test: ****p < 0.0001 (COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), *p= 0.0239 (FN vs. COL I). (D) Quantification
of mean speed of iMCs; violin plots show the medians and distributions N= 3 (biological replicates), n(cells) ≥113; Kruskal–Wallis test: ****p < 0.0001 (COL I vs. FN),
****p < 0.0001 (COL I vs. COL IV), ns p= 0.0792 (FN vs. COL IV). Source data are available online for this figure.
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Figure 3. COL I stimulates melanin production, and FN counteracts iMC proliferation.

(A) Representative example of total melanin produced by iMCs cultured for 72 h on substrates of varying stiffness (soft, intermediate or stiff) coated with COL IV, COL I,
or FN. (B) Quantification of intra- and extracellular melanin content by spectrophotometry at 405 nm from iMCs cultured as in (A); means ± SD, N ≥ 5 (biological
replicates); Welch ANOVA test: COL IV: ns p= 0.9634 (1:60 vs. 1:35), ns p= 0.6945 (1:60 vs. 1:10), ns p= 0.9057 (1:35 vs. 1:10); COL I: ns p= 0.9214 (1:60 vs. 1:35), ns
p= 0.7689 (1:60 vs. 1:10), ns p= 0.9936 (1:35 vs. 1:10); FN: ns p= 0.994 (1:60 vs. 1:35), ns p= 0.3219 (1:60 vs. 1:10), ns p= 0.4965 (1:35 vs. 1:10); 1:60: **p= 0.0033
(COL I vs. FN), *p= 0.0206 (COL I vs. COL IV), ns p= 0.7957 (FN vs. COL IV); 1:35: *p= 0.0154 (COL I vs. FN), ns p= 0.0517 (COL I vs. COL IV), ns p= 0.6287 (FN vs.
COL IV); 1:10: *p= 0.0193 (COL I vs. FN), ns p= 0.0515 (COL I vs. COL IV), ns p= 0.8636 (FN vs. COL IV). (C) Quantification of Tyr mRNA expression of iMCs cultured
overnight on substrates of varying stiffness (soft, intermediate or stiff) coated with COL IV, COL I, or FN; means ± SD, N= 5 (biological replicates); Kruskal–Wallis test:
COL IV: ns p= 0.221 (1:60 vs. 1:35), ns p= 0.4313 (1:60 vs. 1:10), ns p= 0.9644 (1:35 vs. 1:10); COL I: ns p= 0.7861 (1:60 vs. 1:35), ns p= 0.9965 (1:60 vs. 1:10), ns
p= 0.9095 (1:35 vs. 1:10); FN: ns p= 0.9733 (1:60 vs. 1:35), ns p= 0.0926 (1:60 vs. 1:10), ns p= 0.0636 (1:35 vs. 1:10); 1:60: *p= 0.0144 (COL IV vs. COL I), ns p= 0.0722
(COL IV vs. FN), **p= 0.004 (COL I vs. FN); 1:35: ***p= 0.0002 (COL IV vs. COL I), **p= 0.0089 (COL IV vs. FN), ****p < 0.0001 (COL I vs. FN); 1:10: *p= 0.0241 (COL
IV vs. COL I), ns p= 0.4891 (COL IV vs. FN), **p= 0.0083 (COL I vs. FN). (D) Percentage of BrdU-positive cells from iMCs cultured 48 h on substrates of varying stiffness
(soft, intermediate or stiff) coated with COL IV, COL I, or FN; means ± SD, N ≥ 4 (biological replicates); ordinary two-way ANOVA: COL IV: ns p= 0.9984 (1:60 vs. 1:35),
ns p > 0.9999 (1:60 vs. 1:10), ns p > 0.9999 (1:35 vs. 1:10); COL I: ns p > 0.9999 (1:60 vs. 1:35), *p= 0.0296 (1:60 vs. 1:10), **p= 0.0063 (1:35 vs. 1:10); FN: ns p= 0.6252
(1:60 vs. 1:35), ns p > 0.9999 (1:60 vs. 1:10), ns p= 0.7993 (1:35 vs. 1:10); 1:60: ns p= 0.0965 (COL I vs. FN), ns p= 0.9351 (COL I vs. COL IV), ns p= 0.6423 (FN vs. COL
IV); 1:35: **p= 0.0014 (COL I vs. FN), ns p > 0.9999 (COL I vs. COL IV), **p= 0.0025 (FN vs. COL IV); 1:10: ****p < 0.0001 (COL I vs. FN), **p= 0.0019 (COL I vs. COL
IV), ns p= 0.2238 (FN vs. COL IV). (E) Percentage of Ki67-positive iMCs cultured 48 h on stiff substrates; means ± SD, N= 4 (biological replicates); Welch ANOVA test:
ns p= 0.9366 (COL I vs. FN), ns p= 0.1935 (COL I vs. COL IV), *p= 0.0128 (FN vs. COL IV). (F) Percentage of dividing cells from live-cell imaging of iMCs cultured
overnight on COL IV, COL I, and FN; means ± SD, N= 3 (biological replicates); RM one-way ANOVA test: ns p= 0.0913 (COL I vs. FN), ns p= 0.7956 (COL I vs. COL IV),
*p= 0.0471 (FN vs. COL IV). AU arbitrary units. Source data are available online for this figure.
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various cell types, including melanoma cells (Miskolczi et al, 2018),
and that YAP may serve as a potential MITF partner in uveal
melanoma cells (Barbosa et al, 2023), we wondered whether YAP
could be associated with the observed ECM-dependent MC
phenotypes. We examined YAP subcellular localization and,
consistent with previous reports, observed a stiffness-mediated

increase in nuclear YAP, with the strongest response at inter-
mediate stiffness levels on COL IV and COL I, and on stiff FN-
coated substrates (Fig. 4E,F). Importantly, however, unlike nuclear
MITF, we hardly observed significant differences in nuclear YAP
when comparing the three ECM types, making it unlikely that MCs
utilize YAP for ECM-specific melanin production.
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Collectively, our findings suggest that ECM subtypes regulate
MC behavior and function likely through modulation of MITF
localization and activity, independently of YAP.

Bulk RNA sequencing confirms that ECM types elicit
significant changes in the expression of genes associated
with MC pigmentation and differentiation

Our data so far indicate that ECM composition modulates MITF
localization and activity in MCs, suggesting that ECM components
may influence MITF-regulated transcriptional programs. To
investigate this further and gain a broader understanding of how
ECM components shape the MC phenotype, we performed bulk
RNA sequencing (RNAseq) on iMCs cultured on stiff substrates
coated with COL IV, COL I, or FN (Figs. 5 and EV5). To capture
global transcriptomic changes associated with distinct ECM
environments and to identify gene signatures linked to MC
differentiation, plasticity, and other relevant pathways, we analyzed
the expression of MITF target genes, MC-specific genes, and
broader signaling networks that are associated with the phenotypic
shifts observed across ECM conditions.

Comparison of global transcriptomic profiles across the ECM
types used revealed a range of differentially expressed genes (DEGs)
(Figs. 5 and EV5B,C). Consistent with the reduced melanin
production observed for MCs on FN (Fig. 3B), several MITF-
dependent target genes, which are also pigmentation-related (e.g.,
Dct, Pmel, Tyr, and Gpr143), were significantly downregulated on
FN compared to COL I (Figs. 5A,B and EV5D). In addition, further
components involved in melanin biosynthesis and trafficking—
such as Oca2, Adcy2, and Rab27a—also showed reduced expression
on FN (Fig. 5A,B). Of note, some of the MITF-dependent DEGs
have previously been linked to apoptosis (Trpm1) and cell cycle

progression (Ccnd1, Cdkn1a) (Fig. 5A). Global gene expression
analysis indeed revealed further DEGs related to cell cycle control
and apoptosis (Fig. 5C,D), in line with the observed decrease in
proliferation of MCs cultured on FN when compared to COL I
(Fig. 3D,E). In addition, FN elicited differential expression of genes
associated with cellular senescence (Fig. 5E). Taken together, these
findings suggest that adhesion to FN promotes a transcriptional
program in MCs that may counteract cell cycle progression.

Considering that MITF-dependent gene expression overlapped
with transcriptional programs involved in melanocyte develop-
ment, and that these programs were downregulated in MCs
cultured on FN (Fig. 5A), we extended our analysis to gene
expression signatures associated with melanoma plasticity and
differentiation states (Arozarena and Wellbrock, 2019; Durand
et al, 2024; Huang et al, 2021; Konieczkowski et al, 2014; Pessoa
et al, 2021; Rambow et al, 2015, 2019; Tsoi et al, 2018). Comparing
FN to COL I revealed downregulation of genes associated with
melanocytic differentiation on FN, such as Apoe, next to the
previously mentioned MITF target genes (e.g., Dct, Pmel, Tyr,
Trpm1, Gpr143, and Irf4) and melanin biosynthesis-related genes
(e.g., Oca2, Adcy2) (Fig. 5A,B,F). However, core melanocytic factors
such as Sox10, Lef1, Creb1, Pax3, and Mlana (Fig. 5F) were not
significantly altered between COL I and FN, suggesting main-
tenance of lineage identity. In contrast, several genes associated
with cell plasticity (Tead1, Fzd4, and Tagln2) and neural crest-like
features (Ngfr and Erbb3) were significantly upregulated on FN
relative to COL I (Fig. 5G). Additionally, genes previously
associated with a dedifferentiated state, such as Axl, Itga8, Timp1,
Hmga1, and Nkd2, were upregulated on FN compared to COL I
(Fig. 5H). Finally, gene set enrichment analysis (GSEA) identified
“nervous system development” as the top enriched Reactome
pathway in iMCs cultured on FN compared to COL I (Fig. EV5E),

Figure 4. MITF nuclear localization is modulated by both ECM molecules and substrate stiffness.

(A) Representative micrographs of iMCs expressing td-Tomato cultured overnight on stiff substrates coated with COL IV, COL I or FN and stained for MITF and DAPI;
scale bar: 20 µm. A pseudo-color intensity scale (‘fire’ color map) was applied to enhance visualization of MITF nuclear localization. (B) Quantification of cytoplasmic and
nuclear MITF levels; graphs show the mean ± SEM of nuclear and cytoplasmic MITF intensities per cell 24 h post-plating on soft, intermediate, or stiff substrates coated
with COL IV, COL I, or FN; N ≥ 3 (biological replicates), n(cells) ≥89; Kruskal–Wallis test for nuclear MITF: COL IV: ns p= 0.5977 (1:60 vs. 1:35), ns p > 0.9999 (1:60 vs.
1:10), ns p= 0.1299 (1:35 vs. 1:10); COL I: ns p= 0.5303 (1:60 vs. 1:35), *p= 0.0156 (1:60 vs. 1:10), ****p < 0,0001 (1:35 vs. 1:10); FN: ns p= 0.1425 (1:60 vs. 1:35), ns
p > 0.9999 (1:60 vs. 1:10), ns p= 0.1758 (1:35 vs. 1:10); 1:60: ***p= 0.0004 (COL I vs. FN), **p= 0.0012 (COL I vs. COL IV), ns p > 0.9999 (FN vs. COL IV); 1:35: ns
p > 0.9999 (COL I vs. FN), ns p > 0.9999 (COL I vs. COL IV), ns p > 0.9999 (FN vs. COL IV); 1:10: ****p < 0.0001 (COL I vs. FN), ****p < 0,0001 (COL I vs. COL IV), ns
p > 0.9999 (FN vs. COL IV); Kruskal–Wallis test for total MITF: COL IV: ns p= 0.5921 (1:60 vs. 1:35), ns p > 0.9999 (1:60 vs. 1:10), ns p= 0.9814 (1:35 vs. 1:10); COL I: $
p= 0.0122 (1:60 vs. 1:35), ns p= 0.1163 (1:60 vs. 1:10), p < 0.0001 (1:35 vs. 1:10); FN: ns p= 0.9309 (1:60 vs. 1:35), $$ p= 0.0067 (1:60 vs. 1:10), ns p= 0.1094 (1:35 vs.
1:10); 1:60: $$ p= 0.002 (COL I vs. FN), $$ p= 0.0055 (COL I vs. COL IV), ns p > 0.9999 (FN vs. COL IV); 1:35: $$$$ p < 0.0001 (COL I vs. FN), $$$$ p < 0.0001 (COL I vs.
COL IV), ns p > 0.9999 (FN vs. COL IV); 1:10: $$$$ p < 0.0001 (COL I vs. FN), ns p > 0.9999 (COL I vs. COL IV), $ p= 0.0272 (FN vs. COL IV). (C) Quantification of
nuclear MITF levels; violin plots show the medians and distributions of the percentage of nuclear MITF per cell; N ≥ 3 (biological replicates), n(cells) ≥67; Kruskal–Wallis
test: COL IV: ns p= 0.5743 (1:60 vs. 1:35), ns p > 0.9999 (1:60 vs. 1:10), ns p= 0.8231 (1:35 vs. 1:10); COL I: ns p > 0.9999 (1:60 vs. 1:35), *p= 0.0305 (1:60 vs. 1:10),
**p= 0.004 (1:35 vs. 1:10); FN: ns p= 0.0601 (1:60 vs. 1:35), ns p > 0.9999 (1:60 vs. 1:10), ns p= 0.5688 (1:35 vs. 1:10); 1:60: ****p < 0.0001 (COL I vs. FN), ****p < 0.0001
(COL I vs. COL IV), ns p > 0.9999 (FN vs. COL IV); 1:35: ****p < 0.0001 (COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), ns p= 0.8645 (FN vs. COL IV); 1:10:
****p < 0.0001 (COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), ns p= 0.4252 (FN vs. COL IV). (D) Quantification of intracellular melanin levels following siRNA-
mediated MITF knockdown. iMCs were transfected with control siRNA (siCtrl) or MITF-targeting siRNA (siMITF) 4 h after plating on COL I or FN. Seventy-two hours post-
transfection, cells were harvested and melanin content was measured by spectrophotometry at 405 nm; means ± SD, N= 3 (biological replicates); Welch ANOVA test:
**p= 0.0062 (COL I - siCTL vs. FN-siCTL), *p= 0.0108 (COL I - siCTL vs. COL I – siMITF), *p= 0.0368 (COL I - siCTL vs. FN – siMITF), ns p= 0.9827 (FN - siCTL vs. COL
I – siMITF), ns p= 0.8274 (FN - siCTL vs. FN – siMITF), ns p= 0.671 (COL I - siMITF vs. FN – siMITF). (E) Representative micrographs of iMCs expressing td-Tomato
cultured overnight on stiff substrates coated with COL IV, COL I, or FN and stained for YAP and DAPI; scale bar: 20 µm. A pseudo-color intensity scale (“fire” color map)
was applied to enhance visualization of YAP nuclear localization. (F) Quantification of nuclear YAP levels; violin plots show the medians and distributions of the nuclear
integrated density of YAP per cell; N= 3 (biological replicates), n(cells) ≥71; Kruskal–Wallis test: COL IV: *p= 0.0147 (1:60 vs. 1:35), ns p= 0.3972 (1:60 vs. 1:10), ns
p= 0.4846 (1:35 vs. 1:10); COL I: ns p= 0.1505 (1:60 vs. 1:35), ns p > 0.9999 (1:60 vs. 1:10), *p= 0.0485 (1:35 vs. 1:10); FN: *p= 0.0112 (1:60 vs. 1:35), ***p= 0.0004 (1:60
vs. 1:10), ns p= 0.8248 (1:35 vs. 1:10); 1:60: *p= 0.0198 (COL I vs. FN); ns p > 0.9999 (COL I vs. COL IV), ns p > 0.9999 (FN vs. COL IV); 1:35: ns p= 0.6123 (COL I vs. FN),
ns p > 0.9999 (COL I vs. COL IV), ns p > 0.9999 (FN vs. COL IV); 1:10: ns p > 0.9999 (COL I vs. FN), ns p > 0.9999 (COL I vs. COL IV), ns p > 0.9999 (FN vs. COL IV). AU
arbitrary units, td-Tomato membrane-targeted tandem dimer Tomato. Source data are available online for this figure.
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further supporting the emergence of a phenotype characterized by
increased plasticity and reduced differentiation on FN.

Gene set enrichment analysis (GSEA) identified “ECM organi-
zation” and “Degradation of ECM” as the top enriched Reactome
pathway in iMCs cultured on FN compared to COL I (Fig. EV5E),
indicating transcriptional remodeling of ECM-associated genes in
response to ECM molecules. Among these, collagen genes (Col1a2
and Col9a3; Fig. 5I) were downregulated on FN, while non-
collagenous ECM components, including Fn1, Tnc, Hspg2, and
Thbs1, showed increased expression (Fig. 5I). In addition, ECM-
modifying genes (Sparc, Adam12, Serpine1; Fig. 5I) were also
upregulated, supporting a potential active ECM remodeling on FN.
Together, these gene expression patterns align with the emergence
of a cell state characterized by increased migratory potential and
plasticity in MCs grown on FN.

Interestingly, several integrin subunits were also differentially
expressed across ECM conditions (Fig. 5I). A broad repertoire of
integrins was found to be expressed in iMCs grown on COL IV,
COL I, and FN, including subunits commonly reported in MCs
(Arias-Mejias et al, 2020; Hara et al, 1994; Morelli et al, 1993; Pinon
and Wehrle-Haller, 2011; Scott et al, 1992), such as Itga2, Itga3,
Itga4, Itga5, ItgaV, Itgb1, and Itgb3, which mediate adhesion to
collagens and fibronectin (Fig. 5J,K). While most of these were
expressed independently of the ECM type used, we also noted that
Itga6, Itga7, Itga8, and Itgb8 were upregulated on FN, while Itga9
was upregulated on COL I (Fig. 5I). Taken together, our data
suggests that while ECM composition influences integrin gene
expression to some extent, changes in integrin profiles alone may
not fully account for the phenotypic differences observed between
the distinct ECM components.

ECM-dependent FAK/MEK/ERK activation controls
MITF localization and activity, as well as melanogenesis

Given the ECM-dependent phenotypic shifts in MCs, we next
analyzed expression changes in key signaling pathways— PI3K/Akt
(Larribere et al, 2004; Phung et al, 2011; Shi et al, 2016; Wang et al,
2016), Wnt (Colombo et al, 2022; Katkat et al, 2023; Sinnberg et al,
2018), and MAPK (Buscà and Ballotti, 2000; Estrada et al, 2022;
Ngeow et al, 2018; Ostojić et al, 2021; Wellbrock and Arozarena,
2015)— known to regulate MITF activity, melanocyte differentia-
tion, and plasticity. While only a few PI3K/Akt-associated genes
were differentially expressed, with Brca1 and Sgk2 downregulated
and Sgk1 upregulated on FN (Fig. 6A), Wnt signaling showed a
broader modulation (Fig. 6B). Among the DEGs, multiple
components—including the canonical target Ccnd1, the positive
regulators Frat2, Fzd4, and Ccdc88c, and the feedback inhibitor

Nkd2—were upregulated on FN, suggesting an activation of both
canonical and non-canonical Wnt signaling pathways, potentially
accompanied by feedback regulation (Fig. 6B). The most pro-
nounced transcriptional changes, however, were observed in MAPK
(Fig. 6C) and ERK signaling (Fig. 6D), reflected by a high number
of DEGs associated with these pathways. Some upstream activators
of ERK (Cnksr1, Rasgrp3, Pak3) were downregulated on FN
compared to COL I (Fig. 6C). In contrast, genes enhancing ERK
signaling (Igf2bp1, Irak2, Il1rap, and Ngfr) and transcriptional ERK
targets (Etv4, Il6, Tnc, Lif, and Col1a2) were upregulated on FN-
coated substrates (Fig. 6C,D). In addition, upstream modulators of
ERK, such as Erbb3, Axl, and Itga6, were also upregulated
(Fig. 6C,D).

These data pointed to ECM-driven remodeling of MAPK/ERK
signaling, prompting us to directly assess ERK activation in iMCs
grown on COL IV, COL I, and FN. Immunoblot analyses of ERK1/2
phosphorylation (p-ERK) revealed an ECM-dependent modulation of
ERK activity, with FN-grown iMCs featuring highest p-ERK levels,
and COL I-exposed MCs displaying lowest p-ERK levels (Fig. 6E).
Considering these differential p-ERK signals observed with the various
ECM types and given that in melanoma cells, MAPK/ERK has recently
been shown to negatively control MITF nuclear localization and
activity (Estrada et al, 2022; Ngeow et al, 2018), we next asked whether
MEK/ERK activation was causal for the observed ECM-dependentMC
responses. For this, we used Trametinib, a pharmacological inhibitor
targeting MEK, the upstream kinase mediating ERK phosphorylation
and activation (Gilmartin et al, 2011). Next to the expected loss of ERK
phosphorylation (Fig. EV6A), Trametinib treatment (indicated as
MEKi) increased Tyr mRNA expression (Fig. 6F) and resulted in
increased nuclear MITF in iMCs exposed to COL IV and FN, reaching
the nuclear MITF levels observed on COL I (Fig. 6G,H). Congruent
with this, melanin production by iMCs cultured on both COL IV- and
FN-coated substrates and treated with Trametinib were significantly
elevated towards those levels observed in COL I conditions (Fig. 6I).
Similar results were obtained using an ERK inhibitor Ravoxertinib
(Blake et al, 2016; Varga et al, 2020) (Fig. 6J–L). This indicates that
MEK/ERK activity in MCs negatively regulates nuclear MITF levels.
We next aimed to delineate signals that might transduce ECM sensing
to activation of ERK. Given the correlation between elevated FAK and
ERK activity in FN-exposed MCs and considering that FAK has been
reported to transduce ECM signals through MAPK/ERK (Paszek et al,
2005), we inhibited FAK in iMCs. As expected, treatment of iMCs with
the FAK inhibitor Ifebemtinib (Li et al, 2021) resulted in reduced
p-FAK levels as well as a reduced number of FAs in MCs (Fig. EV6B,
C). More importantly, FAK inhibition resulted in a reduction of
p-ERK levels as assessed by immunocytochemistry (Fig. 6M,N) and
caused a significant increase in melanin production (Fig. 6O).

Figure 5. ECM-dependent transcriptional changes in iMCs.

iMCs were cultured overnight on stiff substrates coated with COL IV, COL I, or FN. Gene expression heatmaps showing transcript abundance across ECM conditions; N= 3
(biological replicates). Darker blue indicates higher expression; lighter blue indicates lower expression; bold labels indicate statistically differentially expressed genes (p
values derived from Wald tests in DESeq2 with Benjamini–Hochberg adjustment). Displayed values represent normalized expression levels per gene across conditions
(e.g., standard scaling), enabling comparison of the same gene between ECM conditions despite differences in expression range. Panels show: (A) differentially expressed
MITF-dependent genes; (B) genes involved in melanin biosynthesis; (C–E) genes related to apoptosis, cell cycle, and senescence, respectively; (F–H) signature genes of the
differentiated, intermediate, and dedifferentiated states; genes were grouped by clustering of expression profiles; (I) genes involved in ECM dynamics; (J) schematic
overview of integrins commonly expressed in MCs; and (K) integrin gene expression across COL IV, COL I, and FN conditions. Source data are available online for this
figure.
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Together, these data demonstrate that FN-mediated MEK/ERK
activation counteracts MITF nuclear accumulation and melanin
synthesis, suggesting that MEK/ERK—potentially downstream of
FAK— act as negative regulators of melanogenesis in response to
ECM cues.

In summary, we deciphered that distinct ECM proteins in the
MC environment steer melanogenesis through differential activa-
tion of the MEK/ERK pathway and subsequent regulation of MITF
localization and activity. We further showed that COL I and FN
exert opposite effects on MC behavior and functions: COL I elicits a
highly pigmented and proliferative, but non-motile MC state, while
FN triggers a less pigmented, low proliferative and highly motile
MC state. Finally, by combining varying substrate stiffness and
distinct ECM types, we delineated that stiffness-mediated MC
functions rely on specific ECM components.

Discussion

ECM components fine-tune MC phenotypes
and functions

Our study identifies ECM components as critical environmental
triggers that instruct MC behavior. Through dynamic interactions
with the ECM, MCs engage adhesion-dependent signaling, such as

FAK activation, enabling them to decode contextual ECM inputs
and adapt their phenotype accordingly. Specifically, we observed
that compared to the abundant physiological matrix protein that
epidermal MCs face (COL IV), COL I, and FN ̶ representative of a
dermal matrix and thus an altered environment ̶ elicit notable
phenotypic shifts in MCs. Relative to COL IV, COL I reduced MC
migration and increased melanin production, while FN promoted
migration and decreased both proliferation and melanin produc-
tion. These contrasting effects suggest that ECM composition can
selectively modulate distinct aspects of MC behavior. Notably, the
intermediate state observed on COL IV supports a model in which
this basement membrane component enables MCs to maintain
phenotypic flexibility—for example, allowing them to increase
melanin production in response to external stimuli such as UV or
inflammation. The opposing responses of MCs to FN and COL I
underscore the importance of ECM composition in regulating MC
function, suggesting that context-dependent ECM remodeling can
actively shape MC behavior, with relevance not only for MC
homeostasis but potentially also for pathophysiological states and
stress responses.

Our findings open the possibility that ECM alterations can
disrupt MC homeostasis, with potential beneficial or detrimental
consequences for skin health depending on the context. For
instance, wound healing reflects a complex physiological process in
which MC phenotypic shifts could have a significant impact. Upon

Figure 6. ECM-mediated ERK activation regulates MITF localization and melanogenesis.

(A–D) iMCs were cultured overnight on stiff substrates coated with COL IV, COL I, or FN. Gene expression heatmaps of signaling pathway components across ECM
conditions. Darker blue indicates higher transcript abundance; lighter blue indicates lower abundance; bold labels denote statistically differentially expressed genes.
Heatmaps illustrate: (A) genes involved in the PI3K/Akt signaling; (B) components of the Wnt signaling; (C) genes associated with MAPK signaling; and (D) genes
associated with ERK signaling. (E) iMCs were cultured overnight on substrates of varying stiffness (soft, intermediate or stiff) coated with COL IV, COL I or FN.
Representative Western blot and associated graph depicting the quantification of pERK1/2 Thr202/Tyr204 to total ERK2 ratio; means ± SD; COL IV, N= 4 (biological
replicates); COL I and FN, N= 5 (biological replicates); Welch ANOVA test: COL IV: ns p= 0.9977 (1:60 vs. 1:35), ns p= 0.758 (1:60 vs. 1:10), ns p= 0.654 (1:35 vs. 1:10);
COL I: ns p > 0.9999 (1:60 vs. 1:35), ns p= 0.8712 (1:60 vs. 1:10), ns p= 0.88 (1:35 vs. 1:10); 1:60: **p= 0.0066 (COL I vs. FN), ns p= 0.8299 (COL I vs. COL IV), ns
p= 0.1007 (FN vs. COL IV); 1:10: ‡p= 0.0393 (COL I vs. FN), ns p= 0.2418 (COL I vs. COL IV), ns p= 0.1137 (FN vs. COL IV); and Kruskal–Wallis test: FN: ns p= 0.3116
(1:60 vs. 1:35), ns p= 0.0851 (1:60 vs. 1:10), ns p > 0.9999 (1:35 vs. 1:10); 1:35: ¤ p= 0.0195 (COL I vs. FN), ns p > 0.9999 (COL I vs. COL IV), ¤ p= 0.0485 (FN vs. COL IV).
(F–O) iMCs were cultured on stiff substrates coated with COL IV, COL I, or FN. 4 h post-plating, a 16-h (F–H) or 72-h (I) treatment with DMSO or 100 nM of MEK inhibitor
(MEKi= Trametinib), a 16-h (J, K) or 72-h (L) treatment with DMSO or 10 µM of ERK inhibitor (ERKi= Ravoxertinib) or a 16-h (M, N) or 72-h (O) treatment with DMSO
or 10 µM of FAK inhibitor (FAKi= Ifebemtinib) was commenced. (F) Quantification of Tyr mRNA expression after MEK inhibitor treatment; means ± SD, N= 3 (biological
replicates); multiple t-tests: DMSO: *p= 0,02948 (COL IV vs. COL I), ns p= 0.239076 (COL IV vs. FN), *p= 0.015087 (COL I vs. FN); MEKi: *p= 0.02948 (COL IV vs.
COL I), ns p= 0.24224 (COL IV vs. FN), *p= 0.015087 (COL I vs. FN); DMSO vs. MEKi: *p= 0.012357 (COL IV), ns p= 0.139977 (COL I), *p= 0.029362 (FN).
(G) Representative immunostainings for MITF following MEK inhibition; scale bar: 10 µm. A pseudo-color intensity scale (“orange hot” color map) was applied to enhance
visualization of MITF nuclear localization. (H) Quantification of (G); violin plots showing the medians and distributions of the integrated density of nuclear MITF per cell;
N= 3 (biological replicates), n(cells) ≥63; Kruskal–Wallis test: DMSO: ****p < 0.0001 (COL IV vs. COL I), ns p= 0.6551 (COL IV vs. FN), ****p < 0.0001 (COL I vs. FN);
DMSO vs. MEKi: ***p= 0.0001 (COL IV DMSO vs. COL IV MEKi), ns p > 0.9999 (COL I DMSO vs. COL I MEKi), ****p < 0.0001 (FN DMSO vs. FN MEKi). (I) Quantification
of intra- and extracellular melanin content following MEK inhibition by spectrophotometry at 405 nm; means ± SD, N= 3 (biological replicates); multiple t-tests: DMSO: ns
p= 0.092307 (COL IV vs. COL I), *p= 0.019629 (COL IV vs. FN), *p= 0.019109 (COL I vs. FN); DMSO vs. MEKi: ***p= 0.000252 (COL IV DMSO vs. COL IV MEKi), ns
p= 0.532253 (COL I DMSO vs. COL I MEKi), *p= 0.027828 (FN DMSO vs. FN MEKi). (J) Representative immunostainings for MITF following ERK inhibition; scale bar:
20 µm. A pseudo-color intensity scale (“orange hot” color map) was applied to enhance visualization of MITF nuclear localization. (K) Quantification of (J); violin plots
showing the medians and distributions of the integrated density of nuclear MITF per cell; N= 3 (biological replicates), n(cells) ≥89; Kruskal–Wallis test: DMSO:
****p < 0.0001 (COL IV vs. COL I), ns p > 0.9999 (COL IV vs. FN), ****p < 0.0001 (COL I vs. FN); DMSO vs. ERKi: ****p < 0.0001 (COL IV DMSO vs. COL IV ERKi),
*p= 0.0334 (COL I DMSO vs. COL I ERKi), ****p < 0.0001 (FN DMSO vs. FN ERKi), ns p > 0.9999 (COL I DMSO vs. COL IV ERKi), ns p > 0.9999 (COL I DMSO vs. FN
ERKi). (L) Quantification of intra- and extracellular melanin content following ERK inhibition by spectrophotometry at 405 nm; means ± SD, N= 4 (biological replicates);
Welch ANOVA tests: DMSO: ns p= 0.0693 (COL IV vs. COL I), ns p= 0.2556 (COL IV vs. FN), **p= 0.0057 (COL I vs. FN); DMSO vs. ERKi: *p= 0.0186 (COL IV ERKi vs.
COL IV DMSO), ns p= 0.6035 (COL IV ERKi vs. COL I DMSO), ns p= 0.7619 (FN ERKi vs. COL I DMSO), ***p= 0.0004 (FN ERKi vs. FN DMSO). (M) Representative
immunostainings for p-ERK following FAK inhibition; scale bar: 20 µm. A pseudo-color intensity scale (“fire” color map) was applied to enhance visualization of p-ERK
intensity. (N) Quantification of (M); violin plots showing the medians and distributions of the integrated density of p-ERK per cell; N= 3 (biological replicates), n(cells)
≥83; Kruskal–Wallis test: DMSO: *p= 0,0483 (COL IV vs. COL I), ***p= 0,0008 (COL IV vs. FN), ****p < 0.0001 (COL I vs. FN); DMSO vs. FAKi: **p= 0.0021 (COL IV
DMSO vs. COL IV FAKi), ****p < 0.0001 (COL I DMSO vs. COL I FAKi), ***p= 0.0004 (FN DMSO vs. FN FAKi). (O) Quantification of intra- and extracellular melanin
content following FAK inhibition by spectrophotometry at 405 nm; means ± SD, N= 5 (biological replicates); multiple t-tests: DMSO: ns p= 0.258394 (COL IV DMSO vs.
COL I DMSO), ns p= 0,058323 (COL IV DMSO vs. FN DMSO), *p= 0.005712 (COL I DMSO vs. FN DMSO); DMSO vs. FAKi: *p= 0.033822 (COL IV DMSO vs. COL IV
FAKi), *p= 0.033196 (COL I DMSO vs. COL I FAKi), **p= 0.003493 (FN DMSO vs. FN FAKi). AU arbitrary units. Source data are available online for this figure.
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skin injury, the initial stage of tissue repair entails the
formation of a provisional FN-rich environment (Potekaev et al,
2021), which may facilitate the repopulation of MCs within the
regenerated tissue (Snell, 1963). Taking into account our observa-
tion that FN enhances MC motility in vitro (Fig. 2), it is tempting
to speculate that this FN-enriched tissue enables MCs to efficiently
migrate into wound sites and re-establish their protective function,
such as melanin-based protection from UV-induced damage.
Conversely, in fibrotic conditions such as scleroderma, marked
by stiffening of the skin due to excessive deposition of COL I, cases
of localized hyperpigmentation have been reported in patients,
possibly reflecting COL I-driven MC reprogramming. Vitiligo,
which is characterized by the loss of epidermal MCs and non-
pigmented patches, is associated with a decrease in COL IV and
FN and a concomitant increase in COL I content (Rani et al, 2023).
The repigmentation process requires MCs to migrate into
depigmented areas and synthesize melanin effectively (Norris
et al, 1994). Considering our observation of strongly reduced MC
migration on COL I, it seems plausible that COL I enrichment in
vitiligo lesions interferes with the efficient MC redistribution into
depigmented areas in the skin. Furthermore, melasma is a
multifactorial skin condition that is characterized by focal
hypermelanosis. Sex hormones and UV radiation have been
implicated in the development of melasma (Espósito et al, 2022).
Interestingly, disruption of the basement membrane has also been
reported in 96% of melasma lesions, with MCs protruding into the
dermal layer in 66% of cases (Torres-Álvarez et al, 2011).
While the mechanism of this dermal invasion by MCs remains
open, it has been proposed that the migration of “hyperactive”
MCs into the dermis leads to the constant hyperpigmentation in
melasma (Phansuk et al, 2022; Torres-Álvarez et al, 2011). This
concept would be in line with our findings of COL I-triggered
melanogenesis, opening the possibility that MC hyperactivity in
melasma could, at least in part, result from the exposure to
dermal COL I.

Together, these examples illustrate how context-dependent
ECM remodeling could shape MC behavior, with implications
not only for physiological repair but also for pathological skin
remodeling. Though further investigation is warranted, these
observations open new avenues to explore how shifting ECM
landscapes influence MC phenotypes in vivo.

FN-induced phenotypic reprogramming rewires MCs
toward a dedifferentiated state

Our study also highlights for the first time that ECM components
are pivotal in regulating the phenotypic plasticity of MCs. We
demonstrate that a FN-rich environment rewires MCs toward a
dedifferentiated state, marked by reduced melanin production,
slow-cycling, and increased motility, while COL I elicits features of
a differentiated phenotype, promoting melanin synthesis but
limiting migration. In addition to these phenotypic observations,
our data indicate that FN exposure induces a distinct transcrip-
tional program associated with MC dedifferentiation. Transcrip-
tomic profiling revealed that FN-cultured MCs downregulate
melanocytic differentiation markers and upregulate genes linked
to plasticity, stemness, and neural crest-like features. This
phenotype is indicative of an adaptive, dedifferentiated state,
distinct from the more stable melanogenic profile observed on both

COL I and COL IV, and suggests that FN may act as a cue for
reprogramming MC identity.

Notably, this dedifferentiated signature observed in FN-exposed
MCs is reminiscent of the early phenotypic changes reported
during malignant transformation of MCs. Indeed, in a mouse
model recapitulating features of human melanomagenesis, it has
been shown that mature MCs expressing a B-Raf oncogene can
undergo transcriptional reprogramming, associated with a loss of
their differentiated characteristics and eventual invasion into the
dermis (Köhler et al, 2017). This suggests that MC dedifferentiation
precedes MC transformation and melanoma development. Hence,
the dedifferentiated phenotype observed in FN-exposed MCs could
reflect one of several steps that are required during early stages of
melanoma initiation. Taken together, this raises the possibility that
an FN-rich environment, combined with oncogenic mutations,
could render MCs susceptible to transformation and ultimately
melanomagenesis.

In conclusion, our findings underscore the remarkable plasticity
of MCs and their ability to shift differentiation states in response to
environmental cues, highlighting the importance of ECM molecules
in regulating MC behavior. By modulating the balance between
melanogenic identity and motile potential, the ECM—particularly
FN—may influence not only physiological processes like tissue
repair but also pathological trajectories, including pigmentation
disorders and oncogenesis. Understanding how different conditions
elicit these shifts could provide valuable insights into normal skin
physiology, the mechanisms underlying melanocyte-related condi-
tions like melanoma, and potential therapeutic targets for restoring
normal melanocyte function in pigmentation disorders. In
particular, elucidating how ECM remodeling contributes to MC
dedifferentiation could open new therapeutic avenues in both
regenerative medicine and cancer biology.

ECM-dependent ERK activation controls MITF
localization and activity, and melanogenesis

Given the well-established role of MITF as a master regulator of
MC differentiation, pigmentation, and survival, and its known
regulation by ERK signaling, we reasoned that it could function as a
key integrator of ECM-derived cues. We therefore centered our
analysis on MITF, aiming to understand how its localization and
activity might be shaped by the extracellular microenvironment.
This hypothesis was supported by our finding that ECM-dependent
phenotypic shifts of MCs are tightly linked to differential activation
of the MEK/ERK pathway, which in turn governs the localization
and output of MITF. Specifically, COL I limits ERK activity,
triggering elevated nuclear MITF, while FN stimulates high ERK
activity, resulting in reduced nuclear MITF levels. This is further
associated with the adaptation of MC functions under the control
of MITF, whereby proliferation and melanin production are
enhanced on COL I but reduced on FN. In line with previous
studies that linked RAF and MEK/ERK activation to cytoplasmic
retention and nuclear export of MITF in melanoma cells,
respectively (Estrada et al, 2022; Ngeow et al, 2018), we here
demonstrate in MCs that MEK and ERK inhibition reverted the low
nuclear MITF and melanin production in FN-exposed MCs. This,
together with our findings on ECM-dependent differential ERK
activation in MCs, identifies a hitherto unrecognized role of ECM
cues in MITF nuclear localization through the regulation of ERK
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activity. Our data further suggest that FAK may act upstream of
ERK, as FAK is more activated on FN, and its inhibition on FN
reduced ERK activation and melanin production.

Our transcriptomic analysis also pointed to ECM-induced
expression changes in Wnt pathway components, e.g., an
upregulation of Frat2 and Ccnd1 on FN. FRAT2 is known to
stabilize β-catenin by inhibiting its GSK3β-mediated degradation
(van Amerongen and Berns, 2005), thereby supporting β-
catenin–dependent transcription. Since β-catenin can enhance
MITF transcription through TCF/LEF-mediated activity (Widlund
et al, 2002; Yasumoto et al, 2002), and given that MITF itself can
interact with β-catenin to regulate gene expression (Schepsky et al,
2006), these findings open the possibility that Wnt signaling, next
to FAK/MEK/ERK signaling, could contribute to ECM-dependent
modulation of MITF levels and function.

Overall, further studies are needed to dissect the specific
molecular signals downstream of FN that drive the shift of mature
MCs toward less differentiated states and to delineate the respective
contributions of individual signaling pathways in ECM-mediated
responses.

Interplay between ECM components and substrate
stiffness in the mechanosensation of MCs

Our findings underpin a crucial role for ECM components in
regulating mechanosensation in MCs and show that ECM
components and substrate stiffness govern MC functions. So far,
studies have predominantly explored either the roles of different
ECM subtypes using ultra-hard substrates like glass or plastic (Hara
et al, 1994), or focused on the impact of substrate stiffness with a
single ECM type (Choi et al, 2014). In contrast, our approach,
combining varying substrate stiffness with different ECM proteins,
demonstrated that (1) over the range of stiffness and ECM
molecules tested, matrix protein subtypes can dominate over
mechanical substrate surface properties, as altering ECM proteins
produced more pronounced effects on MC behavior compared to
changes in substrate stiffness; and (2) the ability of MCs to respond
to mechanical cues is highly dependent on the specific ECM
proteins present. Notably, COL I supports stiffness-induced MITF
nuclear localization and MC proliferation, while FN enhances
mechanosensitive responses at the level of FAK activation and
number of FAs. Seong et al previously reported that in a human
fibrosarcoma cell line, stiffness-mediated FAK activation can be
observed on FN- but not on COL I-coated substrates (Seong et al,
2013). While our observations in MCs are consistent with such
effects on FN, iMCs cultured on COL I even showed reduced FAK
activity with substrate stiffness, and pMCs had the lowest FAK
activity at intermediate stiffness. These observations suggest cell-
type-specific roles of ECM molecules in mechanoresponses.

Strikingly, our data identified MITF as a novel ECM- and
mechanosensitive transcription factor, with a stiffness-dependent
increase as well as the highest nuclear localization observed on COL
I compared to COL IV and FN. Such fine-tuning of MITF
subcellular localization may ensure that MC responses are
appropriately matched to the environmental matrix protein
composition and mechanical features of the ECM. Overall, this
highlights the context-dependent nature of MITF regulation
downstream of ERK, revealing a hitherto unknown aspect of MITF
modulation by ECM cues. Furthermore, our findings suggest that

ECM components and substrate stiffness do not merely exert
additive effects; instead, individual ECM types demonstrate
synergistic interactions with stiffness in regulating MC behavior.
This underscores the importance of considering both ECM protein
composition and mechanical properties in future studies, as the
interplay between these factors significantly influences how cells
interpret and respond to mechanical signals, thereby affecting
cellular function and differentiation pathways.

Conclusion

In summary, we report a novel ECM-dependent FAK/MEK/ERK/
MITF axis that controls the plasticity of MCs in response to
interactions with their environment. Our findings underscore the
critical role of the ECM in orchestrating MC function and
differentiation, highlighting the need for further studies to fully
understand the intricate crosstalk between mechanical parameters
and ECM ligands in the cellular microenvironment (Fig. 7).
Moreover, our data point to a complex link between ECM protein
types and substrate stiffness, which can influence MC mechan-
osensation (Fig. 7). Elucidating the specific molecular mechanisms
driving this interplay, particularly the roles of MITF and other key
regulators, will be crucial for a comprehensive understanding of
MC function and pathology.

Methods

Reagents and tools table

Reagent/resource
Reference or
source

Identifier or catalog
number

Experimental models

C57Bl6/N (M. Musculus) Ibis cells, Iden lab

C57Bl6/N (M. Musculus) Primary
melanocytes, Iden
lab

Antibodies

Mouse anti-MITF antibody [C5] Abcam Ab12039

Mouse anti-BrdU Biolegend 339802

Mouse anti-Ki67 Biolegend 652401

Mouse anti-ERK2 BD Pharmingen 610104

Rabbit anti-phospho-FAK
antibody (Tyr397)

Cell Signaling
Technology

3283S

Rabbit anti-YAP (D8H1X) XP® Cell Signaling
Technology

14074S

Rabbit anit-pERK1/2 Cell Signaling
Technology

4370

Rabbit anti-MITF Cell Signaling
Technology

97800

Rabbit anti-Calnexin Enzo Life Sciences ADI-SPA-860-D

Alexa FluorTM 488 donkey anti-
rabbit

Invitrogen A-21206

Alexa FluorTM 647 goat anti-
mouse

Invitrogen A-21235

HRP donkey anti-rabbit Invitrogen A16023
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Reagent/resource
Reference or
source

Identifier or catalog
number

HRP sheep anti-mouse Amersham NA931V

Alexa FluorTM 568 Phalloidin Molecular Probes A12380

DAPI Carl Roth 6335.1

Oligonucleotides and other sequence-based reagents

GAPDH mouse
Mm99999915_g1

Thermo Fisher
Scientific

4448489

Tyr mouse Mm00495817_m1 Thermo Fisher
Scientific

4331182

ON-TARGETplus mouse Mitf
siRNA

Dharmacon L-047441-00-0005

siGENOME control siRNA Dharmacon D-001206-14-20

Chemicals, Enzymes and other reagents

Bovine plasma fibronectin Sigma-Aldrich F1141

Bovine serum albumin Sigma-Aldrich A7906

BrdU Roche #10280879001

Cholera toxin Sigma-Aldrich #C8052

Collagen G type I from calf skin Sigma-Aldrich L7213

CultrexTM Mouse Collagen IV Bio-Techne #3410-010-02

D-PBS Gibco 14190094

Dispase® II Sigma-Aldrich #D4693

DMSO Fisher Bioreagents BP231-100

EDTA Sigma-Aldrich E1644

Fetal calf serum Sigma-Aldrich #S0615

Fish gelatin Sigma-Aldrich #G7765

Fluoromount-GTM Thermo Fisher
Scientific

#00-4958-02

Glycine Carl Roth 3187.5

HEPES Carl Roth #9105.4

Ifebemtinib Selleckchem #E11144

Milk powder Carl Roth #T145.2

NaCl Carl Roth #3957.1

NaOH Carl Roth 6885.2

Non-essential amino acids Gibco 11140-035

Paraformaldehyde Carl Roth 0335.1

Penicillin/Streptomycin Gibco 15140-122

Ravoxertinib Selleckchem #S7554

RPMI medium Gibco 61870-010

RPMI medium, phenol red-free Gibco 11835036

SDS Carl Roth 0183.5

Sodium pyruvate Gibco 11360-039

TPA Sigma-Aldrich #P8139

Trametinib Biozol #10999

Triton X-100 Fisher Bioreagents BP151-100

TRIzol reagent Thermo Fisher
Scientific

Invitrogen#15596026

TrypLE select Gibco #12563-011

Trypsin/EDTA Gibco 25300-054

Reagent/resource
Reference or
source

Identifier or catalog
number

Tween-20 Carl Roth #9127.1

Western Lightning® Plus-ECL PerkinElmer NEL104001EA

iTaq Universal Probes Supermix Bio-Rad 1725131

QuantiTect Reverse
Transcription Kit

Qiagen 205311

SYLGARD 184 Elastomer Kit Dow Silicones 1003993081

Thermo Scientific™ Pierce™
BCA Protein Assay Kit

Thermo Scientific 10678484

Viromer® Blue kit Lipocalyx VB-01LB-03

RNeasy Micro Kit Qiagen 217084

Software

Amersham ImageQuantTM 800
control software

Cytiva

CFX Opus 96 Bio-Rad

GraphPad PRISM, v.10.2.1 GraphPad Software

ImageJ/ Fiji Open-source
software

JPK SPM Data Processing
Software v8.0.1

Brunker, Nano

ZEN Blue 2.6 Zeiss

Other

Axiocam 305 camera Zeiss

AxioObserver Z1 inverted
microscope

Zeiss

Biosphere B2000 Nanotools

Colibri 7 LED light source Zeiss

EC Plan Neofluar 40x/1.3 oil
objective

Zeiss

ibiTreat µ-Dish Ibidi 81156

MultiskanTM FC Microplate
Photometer

Thermo Fisher
Scientific

NanoDrop One©

spectrophotometer
Thermo Fisher

Nanowizard 4 Bruker Nano
GmbH

PDC-002-CE plasma cleaner Harrick Plasma

Plan-Apochromat 20x/0.8 air
objective

Zeiss

Plan-Apochromat 63x/1.4 oil
objective

Zeiss

Rolera ECM2 camera Zeiss

Zeiss CellDiscoverer 7 Zeiss

µ-Slide 8 well Ibidi 80841-90

Methods and protocols

Preparation of PDMS substrates with tunable stiffness and ECM
protein coating
Polydimethylsiloxane (PDMS) substrates were prepared using a
SYLGARD 184 Elastomer kit (Dow Silicones, USA) and varying the

Carole Luthold et al EMBO reports

© The Author(s) EMBO reports 15

D
ow

nloaded from
 https://w

w
w

.em
bopress.org on O

ctober 28, 2025 from
 IP 134.96.121.181.



crosslinker:silicone base agent ratio to 1:60, 1:35, and 1:10, respectively
(Fig. EV1). Once mixed, the PDMS elastomers were cured at 60 °C for
16 h. To enhance the hydrophilicity of the substrates and facilitate
binding of ECM proteins, all substrates underwent argon plasma
treatment using a PDC-002-CE plasma cleaner (Harrick Plasma, USA)
at 300mTorr for 2 min. The substrates were then coated for 2 h at
37 °C with 30 μg/ml of mouse collagen IV (Cultrex™, #3410-010-02,

Bio-Techne, Germany), 30 μg/ml of type I collagen from calf skin
(Collagen G, L7213, Sigma-Aldrich, USA), or 10 μg/ml of bovine
plasma fibronectin (F1141, Sigma-Aldrich, USA) diluted in sterile
D-PBS (Gibco, USA). After incubation, the excess ECM solution was
aspirated, and substrates were washed with sterile D-PBS prior to cell
seeding.

Determination of the elastic modulus of uncoated and coated PDMS
surfaces
Atomic force microscopy (AFM) served to determine the elastic
modulus (Young’s Modulus) of uncoated and protein-coated
PDMS surfaces used in this study. For this, the PDMS elastomers
(ratio 1:10, 1:35 or 1:60) were prepared in an AFM-suitable imaging
dish (ibiTreat μ-Dish, Ibidi, Germany) and transferred to the
sample stage of the microscope (Nanowizard 4, Bruker Nano
GmbH, Germany). An AFM cantilever with a spherical tip
(Biosphere B2000, Nanotools, Germany) with a nominal spring
constant of 0.2 N/m and a sphere radius of 2 μm was used to
perform nanoindentation measurements. AFM force-distance
measurements were conducted in a grid of 4 × 4 points with a
lateral distance of 4 μm (=one tip diameter) between two points to
probe native spots. The AFM cantilever was extended to the PDMS
surface at a speed of 1 μm/s and pressed on it with a loading force
of 20 nN. Afterwards, the cantilever was retracted with 1 μm/s to
complete the force-distance measurements. For each force-distance
curve, the Hertz fit (Horvath et al, 2019) was applied to the contact
region of the extended curve to evaluate the Young’s Modulus with
the JPK SPM Data Processing Software v8.0.1 (Bruker Nano
GmbH, Germany).

Mice
All mice were housed and maintained according to
federal guidelines within the specific pathogen-free (SPF) animal
facility in Building 61.4 of the Saarland University in Homburg
under the breeding license of Sandra Iden’s lab (§11 Az. 2.4.1.1-
Iden). All experiments were performed in line with German
animal welfare laws as well as institutional guidelines and were
reported to the responsible authorities (Vorabmeldung VM2023-
16 and previous notifications). Wildtype (wt C57Bl6/N) mice were
either purchased from the Jackson Laboratory (Charles River
Germany) or were taken from in-house breedings of transgenic
mouse lines. In those cases, F1 and F2 generation were genotyped
to verify the wt alleles of the genes of interest of the respective
mouse line.

Isolation and culture of primary mouse melanocytes
Primary mouse MCs were isolated from the epidermis of newborn wt
mice (C57Bl6/N, male and female) and maintained up to passage 3 as
previously described (Mescher et al, 2017). Briefly, to separate
epidermis from dermis, whole skin from mice at postnatal day (P)0-
P3 were incubated in a solution of 5 mg/ml Dispase II (#D4693, Sigma-
Aldrich, USA) diluted in RPMI medium (Gibco, USA) supplemented
with 10% fetal calf serum (FCS, #S0615, Sigma-Aldrich, USA),
penicillin (100 U/ml), streptomycin (100 μg/ml), 100 nM sodium
pyruvate, and 10mM non-essential amino acids (all Gibco, USA) at
4 °C overnight. The next day, the epidermis was incubated for 20min
in TrypLE select (#12563-011, Gibco, USA) at room temperature.
Dissociated cells were collected and cultured in RPMI medium
containing 200 nM TPA (12-O-tetradecanoylphorbol-13-acetate,

Figure 7. (graphical abstract).

Upper panel: MC differentiation is differentially modulated by ECM compo-
nents. COL I promotes a differentiated phenotype by limiting ERK activation,
leading to high nuclear MITF levels, associated with increased pigmentation and
proliferation but reduced motility. In contrast, FN rewires MCs towards
dedifferentiation, characterized by enhanced ERK activity resulting in reduced
nuclear MITF and decreased pigmentation, and associated with a slow-cycling
phenotype as well as increased motility. Reducing ERK activity, through FAK,
MEK or ERK inhibition, restores the differentiation of MCs exposed to FN. Lower
panel: ECM components influence how cells interpret and respond to
mechanical signals: COL I enables stiffness-mediated MITF nuclear localization
and MC proliferation, while FN supports a stiffness-dependent increase in focal
adhesion number and FAK activation.
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#P8139, Sigma-Aldrich, USA) and 200 pM cholera toxin (#C8052,
Sigma-Aldrich, USA), hereafter referred to as RPMI+. At passage 0,
the cell cultures contained non-pigmented melanoblasts, MCs, and
keratinocytes. After 7 days, cells were passaged, and due to terminal
differentiation, keratinocytes were largely removed, resulting in MC
monocultures suitable for further experiments.

Generation of stable murine melanocyte cell lines (iMCs)
Immortalized MCs (iMCs) were generated by immortalizing mouse
primary MCs (mTmG-positive) with SV40 large T antigen,
followed by subcloning. The cells express membrane-targeted
tandem dimer Tomato (dt; Muzumdar et al, 2007), yielding red
fluorescence. iMCs exhibit morphological and molecular character-
istics common to normal murine skin MCs. iMCs were maintained
in culture in RPMI+ at 37 °C with 5% CO2. iMCs were tested for
mycoplasma contamination using a PCR-based assay, and con-
firmed negative prior to experiments.

Immunofluorescence
To assess cell area and morphology, and for quantification of p-
FAK, Ki67, MITF, YAP, and p-ERK signal intensities, MCs were
seeded on the different substrate combinations at a density of 2500
cells/cm², to avoid overcrowding and allow single cell measure-
ments. Twenty-four hours later, MCs were fixed in 4% PFA/PBS
for 10 min. For MITF, YAP, and p-FAK stainings, cells were
blocked for 1 h at room temperature with 5% bovine serum
albumin (BSA) in TBS containing 0.2% Triton X-100 (named
blocking buffer hereafter). Primary antibody incubation was
performed in blocking buffer diluted at a ratio of 1:5 in TBS at
4 °C overnight. For Ki67 and p-ERK stainings, blocking and
primary antibody dilution were performed using PB buffer
composed of 0.05% milk powder (#T145.2, Carl Roth, Germany),
0.25% fish gelatin (#G7765, Sigma-Aldrich, USA), 0.5% Triton
X-100 (#BP151-100, Fisher Bioreagents, Germany), 20 mM HEPES
(pH 7.2, #9105.4, Carl Roth, Germany), and 0.9% NaCl (#3957.1,
Carl Roth, Germany). For all, after 3x washing in 0.2% Tween/TBS,
MCs were stained with AlexaFluor-conjugated secondary anti-
bodies, DAPI (Carl Roth, Germany) and phalloidin to stain actin
for pMCs for 1 h at room temperature. After washing, PDMS
scaffolds were mounted onto glass coverslips using Fluoromount-
G™ (#00-4958-02, Thermo Fisher Scientific, USA). Antibodies used
for immunostainings are listed in the Antibodies and reagents
section.

BrdU assay
Forty-eight hours post-plating, MCs were incubated with 160 μg/
ml of BrdU (5-Brom-2′-desoxyuridin; #10280879001, Roche,
Germany) for 2 h at 37 °C and then washed with PBS and fixed
with 4% PFA for 10 min at room temperature. Cells were treated
with 2 N HCl for 10 min at room temperature to achieve DNA
denaturation, followed by a PBS wash and subsequent immuno-
fluorescence staining as previously described. BrdU-positive MCs
were visualized using fluorescence microscopy (see below) and
quantified from at least 20 randomly positioned micrographs. The
background signal was subtracted from the measured signal of
each nucleus to identify BrdU-positive cells. The proliferation rate
was then determined by counting BrdU-positive cells and dividing
this number by the total number of cells, identified via DAPI
staining.

Microscopy
Epifluorescence micrographs were acquired with an AxioObserver Z1
inverted microscope equipped with a Colibri 7 LED light source (Zeiss,
Germany) using a Plan-Apochromat 20x/0.8 air objective, an EC Plan
Neofluar 40x/1.3 oil objective, a Plan-Apochromat 63x/1.4 oil objective
and an Axiocam 305 camera (Zeiss, Germany) or Rolera ECM2
camera coupled to the ZEN Blue imaging software V2.6 (Zeiss,
Germany). To minimize selection bias, micrographs were acquired in a
blinded and unbiased manner: the operator acquired images of the first
cell encountered in each field of view without pre-selection based on
cell morphology or signal intensity.

Image quantification
Image analysis was performed using Fiji/ImageJ software (Schin-
delin et al, 2012; Schneider et al, 2012) to quantify cell area,
morphology, FAK phosphorylation and focal adhesion numbers,
ERK phosphorylation, as well as YAP and MITF nuclear
translocation in MCs 24 h post-plating.

MC dendricity and cell area. Epifluorescence micrographs of actin
(phalloidin staining) or td-Tomato, for pMCs and iMCs, respectively,
were preprocessed using a “mean” filter to smoothen images, by
reducing noise and averaging pixel values, followed by the “median”
filter, which further reduced noise while preserving edges and details.
Images were then converted into binary images by using the
“Threshold” function to obtain a mask of the cell shape. The binary
mask was used either for cell area quantification or for the quantitative
assessment of morphological characteristics of MCs. Using the “Sholl
Analysis” plugin, concentric circles (named radius), were drawn on the
binary image at regular intervals (5 μm) from the center of the cell
body. The number of intersections between dendrites and each radius
was counted and then plotted to create a Sholl profile, which shows the
number of dendrite intersections at increasing distances from the cell
body (Binley et al, 2014; Sholl, 1953).

p-FAK immunoreactivity. To quantify p-FAK immunoreactivity in
MCs, actin (phalloidin staining) or td-Tomato signals were used to
detect the cell contour of pMCs and iMCs, respectively. This contour
was then superimposed on the p-FAK signal, followed by
measurement of the integrated density of the signal of individual
MCs. For iMCs, data were pooled after normalization for each
experiment, as two different microscope cameras have been used for
these experimental series.

Focal adhesion number. To quantify the number of focal adhesions
based on p-FAK signals, first, a background subtraction was
performed using a rolling ball algorithm. Then, a suitable threshold
was applied to isolate the focal adhesion signal from the background.
Individual focal adhesions were detected using the “analyze particles”
function (0.05–5 μm). Finally, the number of focal adhesions per cell
and per unit area was determined.

YAP and MITF subcellular localization. Immunodetection of
MITF and YAP were performed in separate experiments and
analyzed independently. For both stainings, appropriate negative
controls were included (secondary antibody alone without primary
antibody), which showed no detectable signal.
To evaluate YAP nuclear localization in response to ECM cues,

DAPI was used to delineate nuclear contours, which were overlaid
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onto the YAP signal to quantify nuclear integrated intensity in
individual MC. To account for signal variation across experiments
and due to the use of two different cameras along this experimental
series, values were normalized within each independent experiment
by dividing each individual measurement by the mean nuclear YAP
intensity across all conditions.
For MITF quantification, phalloidin-based F-actin staining (in case

of pMCs) or td-Tomato signal (for iMCs) was employed to delineate
whole-cell contours, and DAPI served as nuclear counterstain. These
masks were overlaid onto the MITF signal to extract integrated
intensity values from the nuclear and whole-cell compartments of
individual MCs. Cytoplasmic MITF intensity was calculated by
subtracting the nuclear signal from the whole-cell signal. Then,
nuclear and cytoplasmic intensity values were normalized within each
independent experiment by dividing the values of each individual
measurement by the mean total intensity across all conditions, thereby
normalizing for inter-experimental variability while preserving relative
differences between ECM conditions. Finally, MITF nuclear localiza-
tion was expressed as the percentage of nuclear signal relative to total
cellular signal (value for immunoreactivity in the nucleus/value for
immunoreactivity in the whole cell × 100), allowing comparison of
nuclear enrichment across ECM conditions.

p-ERK immunoreactivity. To quantify p-ERK immunoreactivity in
iMCs, the td-Tomato signal was used to detect the cell contour,
which was then superimposed on the p-ERK immunostaining signal,
followed by measurement of the integrated density of the signal of
individual iMCs. Values were normalized within each independent
experiment by dividing the values of each individual measurement
by the mean nuclear intensity across all conditions. This approach
allowed us to account for variability between experiments while
preserving relative differences between ECM conditions.

Live-cell imaging for analysis of MC motility
Live-cell imaging was conducted to investigate dynamic cellular
behaviors in response to the ECM. Taking advantage of the stable
expression of the fluorescent membrane-targeted Tomato, MCs were
seeded at a density of 1000 cells/cm² in a plastic chamber slide coated
with the distinct ECM proteins (μ-Slide 8 Well, Ibidi, Germany), and
placed in a live-cell imaging system (Zeiss CellDiscoverer 7) equipped
with a temperature- and CO2-controlled chamber. Time-lapse images
were acquired every 20min for 20 h using the epifluorescence
microscopy mode. Two methodologies were employed to enable real-
time dynamic visualization and quantitative analysis of cell migration.
To quantify migration parameters, i.e., total distance migrated by cells,
and their speed, cells were tracked using the “Manual tracking” plugin
in Fiji software. Additionally, the “Temporal Color Code” in Fiji
software was applied to track cell shape and movement over time,
allowing to visualize changes of MC dynamics over time. Briefly,
different colors represent the shape and position of cells at each time
point, with the color gradient indicating the progression of time. The
overlay of different colors provides information on the dynamic
behavior of cells throughout the observation period.

RT-qPCR
For quantitative RT-PCRs, RNA was isolated from MCs using
TRIzol reagent according to the manufacturer’s protocol (Invitro-
gen#15596026, Thermo Fisher Scientific, USA). RNA was reverse
transcribed using a QuantiTect Reverse Transcription kit (Qiagen,

Germany) and amplified with iTaq Universal Probes Supermix
(Bio-Rad, USA). Target gene expression was detected using
TaqMan probes (GAPDH mouse Mm99999915_g1; Tyr mouse
Mm00495817_m1; Thermo Fisher Scientific, USA). Gene expres-
sion changes were calculated using the comparative CT (ΔΔCT)
method, normalized to GAPDH expression, and compared to cell
lysates from soft substrates coated with COL IV.

Melanin content assay
The melanin assay was performed to quantify the average melanin
amount produced by a cell. Both intracellular melanin and
extracellular melanin content (i.e., melanin released into the
medium) were measured from the same batch of cells. For melanin
assays, each condition was performed in duplicate: one well was
used for melanin extraction, and the other for cell counting. MCs
were cultured in 12-well plates for 72 h in 1 mL phenol red-free
RPMI medium (Gibco, USA) to avoid interference with extra-
cellular melanin measurements. The medium was then collected
and analyzed to measure extracellular melanin content. Intracel-
lular melanin was quantified following an adapted protocol from
Ito and Wakamatsu (Ito and Wakamatsu, 2003). MCs were lysed in
400 μL of 10% DMSO in 1 N NaOH (extraction buffer) and
incubated with agitation (24 h at 100 °C for pMCs and 18 h at 80 °C
for iMCs). Extracellular extracts were quickly centrifuged for 10 s to
sediment cellular debris, and intracellular extracts were centrifuged
for 5 min at 13.000 rpm. Extra- and intracellular extracts and their
respective blanks, RPMI media or lysis buffer, were loaded onto a
96-well plate and absorbance was measured at 405 nm using a
Multiskan™ FC Microplate Photometer (Thermo Fisher Scientific,
USA). For analysis, the OD values were subtracted from the blank
to remove background signals caused by the medium or lysis buffer.
Next, extracellular values were multiplied by 5 and intracellular by
2 to account for the stock volume, and the values were divided by
the cell number to obtain the relative melanin content per cell.

For intracellular melanin quantification following MITF deple-
tion, iMCs were transfected with 50 nM siMITF (ON-TARGETplus
Mouse Mitf siRNA SMARTPool, L-047441-00-0005, Dharmacon,
UK) or control siRNA (siGENOME Control Pool, D-001206-14-20,
Dharmacon, UK) using the Viromer® Blue kit (Lipocalyx) 4 h after
plating. Cells were harvested and lysed for melanin extraction 72 h
post-transfection using the same procedure as above.

Transcriptomic analysis
RNA extraction, quality control, library preparation, and sequencing.
Total RNA was extracted using TRIzol reagent (Invitrogen, Thermo
Fisher Scientific, USA) or the RNeasy Mini Kit (Qiagen, Germany),
following the manufacturer’s instructions. For each condition, RNA
was prepared from three biological replicates. RNA quantity and
purity were assessed using a NanoDrop One© spectrophotometer
(Thermo Fisher Scientific, USA), and RNA integrity was verified
using the RNA integrity number (RIN). Only samples with RIN
values ≥4 were processed further. As additional quality controls,
melanin content assays and RT-qPCR were performed in parallel,
targeting melanocyte-specific markers Mitf and Tyr.
RNA sequencing was performed by Novogene (Munich,

Germany) using standard Illumina protocols. Polyadenylated
mRNAs were enriched, fragmented, and reverse-transcribed into
cDNA. Strand-specific libraries were prepared and quality-checked
using Qubit, real-time PCR, and a Bioanalyzer, then sequenced on
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Illumina platforms (2 × 150 bp), generating ~25 million paired-end
reads per sample. Raw reads were processed with fastp to remove
adapters and low-quality reads. Clean reads were aligned to the
mouse genome (GRCm39/mm39) using HISAT2, and gene
expression was quantified with featureCounts and normalized as
FPKM values. RNAseq data have been deposited at GEO
(accession GSE297747).

Bioinformatics analysis. Gene expression data from cells cultured
on COL1, COL4, and FN were processed using Pandas (McKinney,
2010) and NumPy (Harris et al, 2020) for sorting and initial
exploration. Differential gene expression analysis was performed
using the Bioconductor package DESeq2 (Love et al, 2014) to identify
genes significantly regulated between the conditions. Genes with an
adjusted p-value < 0.05 and |log2 fold change|≥1 were considered
differentially expressed. Gene expression values were initially
normalized by dividing the raw counts by the total number of genes
in each sample, and then further normalized using the Euclidean
method. Heatmaps were created using Seaborn (Waskom, 2021) to
visualize expression patterns across conditions. Results were
visualized using volcano plots generated with Matplotlib (Hunter,
2007). To explore biological relevance, the association of significantly
regulated genes with biochemical pathways was analyzed using
Reactome Pathway (Milacic et al, 2024), KEGG Pathway (Kanehisa
et al, 2025), and WikiPathways (Agrawal et al, 2024). In addition,
Gene Ontology (GO) (Thomas et al, 2022) enrichment analysis was
performed to identify overrepresented biological processes, provid-
ing insight into the functional impact of ECM proteins on gene
regulation.

Preparation of cell extracts, SDS-PAGE, and immunoblotting
MCs cultures were lysed using boiled SDS/EDTA solution
(1% SDS, 10 mM EDTA) and genomic DNA was sheared by
passing the lysates through a 27 G x ¾ canula. Protein concentra-
tions were quantified using the BCA assay according to the
manufacturer’s protocol (Pierce, Thermo Fisher Scientific,
USA). SDS-PAGE was carried out using 8-10% polyacrylamide
gels. After completing gel electrophoresis, the proteins were
transferred onto a PVDF membrane at 20 V for 60 min. Following
the transfer, the membrane was blocked for 1 h at room
temperature using 5% BSA/TBST (TBS containing 0.2% Tween-
20). The primary antibody was incubated in 5% BSA/TBST
overnight at 4 °C on a roller. Membranes were then washed 3x for
10 min with TBST and incubated with an HRP-conjugated
secondary antibody in 5% BSA/TBST for 1 h at room temperature
on a roller. Membranes were washed 3x for 10 min with TBST,
excess TBST was removed, and membranes were incubated 1 min
with in a 1:1 mixture of ECL solutions A and B (PerkinElmer,
USA). Excess ECL solution was removed, and the membrane was
imaged using the Amersham ImageQuantTM 800 detector (Cytiva,
USA). Following a 30-min wash at room temperature with a buffer
containing 0.2 M glycine and 0.1% SDS (pH 2.5) to strip the
membranes, they were blocked and immunoblotted for total ERK
using the same membranes previously used for phospho-ERK
detection.

Quantification of phospho-ERK signal in immunoblot analyses
The protein band intensity of non-saturated Western blot signals
was quantified using Fiji software. Each band was selected from the

original. tiff image obtained with the Amersham ImageQuantTM 800
Detector, and the “Plot Lanes” tool generated intensity profiles.
Peaks corresponding to individual bands (related to total or
phosphorylated protein) were identified, and the area under them
was measured. The p-ERK/total ERK ratio was calculated to assess
relative ERK activity under the different conditions. The values
were normalized to the sum of each membrane’s values to
determine the mean and standard deviation across experiments.

Inhibitor treatment
To assess the role of ERK activity for ECM-dependent MC
functions, MCs were seeded 4 h prior a 24-h- or 72-h-treatment
with 100 nM Trametinib (MEK inhibitor, #10999, Biozol, Ger-
many), 10 μM of Ravoxertinib (ERK inhibitor, #S7554, Sell-
eckchem, Germany) or 10 μM of Ifebemtinib (FAK inhibitor,
#E1114, Selleckchem, Germany) diluted in RPMI+ .

Antibodies
Details on antibodies and dyes used in this study are listed in the
Reagents and Tools.

Statistical analysis
Statistical analysis was performed using GraphPad Prism software
(GraphPad, version 10.2.1). Measures of pooled data, from at least
three independent biological replicates, are represented by mean or
median and SD or SEM, as indicated in the figure legends. All data
sets were subjected to normality tests (Anderson-Darling, D’Agos-
tino and Pearson, Kolmogorov–Smirnov, or Shapiro–Wilk tests)
when applicable. Statistical significance was determined using one-
way ANOVA with Welch’s correction (unequal variances) with
Dunnett’s T3 post hoc test; RM one-way ANOVA with Geisser-
Greenhouse’s correction (unequal variances) with Tukey’s post hoc
test; Ordinary two-way ANOVA Tukey’s post hoc test; Multiple t-
tests with the Holm–Sidak method’s correction with Dunn’s post
hoc test; and for non-Gaussian datasets using Kruskal–Wallis test
with Dunn’s post hoc test, as indicated in the figure legends. p
values are reported in figure legends and as source data. A p value
≤0.05 was considered statistically significant. The number of
independent biological replicates, the number of single cells
analyzed, sample conditions and statistical test used for each
dataset are indicated in the corresponding figure legends. For all
assays, a minimum of three independent biological replicates was
initially used per assay to allow statistical evaluation, and the
resulting variation was used to determine the adequate number of
additional replicates for subsequent experiments. Investigators were
not blinded during sample allocation or analyses. However, to
minimize selection bias during image acquisition, the operator
acquired the first cell encountered in each field of view without pre-
selection based on morphology or signal intensity, and automated
image analysis was employed where applicable. Inclusion/exclusion
criteria were defined prior to data collection. Samples were
excluded only in cases of clear technical failure (e.g., insufficient
staining specificity or transfer efficiency in immunoblot analysis, as
assessed using appropriate positive and negative controls). For
larger datasets of single-cell measurements (typically ≈30 cells per
condition and ≥3 biological replicates), outliers were excluded
where appropriate using the automated ROUT method (Q = 1%)
implemented in GraphPad Prism; no data points were manually
removed.
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Software
Data collection used the following software: Microscopy: ZEN Blue
2.6 (Zeiss, Germany); Immunoblot: Amersham ImageQuantTM 800
control software (Cytiva, USA); qRT-PCR: CFX Opus 96 (Bio-Rad,
USA). For data analysis, the following softwares were used:
GraphPad PRISM, version 10.2.1, ImageJ/Fiji, JPK SPM Data
Processing Software v8.0.1 (Bruker, Nano, Germany).

Data availability

RNA-seq data have been deposited in GEO (Gene Expression
Omnibus) under accession number GSE297747, available via
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE297747.

The source data of this paper are collected in the following
database record: biostudies:S-SCDT-10_1038-S44319-025-00583-6.

Expanded view data, supplementary information, appendices are
available for this paper at https://doi.org/10.1038/s44319-025-00583-6.

Peer review information

A peer review file is available at https://doi.org/10.1038/s44319-025-00583-6

References

Agrawal A, Balcı H, Hanspers K, Coort SL, Martens M, Slenter DN, Ehrhart

F, Digles D, Waagmeester A, Wassink I et al (2024) WikiPathways

2024: next generation pathway database. Nucleic Acids Res

52:D679–D689

Amano S (2009) Possible Involvement of basement membrane damage in skin

photoaging. J Invest Dermatol Symp Proc 14:2–7

Amano S (2016) Characterization and mechanisms of photoageing-related

changes in skin. Damages of basement membrane and dermal structures. Exp

Dermatol 25:14–19

Arias-Mejias SM, Warda KY, Quattrocchi E, Alonso-Quinones H, Sominidi-

Damodaran S, Meves A (2020) The role of integrins in melanoma: a review.

Int J Dermatol 59:525–534

Arozarena I, Wellbrock C (2019) Phenotype plasticity as enabler of melanoma

progression and therapy resistance. Nat Rev Cancer 19:377–391

Barbosa IAM, Gopalakrishnan R, Mercan S, Mourikis TP, Martin T, Wengert S,

Sheng C, Ji F, Lopes R, Knehr J et al (2023) Cancer lineage-specific regulation

of YAP responsive elements revealed through large-scale functional

epigenomic screens. Nat Commun 14: 3907

Benito-Martínez S, Salavessa L, Raposo G, Marks MS, Delevoye C (2021) Melanin

transfer and fate within keratinocytes in human skin pigmentation. Integr

Comp Biol 61:1546–1555

Biggs LC, Kim CS, Miroshnikova YA, Wickström SA (2020) Mechanical forces in

the skin: roles in tissue architecture, stability, and function. J Invest Dermatol

140:284–290

Binley KE, Ng WS, Tribble JR, Song B, Morgan JE (2014) Sholl analysis: a

quantitative comparison of semi-automated methods. J Neurosci Methods

225:65–70

Blake JF, Burkard M, Chan J, Chen H, Chou K-J, Diaz D, Dudley DA, Gaudino

JJ, Gould SE, Grina J et al (2016) Discovery of (S)-1-(1-(4-Chloro-3-

fluorophenyl)-2-hydroxyethyl)-4-(2-((1-methyl-1H-pyrazol-5-yl)amino)

pyrimidin-4-yl)pyridin-2(1H)-one (GDC-0994), an extracellular signal-

regulated kinase 1/2 (ERK1/2) inhibitor in early clinical development. J

Med Chem 59:5650–5660

Bonnans C, Chou J, Werb Z (2014) Remodelling the extracellular matrix in

development and disease. Nat Rev Mol Cell Biol 15:786–801

Buscà R, Ballotti R (2000) Cyclic AMP a key messenger in the regulation of skin

pigmentation. Pigment Cell Res 13:60–69

Cai X, Wang K-C, Meng Z (2021) Mechanoregulation of YAP and TAZ in cellular

homeostasis and disease progression. Front Cell Dev Biol 9:673599

Carreira S, Goodall J, Denat L, Rodriguez M, Nuciforo P, Hoek KS, Testori A, Larue

L, Goding CR (2006) Mitf regulation of Dia1 controls melanoma proliferation

and invasiveness. Genes Dev 20:3426–3439

Centeno PP, Pavet V, Marais R (2023) The journey from melanocytes to

melanoma. Nat Rev Cancer 23:372–390

Cheli Y, Giuliano S, Botton T, Rocchi S, Hofman V, Hofman P, Bahadoran P,

Bertolotto C, Ballotti R (2011) Mitf is the key molecular switch between mouse

or human melanoma initiating cells and their differentiated progeny.

Oncogene 30:2307–2318

Choi H, Kim M, Ahn SI, Cho E-G, Lee TR, Shin JH (2014) Regulation of

pigmentation by substrate elasticity in normal human melanocytes and

melanotic MNT1 human melanoma cells. Exp Dermatol 23:172–177

Colombo S, Petit V, Wagner RY, Champeval D, Yajima I, Gesbert F, Aktary Z,

Davidson I, Delmas V, Larue L (2022) Stabilization of β-catenin promotes

melanocyte specification at the expense of the Schwann cell lineage.

Development 149:dev194407

Coutant K, Magne B, Ferland K, Fuentes-Rodriguez A, Chancy O, Mitchell A,

Germain L, Landreville S (2024) Melanocytes in regenerative medicine

applications and disease modeling. J Transl Med 22: 336

Cui Y-Z, Man X-Y (2023) Biology of melanocytes in mammals. Front Cell Dev

Biol 11:1309557

Diazzi S, Tartare-Deckert S, Deckert M (2020) Bad neighborhood: fibrotic stroma

as a new player in melanoma resistance to targeted therapies. Cancers

12:1364

Domingues L, Hurbain I, Gilles-Marsens F, Sirés-Campos J, André N, Dewulf M,

Romao M, Viaris de Lesegno C, Macé A-S, Blouin C et al (2020) Coupling of

melanocyte signaling and mechanics by caveolae is required for human skin

pigmentation. Nat Commun 11: 2988

Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi M, Zanconato F,

Digabel JL, Forcato M, Bicciato S et al (2011) Role of YAP/TAZ in

mechanotransduction. Nature 474:179–183

Durand S, Tang Y, Pommier RM, Benboubker V, Grimont M, Boivin F, Barbollat-

Boutrand L, Cumunel E, Dupeuble F, Eberhardt A et al (2024) ZEB1 controls a

lineage-specific transcriptional program essential for melanoma cell state

transitions. Oncogene 43:1489–1505

Espósito ACC, Cassiano DP, da Silva CN, Lima PB, Dias JAF, Hassun K, Bagatin E,

Miot LDB, Miot HA (2022) Update on melasma-part I: pathogenesis.

Dermatol Ther 12:1967–1988

Estrada C, Mirabal-Ortega L, Méry L, Dingli F, Besse L, Messaoudi C, Loew D,

Pouponnot C, Bertolotto C, Eychène A et al (2022) MITF activity is regulated

by a direct interaction with RAF proteins in melanoma cells. Commun Biol

5:1–13

Feng X, Li G-Y, Ramier A, Eltony AM, Yun S-H (2022) In vivo stiffness

measurement of epidermis, dermis, and hypodermis using broadband

Rayleigh-wave optical coherence elastography. Acta Biomater

146:295–305

Fisher G, Rittié L (2018) Restoration of the basement membrane after wounding:

a hallmark of young human skin altered with aging. J Cell Commun Signal

12:401–411

Gilmartin AG, Bleam MR, Groy A, Moss KG, Minthorn EA, Kulkarni SG, Rominger

CM, Erskine S, Fisher KE, Yang J et al (2011) GSK1120212 (JTP-74057) is an

EMBO reports Carole Luthold et al

20 EMBO reports © The Author(s)

D
ow

nloaded from
 https://w

w
w

.em
bopress.org on O

ctober 28, 2025 from
 IP 134.96.121.181.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE297747
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE297747
https://www.ebi.ac.uk/biostudies/sourcedata/studies/S-SCDT-10_1038-S44319-025-00583-6
https://doi.org/10.1038/s44319-025-00583-6
https://doi.org/10.1038/s44319-025-00583-6


inhibitor of MEK activity and activation with favorable pharmacokinetic

properties for sustained in vivo pathway inhibition. Clin Cancer Res

17:989–1000

Goding CR, Arnheiter H (2019) MITF—the first 25 years. Genes Dev

33:983–1007

Graham HK, McConnell JC, Limbert G, Sherratt MJ (2019) How stiff is skin?. Exp

Dermatol 28:4–9

Guilak F, Cohen DM, Estes BT, Gimble JM, Liedtke W, Chen CS (2009) Control of

stem cell fate by physical interactions with the extracellular matrix. Cell Stem

Cell 5:17–26

Hara M, Yaar M, Tang A, Eller MS, Reenstra W, Gilchrest BA (1994) Role of

integrins in melanocyte attachment and dendricity. J Cell Sci

107:2739–2748

Harris, Millman CR, van der Walt KJ, Gommers R SJ, Virtanen P, Cournapeau D,

Wieser E, Taylor J, Berg S, Smith NJ et al (2020) Array programming with

NumPy. Nature 585:357–362

Hirobe T (2014) Keratinocytes regulate the function of melanocytes. Dermatol

Sin 32:200–204

Hoek KS, Eichhoff OM, Schlegel NC, Döbbeling U, Kobert N, Schaerer L, Hemmi S,

Dummer R (2008) In vivo switching of human melanoma cells between

proliferative and invasive states. Cancer Res 68:650–656

Horvath AN, Holenstein CN, Silvan U, Snedeker JG (2019) The protein

mat(ters)-revealing the biologically relevant mechanical contribution of

collagen- and Fibronectin-coated micropatterns. ACS Appl Mater

Interfaces 11:41791–41798

Huang F, Santinon F, Flores González RE, del Rincón SV (2021) Melanoma

plasticity: promoter of metastasis and resistance to therapy. Front Oncol

11:756001

Huang Y, Su J, Liu J, Yi X, Zhou F, Zhang J, Wang J, Meng X, Si L, Wu C (2022)

YAP activation in promoting negative durotaxis and acral melanoma

progression. Cells 11:3543

Hunter JD (2007) Matplotlib: a 2D graphics environment. Comput Sci Eng

9:90–95

Iriyama S, Matsunaga Y, Takahashi K, Matsuzaki K, Kumagai N, Amano S (2011)

Activation of heparanase by ultraviolet B irradiation leads to functional loss of

basement membrane at the dermal–epidermal junction in human skin. Arch

Dermatol Res 303:253–261

Iriyama S, Yasuda M, Nishikawa S, Takai E, Hosoi J, Amano S (2020) Decrease of

laminin-511 in the basement membrane due to photoaging reduces epidermal

stem/progenitor cells. Sci Rep 10: 12592

Ishihara S, Haga H (2022) Matrix stiffness contributes to cancer progression by

regulating transcription factors. Cancers 14:1049

Ito S, Wakamatsu K (2003) Quantitative analysis of eumelanin and pheomelanin

in humans, mice, and other animals: a comparative review. Pigment Cell Res

16:523–531

Kanehisa M, Furumichi M, Sato Y, Matsuura Y, Ishiguro-Watanabe M (2025)

KEGG: biological systems database as a model of the real world. Nucleic Acids

Res 53:D672–D677

Katkat E, Demirci Y, Heger G, Karagulle D, Papatheodorou I, Brazma A, Ozhan G

(2023) Canonical Wnt and TGF-β/BMP signaling enhance melanocyte

regeneration but suppress invasiveness, migration, and proliferation of

melanoma cells. Front Cell Dev Biol 11:1297910

Kawakami A, Fisher DE (2017) The master role of microphthalmia-associated

transcription factor in melanocyte and melanoma biology. Lab Invest

97:649–656

Köhler C, Nittner D, Rambow F, Radaelli E, Stanchi F, Vandamme N, Baggiolini A,

Sommer L, Berx G, van den Oord JJ et al (2017) Mouse cutaneous melanoma

induced by mutant BRaf arises from expansion and dedifferentiation of mature

pigmented melanocytes. Cell Stem Cell 21:679–693.e6

Konieczkowski DJ, Johannessen CM, Abudayyeh O, Kim JW, Cooper ZA, Piris A,

Frederick DT, Barzily-Rokni M, Straussman R, Haq R et al (2014) A melanoma

cell state distinction influences sensitivity to MAPK pathway inhibitors.

Cancer Discov 4:816–827

Larribere L, Khaled M, Tartare-Deckert S, Busca R, Luciano F, Bille K, Valony G,

Eychene A, Auberger P, Ortonne JP et al (2004) PI3K mediates protection

against TRAIL-induced apoptosis in primary human melanocytes. Cell Death

Differ 11:1084–1091

Li H, Gao Y, Ren C (2021) Focal adhesion kinase inhibitor BI 853520 inhibits cell

proliferation, migration and EMT process through PI3K/AKT/mTOR signaling

pathway in ovarian cancer. Discov Oncol 12:29

Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and

dispersion for RNA-seq data with DESeq2. Genome Biol 15: 550

Matthews NH, Li W-Q, Qureshi AA, Weinstock MA, Cho E (2017) Epidemiology

of melanoma. In: Ward WH, Farma JM (eds) Cutaneous melanoma: etiology

and therapy. Codon Publications, Brisbane

McKinney W (2010) Data structures for statistical computing in Python. scipy

Mescher M, Jeong P, Knapp SK, Rübsam M, Saynisch M, Kranen M, Landsberg J,

Schlaak M, Mauch C, Tüting T et al (2017) The epidermal polarity protein

Par3 is a non–cell autonomous suppressor of malignant melanoma. J Expl Med

214:339–358

Milacic M, Beavers D, Conley P, Gong C, Gillespie M, Griss J, Haw R, Jassal B,

Matthews L, May B et al (2024) The reactome pathway knowledgebase 2024.

Nucleic Acids Res 52:D672–D678

Miskolczi Z, Smith MP, Rowling EJ, Ferguson J, Barriuso J, Wellbrock C (2018)

Collagen abundance controls melanoma phenotypes through lineage-specific

microenvironment sensing. Oncogene 37:3166–3182

Morelli JG, Yohn JJ, Zekman T, Norris DA (1993) Melanocyte movement

in vitro: role of matrix proteins and integrin receptors. J Invest Dermatol

101:605–608

Müller J, Krijgsman O, Tsoi J, Robert L, Hugo W, Song C, Kong X, Possik PA,

Cornelissen-Steijger PDM, Geukes Foppen MH et al (2014) Low MITF/AXL

ratio predicts early resistance to multiple targeted drugs in melanoma. Nat

Commun 5: 5712

Muzumdar MD, Tasic B, Miyamichi K, Li L, Luo L (2007) A global double-

fluorescent Cre reporter mouse. Genesis 45:593–605

Ngeow KC, Friedrichsen HJ, Li L, Zeng Z, Andrews S, Volpon L, Brunsdon H,

Berridge G, Picaud S, Fischer R et al (2018) BRAF/MAPK and GSK3 signaling

converges to control MITF nuclear export. Proc Natl Acad Sci USA

115:E8668–E8677

Norris DA, Horikawa T, Morelli JG (1994) Melanocyte destruction and

repopulation in vitiligo. Pigment Cell Res 7:193–203

Ostojić J, Yoon Y-S, Sonntag T, Nguyen B, Vaughan JM, Shokhirev M, Montminy

M (2021) Transcriptional co-activator regulates melanocyte differentiation

and oncogenesis by integrating cAMP and MAPK/ERK pathways. Cell Rep

35:109136

Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg GI, Gefen A, Reinhart-King

CA, Margulies SS, Dembo M, Boettiger D et al (2005) Tensional homeostasis

and the malignant phenotype. Cancer Cell 8:241–254

Pessoa D, de O, Rius FE, Papaiz DD, Ayub ALP, Morais AS, de Souza CF, da Paixão

VF, Setubal JC, Newton-Bishop J, Nsengimana J et al (2021) Transcriptional

signatures underlying dynamic phenotypic switching and novel disease

biomarkers in a linear cellular model of melanoma progression. Neoplasia

23:439–455

Pfisterer K, Shaw LE, Symmank D, Weninger W (2021) The extracellular matrix in

skin inflammation and infection. Front Cell Dev Biol 9:682414

Phansuk K, Vachiramon V, Jurairattanaporn N, Chanprapaph K, Rattananukrom T

(2022) Dermal pathology in melasma: an update review. Clin Cosmet Investig

Dermatol 15:11–19

Carole Luthold et al EMBO reports

© The Author(s) EMBO reports 21

D
ow

nloaded from
 https://w

w
w

.em
bopress.org on O

ctober 28, 2025 from
 IP 134.96.121.181.



Phung B, Sun J, Schepsky A, Steingrimsson E, Rönnstrand L (2011) C-KIT signaling

depends on microphthalmia-associated transcription factor for effects on cell

proliferation. PLoS ONE 6:e24064

Pinon P, Wehrle-Haller B (2011) Integrins: versatile receptors controlling

melanocyte adhesion, migration and proliferation. Pigment Cell Melanoma Res

24:282–294

Popovic A, Tartare-Deckert S (2022) Role of extracellular matrix architecture and

signaling in melanoma therapeutic resistance. Front Oncol 12:924553

Potekaev NN, Borzykh OB, Medvedev GV, Pushkin DV, Petrova MM, Petrov AV,

Dmitrenko DV, Karpova EI, Demina OM, Shnayder NA (2021) The role of

extracellular matrix in skin wound healing. J Clin Med 10:5947

Prospéri M-T, Giordano C, Gomez-Duro M, Hurbain I, Macé A-S, Raposo G,

D’Angelo G (2024) Extracellular vesicles released by keratinocytes regulate

melanosome maturation, melanocyte dendricity, and pigment transfer. Proc

Natl Acad Sci USA 121:e2321323121

Rambow F, Job B, Petit V, Gesbert F, Delmas V, Seberg H, Meurice G, Van

Otterloo E, Dessen P, Robert C et al (2015) New functional signatures for

understanding melanoma biology from tumor cell lineage-specific analysis.

Cell Rep 13:840–853

Rambow F, Marine J-C, Goding CR (2019) Melanoma plasticity and phenotypic

diversity: therapeutic barriers and opportunities. Genes Dev 33:1295–1318

Rani S, Pervaiz N, Parsad D, Kumar R (2023) Differential expression of

extracellular matrix proteins in the lesional skin of vitiligo patients. Arch

Dermatol Res 315(8):2393–2402

Schepsky A, Bruser K, Gunnarsson GJ, Goodall J, Hallsson JH, Goding CR,

Steingrimsson E, Hecht A (2006) The microphthalmia-associated

transcription factor Mitf interacts with beta-catenin to determine target gene

expression. Mol Cell Biol 26:8914–8927

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,

Preibisch S, Rueden C, Saalfeld S, Schmid B et al (2012) Fiji: an open-source

platform for biological-image analysis. Nat Methods 9:676–682

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of

image analysis. Nat Methods 9:671–675

Scott G, Ryan DH, McCarthy JB (1992) Molecular mechanisms of human

melanocyte attachment to fibronectin. J Invest Dermatol 99:787–794

Seong J, Tajik A, Sun J, Guan J-L, Humphries MJ, Craig SE, Shekaran A, García AJ,

Lu S, Lin MZ et al (2013) Distinct biophysical mechanisms of focal adhesion

kinase mechanoactivation by different extracellular matrix proteins. Proc Natl

Acad Sci USA 110:19372–19377

Shi H, Lin B, Huang Y, Wu J, Zhang H, Lin C, Wang Z, Zhu J, Zhao Y, Fu X et al

(2016) Basic fibroblast growth factor promotes melanocyte migration via

activating PI3K/Akt-Rac1-FAK-JNK and ERK signaling pathways. IUBMB Life

68:735–747

Sholl DA (1953) Dendritic organization in the neurons of the visual and motor

cortices of the cat. J Anat 87:387–406

Sinnberg T, Levesque MP, Krochmann J, Cheng PF, Ikenberg K, Meraz-Torres F,

Niessner H, Garbe C, Busch C (2018) Wnt-signaling enhances neural crest

migration of melanoma cells and induces an invasive phenotype. Mol Cancer

17: 59

Snell RS (1963) A study of the melanocytes and melanin in a healing deep wound.

J Anat 97:243–253

Tan X, Yan Y, Song B, Zhu S, Mei Q, Wu K (2023) Focal adhesion kinase: from

biological functions to therapeutic strategies. Exp Hematol Oncol 12:83

Thomas PD, Ebert D, Muruganujan A, Mushayahama T, Albou L-P, Mi H (2022)

PANTHER: Making genome-scale phylogenetics accessible to all. Protein Sci

31:8–22

Tirosh I, Izar B, Prakadan SM, Wadsworth MH, Treacy D, Trombetta JJ, Rotem A,

Rodman C, Lian C, Murphy G et al (2016) Dissecting the multicellular

ecosystem of metastatic melanoma by single-cell RNA-seq. Science

352:189–196

Torres-Álvarez B, Mesa-Garza IG, Castanedo-Cázares JP, Fuentes-Ahumada C,

Oros-Ovalle C, Navarrete-Solis J, Moncada B (2011) Histochemical and

immunohistochemical study in melasma: evidence of damage in the basal

membrane. Am J Dermatopathol 33:291–295

Tsoi J, Robert L, Paraiso K, Galvan C, Sheu KM, Lay J, Wong DJL, Atefi M, Shirazi

R, Wang X et al (2018) Multi-stage differentiation defines melanoma subtypes

with differential vulnerability to drug-induced iron-dependent oxidative stress.

Cancer Cell 33:890–904.e5

van Amerongen R, Berns A (2005) Re-evaluating the role of Frat in Wnt-signal

transduction. Cell Cycle 4:1065–1072

Varga A, Soria J-C, Hollebecque A, LoRusso P, Bendell J, Huang S-MA, Wagle M-

C, Okrah K, Liu L, Murray E et al (2020) A first-in-human phase I study to

evaluate the ERK1/2 inhibitor GDC-0994 in patients with advanced solid

tumors. Clin Cancer Res 26:1229–1236

Walma DAC, Yamada KM (2020) The extracellular matrix in development.

Development 147:dev175596

Wang C, Zhao L, Su Q, Fan X, Wang Y, Gao S, Wang H, Chen H, Chan CB, Liu

Z (2016) Phosphorylation of MITF by AKT affects its downstream targets

and causes TP53-dependent cell senescence. Intl J Biochem Cell Biol

80:132–142

Wang K, Wen D, Xu X, Zhao R, Jiang F, Yuan S, Zhang Y, Gao Y, Li Q (2023)

Extracellular matrix stiffness—the central cue for skin fibrosis. Front Mol

Biosci 10:1132353

Waskom ML (2021) seaborn: statistical data visualization. J Open Source Softw

6:3021

Wellbrock C, Arozarena I (2015) Microphthalmia-associated transcription factor

in melanoma development and MAP-kinase pathway targeted therapy.

Pigment Cell Melanoma Res 28:390–406

Widlund HR, Horstmann MA, Price ER, Cui J, Lessnick SL, Wu M, He X, Fisher DE

(2002) Beta-catenin-induced melanoma growth requires the downstream

target Microphthalmia-associated transcription factor. J Cell Biol

158:1079–1087

Wouters J, Kalender-Atak Z, Minnoye L, Spanier KI, De Waegeneer M,

Bravo González-Blas C, Mauduit D, Davie K, Hulselmans G, Najem

A et al (2020) Robust gene expression programs underlie recurrent

cell states and phenotype switching in melanoma. Nat Cell Biol

22:986–998

Yasumoto K, Takeda K, Saito H, Watanabe K, Takahashi K, Shibahara S (2002)

Microphthalmia-associated transcription factor interacts with LEF-1, a

mediator of Wnt signaling. EMBO J 21:2703–2714

Yoshihisa Y, Norisugi O, Matsunaga K, Nishihira J, Shimizu T (2014) Involvement

of MIF in basement membrane damage in chronically UVB-exposed skin in

mice. PLoS ONE 9:e89569

Acknowledgements
We thank the animal facility of the Faculty of Medicine, Saarland University, for

important services, the Robert Ernst lab (Medical Biochemistry and Molecular

Biology) for access to the AxioObserver Z1 microscope, the Department of

Cellular Neurophysiology (CIPMM, Saarland University) for kindly providing

access to the plasma cleaner, and Dr. Nicole Ludwig for access to a Bioanalyzer

for RIN measurements. We further thank all members of the Iden laboratory

for stimulating discussions. This project was funded by the Deutsche

Forschungsgemeinschaft (DFG, German Research Foundation), Projektnummer

200049484; (SFB 1027 projects A12 to SI, B2 to MB, and ZX to VH),

Projektnummer 519828155 (DFG INST 256/583-1 FUGG) and Projektnummer

466742891 (DFG INST 256/555-1 FUGG).

EMBO reports Carole Luthold et al

22 EMBO reports © The Author(s)

D
ow

nloaded from
 https://w

w
w

.em
bopress.org on O

ctober 28, 2025 from
 IP 134.96.121.181.



Author contributions
Carole Luthold: Conceptualization; Formal analysis; Investigation;

Methodology; Validation; Visualization; Writing—first concept; Writing—

original draft; Review and editing of manuscript. Marie Didion: Formal analysis;

Investigation; Methodology; Validation. Vanessa Samira Rácz: Formal analysis;

Investigation; Methodology; Validation; Review and editing of manuscript.

Emilio Benedum: Formal analysis; Investigation; Methodology; Validation. Ann-

Kathrin Burkhart: Methodology; Resources, Review and editing of manuscript.

Nina Demmerle: Investigation. Evelyn Wirth: Investigation. Gubesh

Gunaratnam: Formal analysis; Investigation; Methodology; Validation.

Sudharshini Thangamurugan: Formal analysis; Investigation; Methodology;

Visualization. Volkhard Helms: Validation; Resources; Review and editing of

manuscript. Markus Bischoff: Resources; Review and editing of manuscript.

Annika Ridzal: Methodology; Resources. Sandra Iden: Conceptualization;

Formal analysis; Funding acquisition; Investigation; Methodology; Project

administration; Validation; Visualization; Resources; Writing—original draft;

Review and editing of manuscript.

Source data underlying figure panels in this paper may have individual

authorship assigned. Where available, figure panel/source data authorship is

listed in the following database record: biostudies:S-SCDT-10_1038-S44319-

025-00583-6.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Disclosure and competing interests statement
The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0

International License, which permits use, sharing, adaptation, distribution and

reproduction in any medium or format, as long as you give appropriate credit to

the original author(s) and the source, provide a link to the Creative Commons

licence, and indicate if changes were made. The images or other third party

material in this article are included in the article’s Creative Commons licence,

unless indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons licence and your intended use is not

permitted by statutory regulation or exceeds the permitted use, you will need to

obtain permission directly from the copyright holder. To view a copy of this

licence, visit http://creativecommons.org/licenses/by/4.0/. Creative Com-

mons Public Domain Dedication waiver http://creativecommons.org/public-

domain/zero/1.0/ applies to the data associated with this article, unless

otherwise stated in a credit line to the data, but does not extend to the graphical

or creative elements of illustrations, charts, or figures. This waiver removes legal

barriers to the re-use and mining of research data. According to standard

scholarly practice, it is recommended to provide appropriate citation and

attribution whenever technically possible.

© The Author(s) 2025

Carole Luthold et al EMBO reports

© The Author(s) EMBO reports 23

D
ow

nloaded from
 https://w

w
w

.em
bopress.org on O

ctober 28, 2025 from
 IP 134.96.121.181.

https://www.ebi.ac.uk/biostudies/sourcedata/studies/S-SCDT-10_1038-S44319-025-00583-6
https://www.ebi.ac.uk/biostudies/sourcedata/studies/S-SCDT-10_1038-S44319-025-00583-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/


Expanded View Figures

Figure EV1. Validation of PDMS elasticity using atomic force microscopy.

Young’s modulus of PDMS substrates with varying crosslinker ratios. (A) PDMS substrate with a crosslinker:silicone base agent ratio of 1:60; means ± SD, N= 3 (biological
replicates); Welch ANOVA tests: ns p= 0.989 (uncoated vs. COL I), ns p= 0.4616 (uncoated vs. FN), ns p= 0.9842 (uncoated vs. COL IV), ns p= 0.982 (COL I vs. FN),
ns p= 0.9505 (COL I vs. COL IV), ns p= 0.6723 (FN vs. COL IV). (B) PDMS substrate with a 1:35 ratio; means ± SD, N ≥ 3 (biological replicates); Welch ANOVA tests: ns
p= 0.2933 (uncoated vs. COL I), ns p= 0.8869 (uncoated vs. FN), ns p= 0.9686 (uncoated vs. COL IV), ns p= 0.9035 (COL I vs. FN), ns p= 0.0731 (COL I vs. COL IV),
ns p= 0.5114 (FN vs. COL IV). (C) PDMS substrate with a 1:10 ratio; means ± SD, N= 3 (biological replicates); Welch ANOVA tests: ns p= 0.7579 (uncoated vs. COL I), ns
p= 0.7492 (uncoated vs. FN), ns p= 0.3624 (uncoated vs. COL IV), ns p= 0.9483 (COL I vs. FN), ns p= 0.9939 (COL I vs. COL IV), ns p= 0.5694 (FN vs. COL IV).
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Figure EV2. Sholl profiles for iMCs exposed to different ECM molecules.

(A) Graphs showing the Sholl profile analysis, plotting the number of dendrite intersections against the distance from the cell body. The SEM are represented by the
connecting curve (dotted line); N= 3 (biological replicates), n(cells) ≥85. Each curve represents a substrate stiffness condition, and each graph represents an ECM type
(same cells as analyzed in Fig. 1C, different plotting of the data); Welch ANOVA test: COL IV: ns p > 0.9999 (1:60 vs. 1:35), ns p= 0.9650 (1:60 vs. 1:10), ns p= 0.9489
(1:35 vs. 1:10); COL I: ns p= 0.5182 (1:60 vs. 1:35), ns p > 0.9999 (1:60 vs. 1:10), ns p= 0.5964 (1:35 vs. 1:10); FN: ns p= 0.8906 (1:60 vs. 1:35), ns p= 0.4342 (1:60 vs.
1:10), ns p= 0.7603 (1:35 vs. 1:10).
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Figure EV3. Response of primary MCs to distinct ECM cues.

pMCs were cultured overnight on substrates of varying stiffness (soft, intermediate or stiff) coated with COL IV, COL I, or FN. (A) Violin plots showing the medians and
distributions of the cell area of pMCs; N ≥ 5 (biological replicates), n(cells) ≥96; Kruskal–Wallis test: COL IV: ns p= 0.5372 (1:60 vs. 1:35), ns p > 0.9999 (1:60 vs. 1:10), ns
p= 0.1807 (1:35 vs. 1:10); COL I: ns p= 0.1552 (1:60 vs. 1:35), ns p= 0.7629 (1:60 vs. 1:10), ns p > 0.9999 (1:35 vs. 1:10); FN: ns p= 0.4268 (1:60 vs. 1:35), ns p > 0.9999
(1:60 vs. 1:10), ns p= 0.0972 (1:35 vs. 1:10); 1:60: ****p < 0.0001 (COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), ****p < 0.0001 (FN vs. COL IV); 1:35: ****p < 0.0001
(COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), ****p < 0.0001 (FN vs. COL IV); 1:10: ****p < 0.0001 (COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), ****p < 0.0001
(FN vs. COL IV). (B) Quantification of p-FAK levels; violin plots showing the medians and distributions of the integrated density of total p-FAK per cell; N= 3 (biological
replicates), n(cells) ≥52; Kruskal–Wallis test: COL IV: ***p= 0.0004 (1:60 vs. 1:35), ns p > 0.9999 (1:60 vs. 1:10), ***p= 0.0005 (1:35 vs. 1:10); COL I: **p= 0.002 (1:60 vs.
1:35), ns p > 0.9999 (1:60 vs. 1:10), **p= 0.0024 (1:35 vs. 1:10); FN: ns p= 0.3084 (1:60 vs. 1:35), **p= 0.0035 (1:60 vs. 1:10), ns p= 0.7979 (1:35 vs. 1:10); 1:60:
****p < 0.0001 (COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), ns p= 0.1 (FN vs. COL IV); 1:35: ****p < 0.0001 (COL I vs. FN), ***p= 0.0003 (COL I vs. COL IV),
****p < 0.0001 (FN vs. COL IV); 1:10: ****p < 0.0001 (COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), ****p < 0.0001 (FN vs. COL IV). (C) Quantification of FAs; violin
plots showing the medians and distributions of the number of focal adhesions per µm2 per cell; N= 3 (biological replicates), n(cells) ≥65; Kruskal–Wallis test: COL IV:
**p= 0.0081 (1:60 vs. 1:35), ns p= 0.507 (1:60 vs. 1:10), ****p < 0.0001 (1:35 vs. 1:10); COL I: ns p= 0.7166 (1:60 vs. 1:35), ns p > 0.9999 (1:60 vs. 1:10), ns p= 0.1991 (1:35
vs. 1:10); FN: *p= 0.0117 (1:60 vs. 1:35), **p= 0.0071 (1:60 vs. 1:10), ns p > 0.9999 (1:35 vs. 1:10); 1:60: ns p > 0.9999 (COL I vs. FN), ns p > 0.9999 (COL I vs. COL IV), ns
p > 0.9999 (FN vs. COL IV); 1:35: *p= 0.0167 (COL I vs. FN), ns p= 0.5377 (COL I vs. COL IV), ****p < 0.0001 (FN vs. COL IV); 1:10: ns p > 0.9999 (COL I vs. FN), ns
p > 0.9999 (COL I vs. COL IV), ns p > 0.9999 (FN vs. COL IV). (D) Quantification of intra- and extracellular melanin content by spectrophotometry at 405 nm from pMCs
cultured 72 h on substrates of varying stiffness (soft, intermediate or stiff) coated with COL IV, COL I or FN; means ± SD, N= 3 (biological replicates); multiple t- tests: Soft
vs. Intermediate: ns p= 0.4947 (COL I), ns p= 0.8479 (FN), ns p= 0.8479 (COL IV); Soft vs. Stiff: ns p= 0.619892 (COL I), ns p= 0.10379 (FN), ns p= 0.619892 (COL
IV); Intermediate vs. Stiff: ns p= 0.361807 (COL I), ns p= 0.118759 (FN), ns p= 0.361807 (COL IV); COL I vs. COL IV: ns p= 0.868243 (1:60), ns p= 0.935696 (1:35), ns
p= 0.935696 (1:10), COL IV vs. FN: ns p= 0.053003 (1:60), ns p= 0.053003 (1:35), ns p= 0.836335 (1:10); COL I vs. FN: *p= 0.0139 (1:60), ns p= 0.0797 (1:35), ns
p= 0.5564 (1:10). (E) Quantification of nuclear MITF; violin plots showing the medians and distributions of the percentage of nuclear MITF per cell; N= 3 (biological
replicates), n(cells) ≥67; Kruskal–Wallis test: COL IV: ns p= 0.2081 (1:60 vs. 1:35), ns p > 0.9999 (1:60 vs. 1:10), ns p= 0.3965 (1:35 vs. 1:10); COL I: *p= 0.0186 (1:60 vs.
1:35), **p= 0.0034 (1:60 vs. 1:10); ns p > 0.9999 (1:35 vs. 1:10); FN: ns p= 0.7181 (1:60 vs. 1:35), ns p > 0.9999 (1:60 vs. 1:10), ns p= 0.2589 (1:35 vs. 1:10); 1:60:
****p < 0.0001 (COL I vs. FN), **p= 0.0056 (COL I vs. COL IV), **p= 0.0013 (FN vs. COL IV); 1:35: ****p < 0.0001 (COL I vs. FN), **p= 0.0046 (COL I vs. COL IV),
****p < 0.0001 (FN vs. COL IV); 1:10: ****p < 0.0001 (COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), ***p= 0.0009 (FN vs. COL IV). AU, arbitrary units.
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Figure EV4. Negative correlation between nuclear MITF levels and MC area and siMITF validation.

(A) The percentage of nuclear MITF was plotted against the cell area of the corresponding MC for all stiffnesses and ECM types tested. The bar diagram depicts the
means ± SEM of the ratio of cell area to percentage of nuclear MITF per cell; N= 3 (biological replicates), n(cells) ≥47; Kruskal–Wallis test: COL IV: ns p > 0.9999 (1:60 vs.
1:35), ns p= 0.5839 (1:60 vs. 1:10), ns p > 0.9999 (1:35 vs. 1:10); COL I: ns p= 0.5497 (1:60 vs. 1:35), ***p= 0.0001 (1:60 vs. 1:10), *p= 0.0329 (1:35 vs. 1:10); FN: ns
p > 0.9999 (1:60 vs. 1:35), ***p= 0.0001 (1:60 vs. 1:10), ***p= 0.0001 (1:35 vs. 1:10); 1:60: ****p < 0.0001 (COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), **p= 0.0014
(FN vs. COL IV); 1:35: ****p < 0.0001 (COL I vs. FN), ****p < 0.0001 (COL I vs. COL IV), ***p= 0.0006 (FN vs. COL IV); 1:10: ****p < 0.0001 (COL I vs. FN), ****p < 0.0001
(COL I vs. COL IV), ns p= 0.0603 (FN vs. COL IV). (B) Western blot analysis of MITF expression in iMCs plated on COL I or FN and transfected for 72 h with siCtrl or
siMITF, performed in parallel with melanin quantification shown in Fig. 4D.
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Figure EV5. Transcriptomic profiling across ECM conditions.

iMCs were cultured overnight on stiff substrates coated with COL IV, COL I, or FN; N= 3 (biological replicates). (A) Principal component analysis (PCA) of gene
expression across substrates. Each dot represents one sample: COL IV (green), COL I (blue), and FN (purple). Axes indicate principal components capturing the highest
variance. (B) Venn diagram showing the number of genes expressed in the samples grown on COL IV, COL I, and FN substrates. (C) Volcano plots depicting differentially
expressed genes between substrates: (i) COL I vs. COL IV, (ii) FN vs. COL I, and (iii) FN vs. COL IV (p values derived from Wald tests in DESeq2 with Benjamini–Hochberg
adjustment). Significantly downregulated genes are shown in blue; upregulated genes in yellow. (D) Gene Ontology (GO) Biological Process enrichment analysis of
significantly regulated genes across substrates. The x-axis indicates the adjusted p value of Fisher’s Exact test; the y-axis lists the most significantly enriched biological
processes. (E) Reactome pathway enrichment analysis performed on differentially expressed genes across ECM conditions. The x-axis represents the adjusted p value of
Fisher’s exact test; the y-axis lists the top significantly enriched Reactome pathways.
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Figure EV6. Functional validation of MEK and FAK inhibitors in iMCs cultured on ECM-coated substrates.

iMCs were cultured on stiff substrates coated with COL IV, COL I, or FN. Four hours post-plating, a 16-h treatment with DMSO, 100 nM of MEK inhibitor (MEKi =
Trametinib) or FAK inhibitor (FAKi= Ifebemtinib) was commenced. (A) Representative Western blot showing the inhibition of ERK1/2 phosphorylation with Trametinib
treatment. (B) Quantification of p-FAK (Y397) intensity per cell following treatment with DMSO or FAK inhibitor (FAKi); violin plots display medians and distributions;
N= 3 (biological replicates), n(cells) ≥88; Kruskal–Wallis test: DMSO: ****p < 0,0001 (COL IV vs. COL I), ns p > 0,9999 (COL IV vs. FN), **** p < 0,0001 (COL I vs. FN);
DMSO vs. FAKi: **** p < 0,0001 (COL IV DMSO vs. COL IV FAKi 24 h), ****p < 0,0001 (COL I DMSO vs. COL I FAKi 24 h), ****p < 0,0001 (FN DMSO vs. FN FAKi 24 h).
(C) Quantification of focal adhesion (FA) number per cell following FAKi treatment; violin plots show medians and distributions; N= 3 (biological replicates), n(cells) ≥70;
Kruskal–Wallis test: DMSO: ****p < 0.0001 (COL IV vs. COL I), ns p= 0.6525 (COL IV vs. FN), ****p < 0.0001 (COL I vs. FN); DMSO vs. FAKi: ****p < 0.0001 (COL IV
DMSO vs. COL IV FAKi), ****p < 0.0001 (COL I DMSO vs. COL I FAKi), ****p < 0.0001 (FN DMSO vs. FN FAKi).
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