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Interaction between the tumor microenvironment and cancer cell plasticity drives intratumor phenotypic hetero-
geneity and underpins disease progression and nongenetic therapy resistance. Phenotype-specific expression of the
AXL receptor tyrosine kinase is a pivotal player in dormancy, invasion, and resistance to treatment. However, al-
though theAXL ligandGAS6 is presentwithin tumors, howAXL is activated inmetastasizing cells remains unclear.
Here, using melanoma as a model, we reveal that AXL is activated by exposure to human adipocytes and to oleic
acid, a monounsaturated fatty acid abundant in lymph and in adipocytes. AXL activation triggers SRC-dependent
formation and nuclear translocation of a β-catenin–CAV1 complex required for melanoma invasiveness. Remark-
ably, only undifferentiated AXLHigh melanoma cells engage in symbiosis with human adipocytes, in part by trig-
geringWNT5a-mediated lipolysis, leading to AXL-dependent, but FATP-independent, fatty acid uptake and nuclear
localization of the β-catenin–CAV1 complex. Significantly, humanmelanomas in the vicinity of adipocytes exhibit
high levels of nuclear CAV1. The results unveil an AXL- and CAV1-dependent mechanism through which a nu-
tritional input drives phenotype-specific activation of a prometastasis program. Given the key role of AXL in a broad
range of cancers, the results offer major insights into the mechanisms of cancer cell dormancy and therapy
resistance.
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Tumors containmultiple phenotypically distinct cell sub-
populations that share common driver mutations but ex-
hibit radically different biological properties. Phenotypic
heterogeneity arises as a consequence of bidirectional in-
teractions between cancer cells and the microenviron-
ment that enable cells to switch in vivo from one
phenotype to another (Hoek and Goding 2010; Hanahan
2022). The ability of cells to change phenotype underpins
metastatic dissemination, contributes to both drug and
immunotherapy tolerance, and represents a major chal-
lenge to effective anticancer therapy (Sharma et al. 2010;

Kalkavan et al. 2022; Gerstberger et al. 2023). For exam-
ple, in awide range of cancer types, phenotype-specific ex-
pression and activation of the AXL receptor tyrosine
kinase (RTK) have been linked to metastatic dissemina-
tion and therapy resistance (Asiedu et al. 2014; Wang
et al. 2016; Gay et al. 2017; Boshuizen et al. 2018; Colavito
2020; Auyez et al. 2021; Shao et al. 2023).
Melanoma is a highly aggressive skin cancer that, un-

like many cancer types, has well-defined phenotypic sub-
types (Goodall et al. 2008; Hoek and Goding 2010;
Rambow et al. 2018, 2019; Tsoi et al. 2018) that were ini-
tially characterized by the expression of the microphthal-
mia-associated transcription factor MITF, which controls
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many aspects ofmelanoma biology (Goding andArnheiter
2019). Consequently, melanoma represents an excellent
model for understanding how cancer phenotype dictates
disease progression and therapy resistance. Notably,
whereas MITFHigh/AXLLow cells can be proliferative,
have poor metastatic potential, and are therapy-sensitive,
MITFLow/AXLHigh cells are slow-cycling, invasive, and re-
fractive to therapy, including immune checkpoint inhibi-
tion (Konieczkowski et al. 2014; Müller et al. 2014;
Rambow et al. 2018). Moreover, AXL activity has also
been implicated in dormancy (Fane et al. 2022). However,
although the AXL ligandGAS6 is expressedwidely within
tumors (Fane et al. 2022), how AXL activity might be pre-
served tomaintain invasion and survival in metastasizing
cells exiting the primary tumor or on entering vessels or
how AXL is regulated to enable dormancy is not under-
stood. One possibility is that the activation of key RTKs
such as AXL is facilitated in migrating cells bymicroenvi-
ronmental factors other than their classical ligands. The
nature of such activators is currently unknown, but their
identification would provide a major insight into how the
microenvironmentmight shape successfulmetastatic dis-
semination and therapy resistance.

One cluemay come from evidence indicating that inva-
sion, including that arising in response to inflammatory
signaling, represents a survival strategy that evolved as a
response to nutrient limitation (Falletta et al. 2017; Gar-
cía-Jiménez and Goding 2019). It therefore seems plausi-
ble that activation of the AXL RTK to promote survival
of metastasizing cells could be linked to nutrient avail-
ability. In this respect, it has recently emerged that bidir-
ectional interactions between cancer cells and adipocytes
drive fatty acid uptake from the microenvironment and
represent amajor factor in disease progression and therapy
resistance in a wide range of cancers (Zhang et al. 2018;
Alicea et al. 2020; Ubellacker et al. 2020; Hoy et al.
2021; Altea-Manzano et al. 2023; Lumaquin-Yin et al.
2023; Demicco et al. 2024). For example, melanoma cells
can come into contact with the adipocyte-rich dermis
(Kwan et al. 2014), and adipocyte association with tumors
is a marker of poor prognosis (Smolle et al. 1995). More-
over, oleic acid uptake from lymph can protect metasta-
sizing melanoma cells from ferroptosis (Ubellacker et al.
2020), and FATP-dependent lipid uptake from aged fibro-
blasts can contribute to tolerance to BRAF inhibitor ther-
apy (Alicea et al. 2020). However, although it is clear that
fatty acid uptake from adipocytes (Hollander et al. 1986;
Kwan et al. 2014; Lazar et al. 2016; Zhang et al. 2018;
Lumaquin-Yin et al. 2023) and lymph (Ubellacker et al.
2020) plays a key role in melanoma progression, mecha-
nistically how it rewires melanoma signaling to achieve
its biological effects is poorly understood. It is also not
knownwhethermelanoma phenotype dictates themolec-
ular response to certain fatty acids or whether the release
of fatty acids from human adipocytes is a response to sig-
nals restricted to specific phenotypes.

Here we reveal that the capacity of melanoma cells to
induce lipolysis in human adipose tissue is phenotype-
specific and restricted to AXLHigh cells, that oleic acid ac-
tivates the AXL RTK to drive fatty acid uptake indepen-

dent of FATPs, and that AXL activation by oleic acid
promotes translocation of a caveolin–β-catenin complex
essential for invasiveness and metastatic dissemina-
tion. The results highlight how a common microenviron-
mental nutrient shapes a phenotype-specific response
associated with metastatic dissemination and therapy
resistance.

Results

Induction of lipolysis in human adipose tissue by
melanoma cells is restricted to undifferentiated
MITFLow-specific phenotypes

In vivo, metastasizing melanoma cells come into close
proximity with adipocytes with the potential for bidirec-
tional interactions, including cancer cell-induced adipo-
cyte lipolysis and uptake of the released fatty acids by
the cancer cells (Hollander et al. 1986; Kwan et al. 2014;
Zhang et al. 2018; Lumaquin-Yin et al. 2023). However,
whether human adipocytes release fatty acids in response
to signals originating from specific phenotypic states is
unknown. To investigate this, we used two BRAFmutant
human melanoma cell lines, IGR37 and IGR39, that were
derived from the same patient but were phenotypically
very different: IGR37 cells express MITF but not AXL
and represent a proliferative phenotype that is BRAF in-
hibitor (BRAFi)-sensitive. In contrast, IGR39 cells are
MITFLow, undifferentiated, invasive, and BRAFi-tolerant
and express the AXL receptor tyrosine kinase, a hallmark
of therapy resistance. The in vivo interaction between
melanoma cells and adipocytes was recapitulated by co-
culture with human omentum adipose tissue explants
separated by a membrane that permits exchange of small
molecules, including lipids and exosomes, but does not
allow passage of cells (Fig. 1A). Fatty acid uptake by the
melanoma cells was thenmonitored usingNile red, a fluo-
rescent lipophilic dye. Unexpectedly, only the undiffer-
entiated MITFLow/AXLHigh IGR39 cells, but not the
MITFHigh/AXLLow IGR37 cells, accumulated Nile red-
stained lipid droplets (Fig. 1B). This result might have
been obtained because only the IGR39 cells were compe-
tent to induce lipolysis in the human adipose tissue ex-
plants and/or because only IGR39 cells could take up
the lipids released from the explants.

To distinguish between these possibilities, we initially
examined the ability of both IGR39 and IGR37 cells to
induce phosphorylation of hormone-stimulated lipase
(HSL); phosphorylation activates HSL, which can hydro-
lyze stored triglycerides to free fatty acids, a key event
in mobilization of adipose tissue fat stores. To ensure
that the results were not limited to IGR37 and IGR39
cells, we used two additional melanoma cell lines:
WM793 cells that, like IGR39, are MITFLow/AXLHigh un-
differentiated cells, and 501mel cells that, like IGR37,
exhibit an MITFHigh proliferative phenotype. Human adi-
pose tissue explants exposed to conditioned medium de-
rived from the four melanoma cell lines for 4 days were
examined for HSL phosphorylation status by Western
blotting. The results (Fig. 1C) revealed that conditioned
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medium from both undifferentiated melanoma cell lines
(WM793 and IGR39) induced phosphorylation of HSL,
whereas conditioned medium from the MITFHigh IGR37
and 501mel cells did not. In addition, conditioned medi-
um from WM793 and IGR39 cells, but not that from
IGR37 or 501mel cells, induced expression and phosphor-
ylation of perilipin, a lipid droplet-associated protein and
gatekeeper of lipolysis whose phosphorylation is a hall-
mark of adipocyte lipolysis (Greenberg et al. 1991). ERK
was used as a loading control.
The presence of molecules secreted by melanoma cells

that induce lipolysis in human fat explants was confirmed
by exchanging the conditioned media. IGR37 or IGR39

cells were cocultured with human adipose tissue explants
in conditionedmedium from IGR39 cells or IGR37 cells or
in M199 adipocyte culture medium as a control. The re-
sults (Fig. 1D) confirmed that the cocultured undifferenti-
ated IGR39 cells could induce lipolysis, which was
detected using antibodies for HSL and perilipin phosphor-
ylation. However, when the medium was substituted
with that from IGR37 cells or M199 medium, p-HSL and
p-perilipin were reduced to baseline. Moreover, cocul-
tured IGR37 cells could not induce markers of lipolysis
in human adipose tissue explants unless conditioned me-
dium from IGR39 cells was present. Collectively, these re-
sults indicate that factors secreted from the MITFLow/
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Figure 1. Only MITFLow cells induce lipolysis in human adipose explants. (A) Schematic showing an experimental system for adipose
tissue explant–melanoma cell coculture in which the explant andmelanoma cells are separated by a 3 μmpore size lipid-permeablemem-
brane. (B) Nile red staining of melanoma cells in monoculture or coculture with human adipose tissue explants for 4 days. DAPI was used
to stain nuclei. Scale bar, 50 μm. (C,D) Western blots using the indicated antibodies of human adipose tissue explants cocultured with the
indicated melanoma cells and exposed to the indicated conditioned medium for 4 days. (E) Heat map showing relative mRNA expression
of the indicated genes in Cancer Cell Line Encyclopedia (CCLE)melanoma cell lines ranked byMITF expression. (F ) Plot showingWNT5a
mRNAexpression (gray bars) in the Cancer GenomeAtlas (TCGA)melanoma cohort ranked byMITF expression (black line). Themoving
average per 20melanomas ofWNT5a is shown as amaroon line. (G) Western blot of a human adipose tissue explant cocultured or notwith
the indicated cell lines with (+) or without (−) 50 ng of WNT5a. All samples were run on the same gel.
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AXLHigh undifferentiated melanoma cells were required
to induce lipolysis in human adipose tissue explants.

To rule out any defects in uptake of free fatty acids by
IGR37 cells, we next exposed IGR37 and IGR39 cells to
oleic acid, an 18:1 long chain monounsaturated fatty
acid, and examined the accumulation of lipid droplets.
Oleic acid was used because it is the most abundant fatty
acid in human adipose tissue (Insull and Bartsch 1967;
Kokatnur et al. 1979; Hodson et al. 2008), and previous
work has shown that uptake of oleic acid from lymph
can enhance survival and suppress ferroptosis in metasta-
sizingmelanoma cells (Ubellacker et al. 2020). In these ex-
periments, we used 100 μM oleic acid, a concentration
fivefold lower than that used previously to suppress fer-
roptosis (Ubellacker et al. 2020) and similar to that found
in plasma from nonhypertensive subjects (Davda et al.
1995). As expected, exposure of MITFHigh or MITFLow

cell lines to oleic acid led to accumulation of lipid drop-
lets, which was revealed by staining with Oil red O (Sup-
plemental Fig. S1A).

These observations indicate that although IGR37 cells
cannot induce lipolysis in human adipose tissue explants,
they are nevertheless capable of importing free fatty acids.
We therefore cocultured IGR37 and IGR39 cells separated
by a porous membrane with murine 3T3-L1 adipocytes
preloaded with fluorescent BODIPY-FL, which acts as a
fatty acid mimetic and is transported by the same mecha-
nisms as natural lipid (Supplemental Fig. S1B; Bai and
Pagano 1997). Any uptake of BODIPY-FL by cocultured
melanoma cells therefore reflects both its release from
the adipocytes and an ability of themelanoma cells to im-
port it. Unlike the result obtainedwith human adipose tis-
sue explants, both IGR37 and IGR39 cells were able to
induce BODIPY-FL release from the 3T3-L1 cells and its
uptake (Supplemental Fig. S1C). Taken together, our re-
sults indicate that both MITFLow and MITFHigh cells can
take up oleic acid, but whereas both induce lipid release
and uptake from themurine 3T3-L1 adipocyte, only undif-
ferentiated MITFLow/AXLHigh cells are competent to in-
duce lipolysis from human adipose tissue explants and
import the lipids released. One possible explanation for
the different response to 3T3-L1 adipocytes versus human
adipose tissue explants in these assays is that 3T3-L1
maintenance culture medium contains factors such as
dexamethasone, which can promote lipolysis (Xu et al.
2009), and consequently no prolipolysis factor derived
frommelanoma cells is required to stimulate lipid release.

Collectively, these data suggest that a soluble factor se-
creted from MITFLow/AXLHigh but not MITFHigh/AXLLow

melanoma cells is able to induce lipolysis and lipid release
from human adipose tissue explants. Although a range of
factors might be responsible, to date, no melanoma-se-
creted factor able to induce lipid release from adipocytes
has been identified. Previous studies that reported that
Wnt5a activates noncanonical WNT signaling to drive
melanoma invasion (Weeraratna et al. 2002), metastatic
dissemination, maintenance of dormancy (Fane et al.
2022), and BRAF inhibitor resistance (Anastas et al.
2014) suggest thatWNT5amight be a potential candidate.
In support, circulating WNT5a can promote a proinflam-

matory state in visceral adipose tissue (Catalán et al.
2014) and can drive adipocyte dedifferentiation associated
with loss of lipid droplets (Zoico et al. 2016). Thus, we an-
alyzed the panel of melanoma cell lines in the Cancer Cell
Line Encyclopedia (CCLE), which revealed that WNT5a
was primarily expressed in MITFLow/AXLHigh cell lines
(including IGR39 and WM793 cells) (Fig. 1E). The results
obtained in these cell lines were recapitulated in the Can-
cer Genome Atlas (TCGA) melanoma cohort in which
WNT5awas expressed predominantly inMITFLow tumors
(Fig. 1F), consistent with both low MITF (Carreira et al.
2006; Chauhan et al. 2022) and high WNT5a (Weeraratna
et al. 2002) being associated with invasiveness. We there-
fore tested the ability of WNT5a to induce lipolysis in
human adipose tissue explants. The results (Fig. 1G) con-
firmed that both p-Perilipin and p-HSL were robustly in-
duced by coculture with IGR39 cells or by addition of
WNT5a to the coculture with IGR37 cells. These data
are consistent with WNT5a secreted by MITFLow, but
not MITFHigh, cells contributing to their ability to induce
lipolysis in human adipose tissue.

Fatty acid uptake by MITFLow melanoma cells
is FATP-independent

The observation that only undifferentiated melanoma
cells were competent to induce effective lipolysis from
human adipose tissue explants led us to reassess how fatty
acids are transferred into melanoma cells. Previous work
has demonstrated that fatty acid uptake from adipocytes
or aged fibroblasts into melanoma cells is mediated by
FATPs, as determined by the sensitivity of fatty acid up-
take to lipofermata (Zhang et al. 2018; Alicea et al.
2020), a smallmolecule that specifically blocks the ability
of FATPs to import long chain fatty acids (Sandoval et al.
2010). However, whether FATPs are also required for fatty
acid uptake by undifferentiated melanoma cells is un-
known. We therefore exposed two MITFHigh/AXLLow

(501mel and IGR37) and two MITFLow/AXLHigh (IGR39
and WM793) human melanoma cell lines to oleic acid in
the presence or absence of lipofermata to monitor the ac-
cumulation of intracellular lipid droplets within the mel-
anoma cells using Oil red O (Fig. 2A, quantified in B). In
the absence of exogenously added oleic acid, some mela-
noma cells may contain a few small lipid droplets likely
originating from fatty acids present in the fetal calf serum
used in the culture medium. In contrast, addition of oleic
acid led to a dramatic increase in lipid droplet formation
in all cell lines, though the level of accumulation in the
MITFLow (IGR39 and WM793) cell lines was moderately
reduced. As anticipated, lipofermata substantially re-
duced lipid droplet accumulation in the MITFHigh/
AXLLow (501mel and IGR37) cell lines. Unexpectedly, lip-
ofermata exhibited no effect on lipid droplet accumula-
tion in the MITFLow/AXLHigh IGR39 and WM793 cells.
This result suggested thatMITFLow/AXLHigh undifferenti-
ated melanoma cell lines use an alternative pathway to
take up long chain fatty acids. We therefore examined
the mRNA expression of a series of FATPs encoded by
the SLC27A gene family in our in-house panel of
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12 melanoma cell lines. We also included CD36, a fatty
acid translocase that is expressed on metastasis-initiating
cells characterized by increased fatty acidmetabolism in a
number of cancers (Pascual et al. 2017), and compared its
expression with that of MITF, a marker for the more pro-
liferative/differentiated cells. Remarkably, each cell line

expressed a different pattern of FATP or CD36mRNA ex-
pression (Fig. 2C). For example, CD36 was only signifi-
cantly expressed in one MITFLow line (WM115), whereas
SLC27A2 encoding FATP2, previously implicated in lipid
uptake from fibroblasts (Alicea et al. 2020), was found in
only two MITFLow cell lines: IGR39 and CHL. In contrast
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Figure 2. FATP-independent uptake of oleic acid by MITFLow melanoma cells. (A) The indicated MITFHigh and MITFLow cell lines were
exposed or not to 100 μM oleic acid for 16 h in the presence or absence of 1.25 μM lipofermata and stained using Oil red O. Scale bars, 50
µm. The insets show typical cells at highermagnification. (B) Quantification of Oil redO staining from the cells inA. n= 3 for IGR37; n=5
for 501mel, IGR39, andWM793. Error bars indicate SEM. (∗∗) P <0.01; paired t-test. (C,D) Heat maps showing relative expression ofMITF,
CD36, and SLC27A family genes encoding FATPs in an in-house panel of 12melanoma cell linesmeasured by triplicate RNA-seq (C ) or in
a panel of 53melanoma cell lines clustered by phenotype as described by Tsoi et al. (2018) (D). (E) Heatmap showing relative expression of
CAV1 in the Tsoi et al. (2018) cell lines usingMITF, SOX10, SOX9, andAXL expression as markers of the indicated phenotypes. (F ) Heat
map showing expression ofMITF,AXL, andCAV1mRNA in the indicated panel of 12 melanoma cell lines by RNA-seq in triplicate. The
mutation status of PTEN,BRAF, andNRAS is indicated, where “+” indicates an activatingmutation. (G) Western blot showing expression
of the indicated proteins in a panel of 12melanoma cell lines. (H) CCLE pan-cancer cell lines ranked byAXL expression, with the moving
average of CAV1 expression indicated in magenta. Gray bars indicate CAV1 expression in each cell line. (I ) Oil red O staining of the in-
dicatedmelanomacell lines exposed to oleic acid for 16 h and pretreated or notwith 25 μMnystatin. The insets show typical cells at higher
magnification. Scale bar, 50 μm. (J) Quantification of Oil red O staining in I. n= 3 for 501mel and IGR37; n =4 for IGR39 andWM793. Error
bars indicate SEM. (∗) P <0.05; paired t-test.
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SLC27A1 encoding FATP1, reported to mediate lipid up-
take by melanoma cells from adipocytes in vivo (Zhang
et al. 2018), was more widely expressed, though predomi-
nantly in proliferative phenotype (MITFHigh) cell lines.
Notably, one cell line (WM793) appeared to express little
of any FATP or CD36 mRNA, consistent with its lipofer-
mata-independent lipid droplet accumulation.

To extend these observations, wenext used a panel of 53
well-characterized melanoma cell lines that fall into four
distinct phenotypes based on their gene expression pro-
files (Tsoi et al. 2018). The results (Fig. 2D) largely recapit-
ulated those of our in-house cell lines, with themajority of
the FATP genes being more highly expressed in the two
MITFHigh transient or melanocytic melanoma pheno-
types. In contrast, SLC27A2 and SLC27A6were expressed
in a fewMITFLow cell lines primarily with the undifferen-
tiated phenotype. Interestingly, CD36 was expressed to
high levels in only three lines. These results, together
with the observations that lipofermata predominantly
affected oleic uptake inMITFHigh lines, raised the possibil-
ity that long chain fatty acid uptake in MITFLow melano-
ma cells is largely FATP-independent.

One candidate mechanism for fatty acid uptake is via
caveolae, cholesterol, and sphingolipid-rich lipid rafts
containing the protein caveolin. Caveolae are important
for fatty acid transport in a number of cell types, including
adipocytes (Pohl et al. 2004, 2005; Ring et al. 2006; Mat-
tern et al. 2009). Remarkably, using the same panel of 53
melanoma cell lines in which different phenotypes can
be distinguished usingMITF, SOX10, and SOX9 as mark-
ers (Fig. 2E) revealed that significant expression of CAV1
mRNA encoding caveolin 1, a key component of caveolae
in plasmamembranes (Conde-Perez et al. 2015), was large-
ly restricted to the MITFLow undifferentiated and neural
crest-like melanoma cell lines that also express AXL, a
hallmark of melanoma invasion and therapy resistance
(Konieczkowski et al. 2014;Müller et al. 2014). Similar re-
sults were obtained using our in-house panel of lines,
where RNA-seq (Fig. 2F) and Western blotting (Fig. 2G)
also confirmed that CAV1 expression was largely restrict-
ed to the MITFLow/AXLHigh cell lines. Notably, the corre-
lation between AXL and CAV1 expression was not
restricted to melanoma cells but was recapitulated
across cancer types in the Cancer Cell Line Encyclopedia
(Fig. 2H).

To assess the impact of inhibiting caveolae-dependent
endocytosis on fatty acid uptake by melanoma cells, we
treated cells with oleic acid and used nystatin, a sterol-
binding compound that disassembles caveolae in the
membrane. As anticipated, the uptake of oleic acid by
the MITFHigh/AXLLow (501mel and IGR37) cell lines was
unaffected by nystatin (Fig. 2I,J). In contrast, the accumu-
lation of lipid droplets was reduced by nystatin in both
the MITFLow/AXLHigh IGR39 and WM793 cells. Collec-
tively, the results indicate that although FATPs are used
by the lipofermata-sensitive MITFHigh melanoma cells,
MITFLow/AXLHigh cells may use alternative mechanisms
to take up fatty acids, including via caveolae. The observa-
tion that undifferentiated melanoma cells use a FATP-
independent mechanism for fatty acid uptake is impor-

tant because blocking FATP activity has been proposed
as a potential anticancer therapy.

Phenotype-specific nuclear translocation
of caveolin–β-catenin in response to oleic acid

To examine the molecular consequences of oleic acid up-
take, we focused on the undifferentiated MITFLow mela-
noma cells that can induce lipolysis in human adipose
tissue explants and import oleic acid in a lipofermata-in-
dependent fashion. Because CAV1 expression is largely
restricted to MITFLow/AXLHigh melanoma cells, we per-
formed immunofluorescence to detect CAV1 in the
IGR39 cell line used as a model for the BRAFi-resistant
undifferentiated phenotype. Under control conditions,
CAV1was excluded fromnuclei, using Lamin B as amark-
er for the nuclear periphery, and was found primarily in
the cytoplasm or associated with the plasma membrane,
as expected (Fig. 3A). In contrast, exposure to oleic acid
(OA) led to increased CAV1 expression and a proportion
of the protein exhibiting nuclear localization. No nuclear
CAV1 was observed if cells were exposed to palmitic acid
(PA), an abundant 16:0 saturated long chain fatty acid. The
effect of oleic acid on CAV1 nuclear accumulation was
confirmed by Western blotting of fractionated cell ex-
tracts (Fig. 3B) that showed that OA could induce elevated
levels of cytoplasmic CAV1 as well as an increase in nu-
clear CAV1. Nuclear accumulation of a proportion of
CAV1, as well as its interaction with the inner nuclear
membrane protein emerin, has been noted previously
(Sanna et al. 2007; Chrétien et al. 2008), though the trigger
for nuclear localization of CAV1 and its consequences
have not previously been deciphered.

CAV1 can interact with β-catenin (Conde-Perez et al.
2015), the main effector of WNT signaling (Clevers
2006). β-Catenin plays a key role in the melanocyte line-
age by driving the genesis of melanoblasts in the neural
crest (Sommer 2011), activating melanocyte stem cells
(Rabbani et al. 2011), suppressing melanoma senescence
(Delmas et al. 2007), and promoting melanoma prolifera-
tion (Widlund et al. 2002) and metastasis (Damsky et al.
2011). The cytoplasmic interaction between β-catenin
and CAV1 is inhibited by PTEN, a suppressor of PI3K
(Conde-Perez et al. 2015) that ismutated in undifferentiat-
ed IGR39 cells. Although nuclear accumulation of β-cate-
nin and regulation of its target genes are promoted by
glucose-driven β-catenin acetylation in other cell types
(Chocarro-Calvo et al. 2013), the mechanism by which
β-catenin translocates to the nucleus in melanoma is un-
known. Because oleic acid promotes nuclear localization
of CAV1 and because CAV1 can interact with
β-catenin, we asked whether oleic acid could control
CAV1–β-catenin interaction to mediate their nuclear
translocation.

Significantly, 4 h after addition of oleic acid, β-catenin
nuclear localization was increased in IGR39 cells by
both immunofluorescence (Fig. 3C) and Western blotting
of fractionated extracts, using GAPDH and TBP as mark-
ers of the cytoplasmic and nuclear fractions, respectively
(Fig. 3D). The ability of oleic acid to promote nuclear
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localization of β-catenin in the MITFLow IGR39 cell line
was similar to that of LiCl (Supplemental Fig. S2A), which
is known to prevent β-catenin degradation by inhibiting
GSK3β. Significantly, in CAV1-negative IGR37 cells, oleic
acid had no effect on β-catenin nuclear accumulation,
whereas LiCl increased both β-catenin levels and nuclear
location (Supplemental Fig. S2B). The results obtained us-
ing immunofluorescence of IGR37 cells were confirmed
by Western blotting of fractionated cell extracts (Supple-
mental Fig. S2C). The ability of oleic acid to induce nucle-
ar accumulation of β-catenin was also reproduced using
linoleic acid, an 18:2 unsaturated long chain fatty acid
(Supplemental Fig. S2D). Importantly, in IGR39 cells,
LiCl inhibited GSK3β through phosphorylation on S9,
but oleic acid did not (Supplemental Fig. S2E). The result
indicates that the mechanism underlying nuclear locali-
zation of β-catenin in response to oleic acid was not medi-
ated by inhibition of GSK3β. In addition, we did not detect
any change in phosphorylation of Y279 or Y216 on GSK3α
and GSK3β, respectively, which are targets of FAK/PYK2

(Gao et al. 2015). We also noted no significant change in
β-catenin mRNA levels in response to oleic acid (Supple-
mental Fig. S2F).
To test whether the oleic acid-driven nuclear accumula-

tion of β-catenin could induce gene expression, we assessed
the effect of exposure of cells to oleic acid on the Super-
TOP-flash reporter (Veeman et al. 2003) containing canon-
ical β-catenin–LEF/TCF response elements compared with
the nonresponsive mutant variant (SuperFOP-flash). Using
theMITFHigh/AXLLow IGR37 cell line that does not induce
fatty acid release from human adipocytes, we failed to see
any significant effect of oleic acid on the SuperTOP-flash
reporter at 4 or 24 h, whereas a robust activation of the re-
porter was noted 24 h after addition of LiCl, which was
used as a positive control (Fig. 3E, left panel). In contrast,
exposure of MITFLow/AXLHigh IGR39 cells to oleic acid
for 4 h led to a fivefold transcriptional activation of the
SuperTOP-flash reporter (Fig. 3E, right panel) compared
with the nonresponsive mutant variant. In these cells,
LiCl treatment at 24 h increased the β-catenin-responsive
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Figure 3. Oleic acid induces β-catenin–CAV1 interaction and nuclear localization. (A) Immunofluorescence of IGR39 cells using antibod-
ies against the indicated proteins in cells exposed to 100 μMoleic (OA). Scale bars: top six panels, 50 µm; bottom three panels, 20 µm . (B)
Western blots for the indicated proteins from fractionated IGR39 cells treated or not with 100 μM OA over time. GAPDH and TBP were
used asmarkers of the cytoplasmic and nuclear fractions. (C ) Immunofluorescence of IGR39 cells for the indicated proteins after exposure
or not to 100 μMOAor palmitic acid (PA) for 6 h. Scale bars, 25 µm. (D) Western blot of fractionated IGR39 cells treated with oleic acid for
the indicated times. (E) Luciferase reporter assays in the indicated cell lines showing the ratio of luciferase activity from the TOP:FOP-
flash β-catenin activity reporters in melanoma cells exposed to 100 μMOA or PA for the indicated times. LiCl (10 mM) was used as a pos-
itive control. N=3. Error bars indicate SEM. (∗) P <0.05, (∗∗) P <0.01, (∗∗∗) P< 0.001; one-way ANOVA statistical test. (F ) Western blot for
the indicated proteins immunoprecipitated from IGR39 nuclear extract using anti-β-catenin antibody from cells treated or not with 100
μM OA or PA for the indicated times. The blot shows both immunoprecipitation (IP) and flowthrough (FT). (G) Western blots for the in-
dicated proteins from fractionated IGR39 cells treated or notwith 100 μMOA for the indicated times and transfectedwith either control or
CAV1-specific siRNA. (Left) Nuclear fraction. (Right) Cytoplasmic fraction.
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SuperTOP-flash reporter by almost eightfold compared
with the nonresponsive reporter. No significant effect on
the SuperFOP-flash reporter was observed using palmitic
acid in either cell line. Thus, the transcriptional response
of cells to oleic acid was phenotype- and fatty acid-specific.

We next asked whether oleic acid could affect β-catenin
nuclear accumulation via promoting an association with
CAV1. Coimmunoprecipitation of nuclear extracts using
an anti-β-catenin antibody revealed that oleic acid led to
increased interaction between β-catenin and CAV1 in
the nuclear fraction that was not reproduced by exposing
cells to palmitic acid (Fig. 3F). Significantly, although
oleic acid promoted elevated levels of both nuclear and cy-
toplasmic CAV1, CAV1-specific siRNA prevented nucle-
ar accumulation of β-catenin (Fig. 3G). Collectively,
these data suggest that oleic acid triggers increased expres-
sion of CAV1 and formation of a β-catenin–CAV1 com-
plex, and that CAV1 is necessary for oleic acid-induced
nuclear translocation and activity of β-catenin. Because
CAV1 is only expressed in theMITFLow/AXLHigh undiffer-
entiated cells, these observations uncover both a pheno-
type-specific molecular response to oleic acid and a
phenotype-specific mechanism to mediate β-catenin nu-
clear localization.

Increased nuclear CAV1 expression in melanomas
in proximity to adipocytes

Previous work has established that adipocytes in the vi-
cinity of melanomas exhibit a reduced size (Zhang et al.
2018). Given the increased CAV1 expression and nuclear
localization in cultured melanomas cells exposed to oleic
acid, we asked whether, in human tumors, melanoma
cells in the proximity to adipocytes also exhibit elevated
nuclear CAV1 expression. We therefore examined human
tissue samples in which vertical growth of a primary mel-
anoma extends downward from the epidermis through the
dermis into subcutaneous tissue comprising primarily
adipocytes (Clark level V). In all, four Clark V primary
melanomas were examined with similar results, two ex-
amples of which we present in Figure 4. After sectioning
and hematoxylin staining, the tumors were first assessed
by a pathologist, and three regions of interest were identi-
fied in the sample presented in Figure 4A: region 1, which
is themelanoma core; region 2,which containsmelanoma
cells close to adipocytes; and region 3, which contains
fully differentiated adipocytes with nomelanoma infiltra-
tion. Tissue sections were then subjected to immunofluo-
rescence using antibodies specific for CAV1 (Fig. 4A,
green) or perilipin (Fig. 4A, red), a marker of differentiated
adipocytes. Note that the use of xylene during the paraf-
fin-embedding process will extract lipids from stores in
both adipocytes and melanoma cells. The results of the
immunofluorescence assay revealed that in region 1, lo-
cated in the main body of the melanoma, CAV1 was poor-
ly expressed. In contrast, in region 2, closest to the
adipocyte layer, melanoma cells were interspersed with
periplipin-positive adipocytes, and CAV1 expression was
strongly upregulated and largely nuclear. Region 3 is pri-
marily comprised of large adipocytes with little if any

melanoma cell infiltration. Adipocytes in the vicinity of
the tumor (region 2)were generally smaller than those pre-
sent in the tumor (region 3) with no melanoma cell infil-
tration, consistent with adipocytes in the vicinity of
melanoma cells undergoing lipolysis. Similar results
were obtained in a second Clark V melanoma derived
from a different patient in which four regions were exam-
ined (Fig. 4B). In this sample, region 1, derived from the
main body of the melanoma, again exhibited very low
CAV1 staining; region 2 contained a majority of melano-
ma cells exhibiting increased CAV1 expression compared
with region 1; region 3 contained melanoma cells that ex-
hibited high nuclear CAV1 staining in the vicinity of
small adipocytes; and region 4 contained primarily large
adipocytes with no melanoma infiltration.

In addition to the primary human melanoma samples,
we also used a mouse allograft model in which murine
YUMM1.7 (BrafV600E; Cdkn2a−/−; Pten−/−) melanoma
cells (Meeth et al. 2016) tagged with mCherry were im-
planted intradermally into 8 week old C57BL/6J mice.
The derived tumors were frozen, allowing visualization
of lipid droplets using BODIPY, and stained with anti-
CAV1 before confocal imaging. Like the human primary
melanomas, the results (Supplemental Fig. S3A,B) were
consistent with the data obtained from cell lines. First,
mCherry-positivemelanoma cells in the core of the tumor
distant from adipocytes do not contain lipid droplets (Sup-
plemental Fig. S3A), but BODIPY-stained lipid droplets
were found in melanoma cells close to adipocytes or at
the migratory front. Second, melanoma cells distant
from adipocytes express very low levels of CAV1 (Supple-
mental Fig. S3B), but levels increase in melanoma cells
close to adipocytes as well as those at the invasive front.
However, unlike in human melanomas, where the level
of nuclear CAV1 was very high in adipocyte-proximal
melanoma cells, only a low proportion of the CAV1 ex-
pressed in the mouse tumors was nuclear. This is similar
to theMITFLow cells in culture, where oleic acid increases
CAV1 expression, but only a proportion of CAV1 is nucle-
ar. Thus, the human primarymelanomas that we have ex-
amined have a greater proportion of CAV1 in the nucleus
than those in the mouse model or cell lines. Whether this
is because of human versus mouse differences or, more
likely, because the humanmelanomas have spent a longer
time growing in close proximity to adipocytes than the
YUMM1.7 cells in the mouse model is not clear. Never-
theless, the humanmelanomas andmousemodel recapit-
ulate the major findings based on the cultured melanoma
cell lines.

Oleic acid-mediated activation of SRC promotes CAV1
and β-catenin nuclear localization

Transcriptional activity of β-catenin requires its phos-
phorylation by SRC at Y333 (Yang et al. 2011). Whether
oleic acid could induce β-catenin phosphorylation
through SRC activation in MITFLow/AXLHigh IGR39 cells
is unknown. To investigate this, cells were treated with
oleic acid, and β-catenin phosphorylation was probed by
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Western blotting using a pY333 antibody. The results re-
vealed that oleic acid induced robust phosphorylation of
β-catenin at Y333 (Fig. 5A). We also noted that oleic acid
increased CAV1 levels and induced phosphorylation of
CAV1 at Y14 (Fig. 5B, top panels), a known SRC phosphor-

ylation site (Li et al. 1996; Ortiz et al. 2016). No increase in
CAV1 levels of phosphorylation was observed using pal-
mitic acid (Fig. 5B, bottom panels), but linoleic acid could
increase these levels (Supplemental Fig. S4A). These data
suggest that oleic acid may induce activation of SRC in

A

B

Figure 4. Elevated nuclear CAV1 in melanoma cells close to adipocytes in two Clark level V primary humanmelanomas. (A,B, left pan-
els) Hematoxylin-stained sections through Clark level V melanomas. Scale bars: A, top), 5 mm; A, bottom, 2 mm; B, top), 2 mm; B, bot-
tom, 1 mm. The right panels correspond tomagnifications of areas of interest, which are indicated inA as insets 1–3, corresponding to the
melanoma core (1), invasive front (2), and dermal adipocytes (3). In B, areas of interest are indicated by insets 1–4, corresponding to the
melanoma core (1), melanoma cells close to adipocytes (2), invasive front (3), and dermal adipocytes (4). The first column of panels at
the right corresponds to hematoxylin staining of the indicated inset. Scale bar, 50 μm. All additional panels at the right correspond to im-
munofluorescence using anti-CAV1 (green), anti-perilipin (red), and merge. Scale bars, 100 μm. The top right panels correspond to a more
detailed view of the merged inset area. Scale bar, 20 μm.
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IGR39 melanoma cells. Titration of oleic acid indicated a
dose-dependent increase in CAV1 levels and phosphoryla-
tion (Fig. 5C) with 100 µM, similar to that in human plas-
ma (Davda et al. 1995) being used for subsequent
experiments. We next assessed the effect of oleic acid
over time on phosphorylation of both CAV1 Y14 and
SRC Y416, which is frequently used as a surrogate mea-
sure of SRC activity (Kmiecik et al. 1988) because pY416

stabilizes the SRC activation loop. The results (Fig. 5D) re-
vealed that phosphorylation of CAV1 Y14 increases over
time following exposure of cells to oleic acid, starting at
30 min. Similarly, within 30 min, oleic acid induces the
activating Y416 phosphorylation of SRC, which is main-
tained over 24 h. We further confirmed that oleic acid me-
diates activation of SRC by examining phosphorylation of
STAT3 Y705, another well-characterized SRC target (Cao
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Figure 5. OA activates SRC inMITFLow cells. (A–E) Western blots for the indicated proteins treatedwith 100 μMoleic acid (OA) or PA as
indicated. (F ) IGR39 cells were treated for 12 hwith 10 µMPP2with (+) or without (−) 100 µMOA for another 4 h before being analyzed by
Western blot. Control samples were run on the same gel as PP2-treated samples. (G) Immunofluorescence for the indicated proteins in
IGR39 cells pretreated for 12 h with 10 µM PP2 and then with (+) or without (−) 100 µM OA for a further 4 h. (H) Western blots of frac-
tionated extract treated for 12 h with 10 µM PP2 with (+) or without (−) 100 µM OA for another 4 h. (I ) Western blots for the indicated
proteins of nuclear fraction from IGR39 cells treated with 100 µM OA and transfected where indicated with expression vectors for WT
or Y14F mutant CAV1. Arrowheads indicate ectopic CAV1 WT or Y14F mutant. (J) Western blot for the indicated proteins of whole-
cell extracts of IGR39 cells in coculture with adipose tissue explants for the indicated times. Adipose cells and IGR39 cells were separated
by a 3 μm pore size membrane.
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et al. 1996). The results (Fig. 5D, bottom panels) revealed
that the increase in SRC Y416 over time induced by oleic
acid was paralleled by elevated STAT3 Y705 phosphoryla-
tion. Significantly, the activation of SRC by oleic acid
was reproduced in an alternative MITFLow/AXLHigh un-
differentiated melanoma cell line, WM793 (Fig. 5E, top
panels). In contrast, no SRC activation was detected in
theMITFHigh/AXLLow line IGR37 (Fig. 5E, bottom panels).
Moreover, like IGR39 cells, the WM793 line also exhibit-
ed increased phosphorylation of both SRC and CAV1 Y14
in response to oleic acid (Supplemental Fig. S4B). Consis-
tent with SRC phosphorylating CAV1, treatment of
IGR39 cells with the SRC family inhibitor PP2 (Fig. 5F)
or depletion of SRC using siRNA (Supplemental Fig.
S3C) abolished the phosphorylation of CAV1 at Y14 and
reduced CAV1 levels.
The requirement of oleic acid-induced SRC activation

for CAV1–β-catenin complex nuclear localization was
tested by inhibition or depletion of SRC. Immunofluores-
cence revealed that inhibition of SRC family kinases us-
ing PP2 not only blocked the oleic acid-dependent
increase in nuclear CAV1 but also prevented the nuclear
localization of β-catenin (Fig. 5G). This result was con-
firmed using Western blotting (Fig. 5H), which showed
that the oleic acid-induced nuclear accumulation of
both CAV1 and β-catenin was blocked using PP2. The ob-
servations made using PP2 were confirmed using two
SRC-specific siRNAs that prevented nuclear accumula-
tion of both CAV1 and β-catenin (Supplemental Fig.
S4D). Notably, ectopic expression of WT CAV1, but not
a Y14F nonphosphorylatablemutant, was able to promote
nuclear accumulation of β-catenin, mimicking the effect
of oleic acid (Fig. 5I).
As these results were obtained using free oleic acid, we

next ascertained whether the bidirectional interaction be-
tweenmelanoma cells and human adipose tissue explants
could recapitulate the observations. The results revealed
that exposure of IGR39 cells to human adipose tissue ex-
plants led, like oleic acid, to activation and phosphoryla-
tion of SRC and SRC-mediated phosphorylation of
CAV1 Y14 and β-catenin Y654 (Fig. 5J).

Oleic acid activates an AXL–SRC axis

Taken together, the data so far reveal that (1) undifferenti-
atedMITFLow/AXLHigh melanoma cells, but notMITFHigh

/AXLLow cells, induce lipolysis in human adipose tissue
explants; (2) FATP-independent fatty acid uptake byMIT-
FLowmelanoma cells triggers activation of SRC, leading to
the formation and nuclear translocation of a CAV1–β-
catenin complex; and (3) even though both MITFHigh/
AXLLow IGR37 and MITFLow/AXLHigh IGR39 cells can
take up free oleic acid, SRC is only activated in MITFLow

IGR39 cells.
Because SRC can be activated by receptor tyrosine ki-

nase (RTK)-mediated phosphorylation, we considered
the possibility that oleic acid-induced SRC phosphoryla-
tion would be mediated through activation of an RTK
whose expression is restricted to MITFLow cells. One can-
didate was AXL, a key RTKwhose expression has been as-

sociated with resistance to therapy in melanoma
(Konieczkowski et al. 2014; Müller et al. 2014), breast,
and other cancers (Auyez et al. 2021). Importantly, AXL
is specifically expressed inmostMITFLowmelanoma cells
(Fig. 2E–G) and is normally activated by its ligand, GAS6,
which promotes its dimerization. Instead, we considered
the possibility that activation might also be facilitated
via exposure of cells to oleic acid. We initially asked
whether oleic acid would trigger autophosphorylation in
trans of Y779, a marker of AXL activation. Western blot-
ting of the MITFLow/AXLHigh WM793 melanoma cell
line revealed that oleic acid induced elevated AXL Y779
phosphorylation, indicative of AXL activation, starting
within 1 h of oleic acid addition (Fig. 6A).
Moreover, because MITFLow cell lines that express

CAV1 and AXL tend to be BRAF inhibitor (BRAFi)-resis-
tant, we asked whether selection for increased BRAF in-
hibitor tolerance would lead to increased CAV1 and
AXL expression. Significantly, selection of WM793 cells
for increased resistance to BRAF inhibitors (Supplemental
Fig. S5A) led to elevated expression of both AXL and
CAV1, consistent with their expression in therapy-resis-
tant cells (Supplemental Fig. S5B).
Activation of AXL by oleic acid was associated

with elevated SRC phosphorylation (Fig. 6B) in both
IGR39 and WM793 undifferentiated melanoma cells
and was reproduced using LA (Supplemental Fig. S5C).
Importantly, oleic acid-driven SRC phosphorylation
was blocked by treatment with the AXL inhibitor
ONO-7475 in both IGR39 and WM793 (Fig. 6C). Inhibi-
tion of AXL using ONO-7475 or a second inhibitor,
R428 (bemcetinib), also prevented the induction of
phosphorylation of CAV1 Y14 by oleic acid (Fig. 6D).
Thus, oleic acid triggers a cascade of downstream events
leading to nuclear localization of a CAV1–β-catenin com-
plex (Fig. 6E).
Intriguingly, treatment of cells with the AXL inhibitor

ONO-7475 or R428 decreased oleic acid uptake into
both IGR39 and WM793 melanoma cells (Fig. 6F), as did
inhibition of SRC with PP2 (Fig. 6G). This is consistent
with oleic acid uptake in MITFLow melanomas being me-
diated by caveolae (Fig. 2I,J) because CAV1 Y14 phosphor-
ylation by SRC is necessary for caveola-mediated
endocytosis (Hau et al. 2019). The results also reveal a po-
tential positive feedback loop between oleic acid uptake
and AXL activation.
We next investigated whether the ability of oleic acid to

promote AXL activation and downstream SRC and CAV1
phosphorylation was permanent or reversible. The addi-
tion of oleic acid to IGR39 cells for 6 or 16 h led to the ac-
cumulation of lipid droplets that diminished over time
after oleic acid removal (Fig. 6H). The 16 h treatment
with oleic acid was used to help visualize the accumula-
tion and subsequent loss of lipid droplets, which were
barely visible after 6 h exposure of cells to oleic acid but
exhibited a profile similar to that on treatment of cells
with oleic acid for 16 h. Nevertheless, the addition of
oleic acid for 6 h led to an initial activation of AXL and
SRC and phosphorylation of CAV1 that was sustained
for 24 h before being lost at 48 h after oleic acid removal
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(Fig. 6I). Thus, the effects of oleic acid are prolonged but
reversible.

Oleic acid-mediated activation of AXL increases
melanoma invasiveness

Because AXL and SRC activation can drive invasion, we
assessed whether oleic acid could enhance invasion in

IGR39 cells. The results obtained using a Matrigel trans-
well assay revealed that oleic acid induced a robust in-
crease in invasion in MITFLow/AXLHigh IGR39 cells but
not in MITFHigh/AXLLow IGR37 cells (Fig. 7A). Similar re-
sults were obtained using human adipose tissue explants
that in coculture induced invasion in IGR39 but not
IGR37 cells (Fig. 7B). Invasion was induced in response
to exposure to oleic acid and linoleic acid but not palmitic
acid (Fig. 7C), consistent with oleic acid but not palmitic
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Figure 6. Oleic acid activates AXL. (A–D) Western blots of the indicated cell lines treated with 100 μMoleic acid for 4 h unless indicated
otherwise and/or pretreated with AXL inhibitor ONO-7475 (0.5 µM for IGR39 or 0.1 µM for WM793) or R428 (0.5 µM) for 2 h prior to
exposure to OA. (E) Schematic summarizing signaling downstream from oleic acid. (F left) Oil red O staining of IGR39 and WM793
cells exposed to AXL inhibitor ONO-7475 (0.5 µM) or R428 (0.5 µM) for 2 h with (+) or without (−) 100 µM OA for 12 h more. The insets
show enlarged examples of typical cells. Scale bars, 50 µm. (Right) Quantification of Oil red O staining relative to OA alone. N=3. Error
bars indicate SEM. (∗) P<0.05, (∗∗) P <0.01, (∗∗∗) P< 0.001; one-wayANOVAstatistical test. (G, left) Oil redO staining of IGR39 andWM793
cells exposed or not to 100 μMoleic acid for 16 h in the presence or absence of 10 μMPP2. Scale bars, 50 µm. (Right) Quantification of Oil
red O staining relative to OA alone. N= 3. Error bars indicate SEM. (∗∗∗) P< 0.001; paired t-test. (H) Oil red O staining of IGR39 cells
exposed to 100 µMOA for 6 h (top panels) or 16 h (bottom panels) before cells werewashedwith PBS followed by addition of freshmedium
without OA. (I ) Western blot of IGR39 cells exposed to OA and then placed in medium lacking OA for the indicated times.
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acid being able to activate SRC and promote CAV1 phos-
phorylation (Fig. 5). siRNA-mediated depletion of either β-
catenin (Fig. 7D, top panels) or CAV1 (Fig. 7D, bottom
panels) inhibited oleic acid-induced invasion (Fig. 7E). Im-
portantly, the oleic acid-mediated increase in invasive-
ness by IGR39 cells was also prevented by either SRC
inhibition or siRNA-mediated SRC depletion (Fig. 7F) or
using two different AXL inhibitors: ONO-75475 and
R418 (Fig. 7G).

Discussion

It is nowwidely appreciated that tumors containmultiple
phenotypically distinct populations of cancer cells that
differ in their biological properties, some of which con-
tribute to therapy resistance and metastatic dissemina-
tion, the two major obstacles to successful cancer
treatment. However, whether specific phenotypic states
might mediate unique bidirectional interactions with
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Figure 7. Oleic acid induces AXL-dependent invasion in melanoma. (A–C,E–G) Matrigel trans-well invasion assays showing invading
cells stained with crystal violet. Where indicated, cells were treated with 100 μM oleic acid (OA), linoleic acid (LA), or palmitic acid
(PA) and/or transfected with control or siRNAs targeting CAV1 or β-catenin (E) or SRC (F ), cocultured with adipose tissue explants (B),
or treated with SRC inhibitor PP2 (F ) or AXL inhibitor ONO-7475 (0.5 µM) or R428 (0.5 µM) (G). Assays were performed for 22
h. Quantification is from n =3 biological replicates, except for IGR39 in A, where n=4. Error bars = SEM. (∗) P <0.5, (∗∗) P< 0.1, (∗∗∗) P<
0.01; one-way ANOVA statistical test. (D) Western blot of whole-cell extracts showing depletion of CAV1 or β-catenin after transfection
with the indicated control or specific siRNAs.GAPDHwas used as a loading control.Note that the β-catenin andGAPDH tracks in the top
panels were run on the same gels.
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themicroenvironment is notwell understood. Herewe re-
veal a previously unsuspected ability of oleic acid, a wide-
ly available microenvironmental fatty acid, to facilitate
activation of AXL, a phenotype-restricted receptor tyro-
sine kinase (RTK) implicated in melanoma dormancy
and therapy resistance (Konieczkowski et al. 2014;Müller
et al. 2014; Rambow et al. 2018; Fane et al. 2022). Oleic
acid-driven activation of AXL leads to downstream SRC
signaling that in turn promotes CAV1–β-catenin complex
formation and nuclear localization, as well as the associat-
ed invasiveness that underpins metastatic dissemination.
Importantly, our results obtained from cells in culture
were strongly supported by our observations in human tu-
mors, whereCAV1 expressionwas increased and localized
to the nucleus in melanoma cells in the vicinity of adipo-
cytes in Clark level V primary melanomas. However, re-
markably, the increase in nuclear CAV1 expression in
melanoma cells close to adipocytes was not restricted to
those melanoma cells immediately adjacent to adipose
tissue. Instead, we observed a gradient of nuclear CAV1
expression extending for many cells distant from the adi-
pose tissue. This suggests that melanoma-induced lipoly-
sis in adipocytes may lead to effects of released fatty acids
at a distance either by passing in between cells or, poten-
tially more interestingly, by a process in which fatty acids
taken up by one cell may subsequently be passed onto
cells more distal from their source.

The observation that MITFLow/AXLHigh, but not
MITFHigh/AXLLow, melanoma cells can induce lipolysis
in and lipid uptake from human omentum adipose ex-
plants was unexpected. However, this is entirely in keep-
ing with the hypothesis that MITFLow cells are invasive
because they lack or fail to sense key nutrients that are
needed to support high proliferation rates (García-Jiménez
and Goding 2019). For example, as MITF activates tran-
scription of the key fatty acid desaturase gene SCD,
MITFLow cells express low levels of SCD and exhibit an in-
creased saturated to monounsaturated fatty acid ratio, an
imbalance that can stabilize an invasive state (Vivas-
García et al. 2020). It makes sense, therefore, for invasive
MITFLow cells to try to redress this imbalance by acquiring
fatty acids from adipocytes. Indeed, the ability of melano-
ma cells, or cancer cells in general, to induce lipolysis in
adipocytes through release of soluble factors may contrib-
ute to the loss of adipose tissue that is a characteristic of
cancer-induced cachexia. However, although lipid release
may be triggered by invasive MITFLow/AXLHigh cells, it
does not mean that they will revert to a proliferative state
that would require not only both the carbon and energy
provided by fatty acids but also nitrogen (amino acids) to
fuel protein synthesis. Thus, lipolysis and fatty acid up-
takemay enableMITFLow/AXLHigh cells tomaintain their
search for a niche suitable to promote proliferation. Note
that we used the omentum as a source of adipose tissue
partly because it is a known site for metastasis for many
cancers, including melanoma. However, it is possible
that adipose tissue from different anatomical sites might
respond differently to signals derived from melanoma
cells or release a different repertoire of lipids that may af-
fect recipient melanoma cells in different ways.

Beyond activation of AXL, our results provide three ad-
ditional and unanticipated insights. First, we show that
only undifferentiated MITFLow melanoma cells, and not
MITFHigh cells, are competent to induce lipolysis in hu-
man adipose tissue explants. Second, the mechanism of
uptake of oleic acid by undifferentiatedMITFLow/AXLHigh

melanoma cells is FATP-independent and therefore radi-
cally different from the lipofermata-dependent uptake op-
erating in the differentiated MITFHigh phenotype. Third,
our results reveal the molecular mechanism by which ad-
ipocytes or oleic acid promote (via activation of AXL and
SRC) nuclear translocation of a CAV1–β-catenin complex
in undifferentiated MITFLow melanoma cells. These ob-
servations have profound implications for our understand-
ing of how bidirectional interactions with adipocytes in
vivo may shape disease progression.

Previous studies associated AXL expression with an ep-
ithelial-to-mesenchymal (EMT) transition and invasive-
ness (Asiedu et al. 2014; Wang et al. 2016; Boshuizen
et al. 2018; Shao et al. 2023). AXL expression is also linked
to worse prognosis and resistance to therapies in a wide
range of cancers, including prostate (Bansal et al. 2015),
breast (Creedon et al. 2014), lung (Zhang et al. 2012), renal
(Zhou et al. 2016), head and neck (Elkabets et al. 2015),
and neuroblastoma (Debruyne et al. 2016). In melanoma,
AXL is expressed in a high proportion of melanomas
that have disseminated to lymph nodes (Sensi et al.
2011; Nyakas et al. 2022), and high expression of AXL is
specifically associated with undifferentiated and invasive
cellular phenotypes and is commonly linked to dormancy
(Fane et al. 2022) and resistance to therapies (Konieczkow-
ski et al. 2014; Müller et al. 2014; Rambow et al. 2018), in-
cluding immune checkpoint inhibition (Hugo et al. 2016).
Consequently, targeting AXL can eliminate specific sub-
populations of melanoma cells and can cooperate with in-
hibition of the MAPK pathway (Boshuizen et al. 2018). In
support, in preclinical models, targeting AXL can sensi-
tize tumors to therapies (Auyez et al. 2021; Nyakas et al.
2022). This suggests that AXL activation is required to
promote therapy resistance and to exert its prosurvival
and prometastasis effects. However, although GAS6, the
ligand of AXL, is widely expressed in tumors by cancer,
stromal, and infiltrating immune cells (Auyez et al.
2021), how AXL might be activated in single metastasiz-
ing cells as they escape tumors and enter the lymphatic
or blood vessels or invade other tissues where GAS6
may not be abundant was not understood. Our results ad-
dress this key question by revealing how the availability of
a key nutrient differentially impacts distinct melanoma
cell phenotypes through activation of a phenotype-re-
stricted RTKwithout addition of its ligand. How precisely
oleic acid activates AXL remains unknown. One possibil-
ity is that oleic acid may increase membrane fluidity that
would then facilitate AXL dimerization, which is neces-
sary for its signaling. Importantly, oleic acid is the major
circulating free fatty acid in tumor-associated lymph
(Morfoisse et al. 2021), including in melanoma (Ubel-
lacker et al. 2020), and can be released from adipocytes
in proximity to melanoma cells (Zhang et al. 2018). Our
observations therefore potentially have major
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consequences for understanding disease progression in
which oleic acid may promote increased invasion, sur-
vival, or dormancy by potentiating AXL activation.
Significantly, a recent study (Nyakas et al. 2022) sug-

gested that the mechanism identified here using cell lines
may reflect those operating within tumors: Proteomic
analysis of tumors identified a reduction in β-catenin
and CAV1 levels in AXL inhibitor-treated mice, as well
as upregulation of ferroptosis. This is important because
we show in vitro that AXL activation by oleic acid induces
elevated β-catenin signaling and CAV1 expression and
that AXL inhibition prevents uptake of oleic acid, which
is a potent suppressor of ferroptosis.
Activation of SRC, a prosurvival signal triggered by

integrin interactions with extracellular matrix, has been
linked to BRAFi resistance in vivo (Hirata et al. 2015).
Oleic acid induction of SRC via AXL, as reported here,
may provide a degree of “adhesion mimicry” that would
suppress cell death to promote therapy resistance in non-
attached,metastasizing cancer cells. If so, AXL expression
in therapy-resistant cells in various cancers could serve as
a vital survival mechanism, especially in cancers prone to
invading adipose tissue (Hoy et al. 2021) or the lymphatic
system. In this respect, the ability of oleic acid to facilitate
activation of a key RTK extends the importance of fatty
acids well beyond the ability of some, such as palmitate
(Altea-Manzano et al. 2023), to promote proliferation via
fatty acid oxidation.
In addition to fatty acid uptake from lymph or through

melanoma-induced lipolysis in adjacent adipocytes, the
activation of AXL by oleic acid has implications for our
understanding of the impact of obesity and diabetes on
cancer progression, because both are known risk factors
for many cancers including melanoma (García-Jiménez
et al. 2016). Elevated plasma free fatty acid (FFA) levels
in obesity (Henderson 2021) and diabetes (Clore et al.
2002) will increase the probability of activation of AXL
and its downstream (SRC–CAV1–β-catenin) signaling in
MITFLow/AXLHigh melanoma cells, promoting their sur-
vival, invasiveness, metastatic dissemination, and thera-
py resistance, and may contribute to the worse survival
outcomes among individuals with a high body mass in-
dex. Consistent with this, mice fed a high-fat diet exhibit
increasedmelanoma progression associated with elevated
CAV1 as well as pCAV1 (Pandey et al. 2012), and dietary
oleic acid correlates with increased CD36-dependent
SRC activity in cervical cancer (Yang et al. 2018).
Importantly, CAV1 is known to play a key role in mel-

anoma progression inmousemodels. For example, overex-
pression of CAV1 in murine B16 melanoma cells
suppresses subcutaneous tumor growth while enhancing
metastasis formation (Felicetti et al. 2009; Lobos-Gonza-
lez et al. 2013). However, formation ofmetastases in these
studies was prevented by the presence of E-cadherin,
which results in colocalization of CAV1, E-cadherin, and
β-catenin at the cell surface. Phosphorylation of CAV1
at Y14 by SRC (Li et al. 1996), which we show here is pro-
moted by activation of AXL by oleic acid, leads to not only
stabilization of SRC–CAV1 complex formation but also
recruitment of SRC to focal adhesions (Gottlieb-Abraham

et al. 2013). Moreover, although not examined here, SRC-
mediated phosphorylation of E-cadherin can also lead to
decreased cell adhesion and increased E-cadherin internal-
ization as well as reduced E-cadherin interaction with β-
catenin (Liu et al. 2015). Oleic acid-mediated activation
of SRC signaling will therefore likely engage a variety of
prometastasis mechanisms that together will promote
disease progression.
Why MITFHigh phenotype cells use FATPs to take up

fatty acids while uptake in MITFLow/AXLHigh cells is
FATP-independent is unclear. As FATPs have been found
in species from bacteria and yeast to humans (Doege and
Stahl 2006), we might expect that all cells would use
FATPs to transport fatty acids. One possible explanation
for this phenotype-specific difference is that undifferenti-
ated MITFLow/AXLHigh cells tend to be slow-cycling and
would have reduced demands for energy and for building
blocks, which are required to generate membranes in
daughter cells, compared with more rapidly dividing
MITFHigh cells. It therefore is plausible that the need for
long chain fatty acids (LCFAs) by slow-cycling MITFLow/
AXLHigh cells can be met by non-FATP-mediated trans-
port, but in proliferative MITFHigh cells, the high demand
for LCFAs requires transport by FATPs. This hypothesis
would be consistent with the recent observation
that the melanocytic state, which is associated with
MITFHigh-driven differentiation, is characterized by in-
creased uptake of oleic acid and accumulation of lipid
droplets (Lumaquin-Yin et al. 2023) and suggests that
divergent uptakemechanisms are coupled to different lip-
id usage. Importantly,MITFLow/AXLHigh cells use a FATP-
independentmechanism, requiring AXL activity and like-
ly downstream phosphorylation of caveolin, consistent
with the recent revelation that CAV1 is associated with
lipid droplets (Johns et al. 2025). The invasive melanoma
cells take up fatty acids in a FATP-independent fashion,
which has significant implications for the therapeutic
use of FATP or CD36 inhibitors as an effective anticancer
strategy (Pascual et al. 2017; Zhang et al. 2018; Alicea
et al. 2020) because MITFLow/AXLHigh cells would be re-
sistant to such inhibitors, as they are to many other drugs
including those targeting BRAF.
Finally, previouswork has failed to identify a nuclear lo-

calization signal in β-catenin, meaning that its nuclear
localization presumably arises through regulated inter-
action with cofactors. Here, we reveal that oleic acid
activates a novel AXL-, SRC-, andCAV1-dependentmech-
anism that can promote nuclear localization of β-catenin
independent of addition of WNT, the canonical trigger
for β-catenin nuclear localization. Although previous
work has shown cytoplasmic β-catenin–CAV1 interaction
in the absence of PTEN (Conde-Perez et al. 2015), neither
the ability of this complex to translocate to the nucleus
nor its regulation by an oleic acid/AXL/SRC axis was
known. Significantly, the ability of oleic acid to drive nu-
clear translocation of β-catenin is restricted to MITFLow/
AXLHigh melanoma cells, because only the neural crest-
like and undifferentiated phenotypes express CAV1 and
AXL, whose expression we found is highly correlated in
melanoma cells as well as in other cancer types. Thus,
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our results reveal a role of AXL in coordinating lipid up-
take with SRC-dependent nuclear accumulation of β-cat-
enin and increased invasiveness. This mechanism may
underpin AXL’s role in promoting invasiveness, survival,
or dormancy in melanoma cells (Fane et al. 2022). Howev-
er, as our results have been obtained using a limited num-
ber of melanoma cell lines, it remains to be seen whether
the molecular mechanisms uncovered here will be gener-
ally applicable across melanoma or indeed in other cancer
types. For example, PTEN protein expression can affect
the interaction between CAV1 and β-catenin (Conde-Pe-
rez et al. 2015), and although the IGR39 andWM793 cells
used here are PTEN-negative, another cell line in our in-
house panel, WM278, expresses PTEN as well as AXL
and CAV1. Whether the downstream effects of oleic acid
on AXL signaling are affected by PTEN expression re-
mains unknown.

In summary, we show here that the capacity to induce
lipolysis and fatty acid release from human adipocytes,
the mechanisms for fatty acid uptake, and the subsequent
impact of fatty acids on SRC–CAV1 and β-catenin signal-
ing are all phenotype-dependent events in melanoma
cells, restricted to undifferentiated MITFLow/AXLHigh

phenotypes. These undifferentiated melanoma pheno-
types are linked to increased invasiveness, metastatic dis-
semination, dormancy, and therapy resistance and
represent a major obstacle for melanoma therapy. Here
we reveal that FATP inhibitor-based therapies might not
be sufficient to target these undifferentiated phenotypes,
and that AXL/SRC/CAV1-dependent fatty acid up-
take and signaling offer additional promising vulnerabili-
ties. Our results therefore have major implications for
our understanding of cancer progression and therapy
resistance.

Materials and methods

Cell lines

All human melanoma cell lines were cultured in RPMI
supplemented with 10% fetal bovine serum (FBS) plus
1% penicillin–streptomycin and maintained in a 5%
CO2 environment at 37°C. All cell lines were tested
monthly formycoplasma andwere negative andwere sub-
jected to authentication by short tandem repeat (STR)
profiling.

RNAi gene silencing

Cells plated in 6well plates at 50% confluencewere trans-
fected with siRNA using JetPrime PolyPlus reagent (Gen-
ycell Biotech) following the manufacturer’s instructions.
After 2 days, cells were treated and collected to perform
invasion assay or to be analyzed by Western blot. Specific
siRNA oligonucleotides for β-catenin and control siRNA
were obtained from Qiagen, Caveolin-1 and SRC
siRNA were from Santa Cruz Biotechnology, and SRC
siRNA were from Dharmacon, Inc.

Plasmid subcloning

Caveolin-1WT or Y14F was subcloned from CAV1-mRFP
plasmid (Tagawa et al. 2005) by PCR amplification with
the indicated primers (Table 1) followed by a digestion
with Bam HI and Xba I enzymes (New England Biolabs)
for 2 h at 37°C. The fragments were gel-purified with a
kit (Qiagen) and cloned into pcDNA3.1-myc-His plasmid
(Promega). For sequencing, we used a sequence analyzer
(ABI Prism 3100 Avant, Applied Biosystems). The correct
introduction of the fragment was evaluated by plasmid se-
quencing using the BigDye cycle sequencing kit (Applied
Biosystems).

Transient transfections

Cells were seeded in plates at 50% confluence and trans-
fected using JetPei PolyPlus reagent (Genycell Biotech)
following the manufacturer’s instructions. After 36 h,
cells were treated as indicated and collected for analysis
by Western blot or immunofluorescence.

Whole-cell extracts

Cells were washed with iced PBS before extract prepara-
tion and scraped in RIPA buffer (10 mM Tris-HCl at pH
7.4, 5 mM EDTA, 5 mM EGTA, 1% Triton X-100,
10 mM Na4P2O7 at pH 7.4, 10 mM NaF, 130 mM NaCl,
0.1% SDS, 0.5% Na-deoxycholate). After 5 min on ice,
cells were pelleted at 12,000 rpm for 5 min at 4°C, and
the supernatant was directly used as whole-cell extract
or frozen at −80°C.

Fractionated cell extracts

After washing as before, cells were scraped in hypotonic
buffer (20 mM HEPES at pH 8.0, 10 mM KCl, 0.15 mM
EDTA, 0.15mMEGTA, 0.05%NP40, protease inhibitors)
and swollen for 10min on ice before the addition of 1:2 vol
of sucrose buffer (50 mM HEPES at pH 8.0, 0.25 mM
EDTA, 10 mM KCl, 70% sucrose). Lysates were fraction-
ated at 5000 rpm for 5 min at 4°C to obtain the cytoplas-
mic fraction in the supernatant. Nuclear pellets were
further washed twice with washing buffer (20 mMHEPES
at pH 8.0, 50 mMNaCl, MgCl2 1.5 mM, 0.25 mM EDTA,
0.15 mM EGTA, 25% glycerol, protease inhibitors), pel-
leted at 5000 rpm for 5min at 4°C, and resuspended in nu-
clear extraction buffer (20 mMHEPES at pH 8.0, 450 mM
NaCl, MgCl2 1.5 mM, 0.25 mM EDTA, 0.15 mM EGTA,
0.05% NP40, 25% glycerol, protease inhibitors) before
centrifugation at 12,000 rpm for 5 min at 4°C to pellet
and discard cell debris. The supernatants were used as nu-
clear fractions.

Immunoprecipitation

Whole-cell extracts were obtained in the same buffer
without 0.1% SDS and 0.5%Na-deoxycholate. For immu-
noprecipitation from fractionated extracts, the hypotonic
buffer was modified by adding 100 mM NaCl and 0.1%
NP40. For immunocomplex formation, protein A/G-coat-
ed magnetic beads were washed three times with the
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Table 1. Reagents used in this study

Reagents and software Source Identifier/reference RRID

Antibodies

Rabbit monoclonal anti-AXL (C89E7) Cell Signaling
Technology

8661 AB11217435

Rabbit polyclonal anti-phospho-Axl (Tyr779) Cell Signaling
Technology

96453

Rabbit polyclonal anti-phospho-β-catenin (Y654) Abcam ab59430 AB_940822

Rabbit polyclonal anti-phospho-β-catenin (Y333) Abcam ab194797

Mouse monoclonal anti-β-catenin BD Transduction
Laboratories

610154 AB_563467

Rabbit polyclonal anti-Caveolin-1 Cell Signaling
Technology

3238 AB_2072166

Mouse monoclonal anti-Caveolin-1 antibody [7C8] Abcam ab17052 AB_443609

Rabbit polyclonal anti-phospho-Caveolin-1 (Tyr14) Cell Signaling
Technology

3251 AB_2244199

Rabbit polyclonal anti-phospho-Caveolin-1 (Tyr14) BD Transduction
Laboratories

611339 AB_398863

Rabbit polyclonal anti-ERK (C14) Santa Cruz
Biotechnology

SC-154 AB_2141292

Mouse monoclonal anti-GAPDH Sigma Aldrich G8795 AB_627679

Rabbit polyclonal anti-phospho-GSK-3β (Ser9) Cell Signaling
Technology

9336 AB_331405

Rabbit polyclonal anti-phospho-GSK3B (Tyr216,
Tyr279)

Thermo Fisher
Scientific

44604G AB_2533691

Mouse monoclonal anti-GSK-3β BD Transduction
Laboratories

610201 AB_397600

Rabbit polyclonal anti-phospho-HSL (Ser660) Cell Signaling
Technology

45804 AB_2893315

Rabbit monoclonal anti-HSL (D6W5S) XP Cell Signaling
Technology

8381 AB_2798800

Rabbit polyclonal anti-Lamin B Invitrogen 702972 AB_2784553

Mouse monoclonal anti-MITF Abcam ab12039 AB_298801

Mouse monoclonal anti-MYC tag Cell Signaling
Technology

2276 AB_331783

Rabbit monoclonal anti-Perilipin-1 (D1D8) XP Cell Signaling
Technology

9349 AB_10829911

Rabbit monoclonal anti-phospho-Src (Tyr416)
(D49G4)

Cell Signaling
Technology

6943 AB_10013641

Rabbit monoclonal anti-Src (36D10) Cell Signaling
Technology

2109 AB_2106059

Rabbit monoclonal anti-phospho-Stat3 (Tyr705;
D3A7)

Cell Signaling
Technology

9145 AB_2491009

Mouse monoclonal anti-STAT 3 Cell Signaling
Technology

9139 AB_331757

Mouse monoclonal anti-α-Tubulin Sigma T5168 AB_477579

Rabbit polyclonal TFIID–TBP (N12) Cell Signaling
Technology

44059 AB_2799258

Chicken anti-mCherry Novus Biologicals NBP2-25158

Donkey antichicken conjugated to rhodamine
Red-X

Jackson
ImmunoResearch

703-295-155

Goat antirabbit IgG (H+L) HRPO Bio-Rad 170-6515 AB_11125142

Goat antimouse IgG (H+L) HRPO Bio-Rad 170-6516 AB_11125547

Rabbit antigoat IgG (H+L) HRPO Bio-Rad 172-1034 AB_11125144
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Table 1. Continued

Reagents and software Source Identifier/reference RRID

Donkey antirabbit Alexa fluor 488 Invitrogen A21206 AB_141708

Goat antimouse Alexa fluor 405 Abcam ab175660 AB_2885184

Donkey antigoat Alexa fluor 647 Invitrogen A21447 AB_2535864

Donkey antirabbit Alexa fluor 647 Invitrogen A31573 AB_2536183

Bacterial and virus strains

Subcloning efficiency DH5α bacteria New England Biolabs NEB5α

Chemicals, peptides, and recombinant proteins

RPMI 1640 media Corning 5510-041-cv

M199 medium Lonza BE12-117F

Preadipocyte growth medium Sigma D5796

IBMX Sigma I7018

Insulin Sigma I5500

L-glutamine (200 mM) Lonza BE17-605E

Penicillin–streptomycin Lonza DE17-602E

MEM NEAA Gibco 11140-035

Fetal bovine serum Sigma F7524

Dexamethasome Sigma D5796

Oleic acid Sigma O1383

Palmitic acid Sigma P0500

Lithium chloride Sigma L9650

Lipofermata Cayman Chemical 25869

Nystatin Deltaclon S1934

PP2 Deltaclon S7008

ONO-7475 Deltaclon S8933

R428 (Bencentinib) Deltaclon S2841

Recombinant human/mouse Wnt-5a protein R&D Systems 645-WN

Bradford assay Sigma B6916

BSA Sigma A7906

Nile red Sigma N3013

BODIPY 493/503 Thermo Fisher D3922

Oil red O Sigma O9755

DAPI (4′,6-diamidino-2-fenilindol, dilactato) Invitrogen D3571

Hoechst 33258 Life Technologies H3569

Mowiol 4-88 Sigma Aldrich 81381

Protease inhibitor cocktail Roche 04693132001

JetPei PolyPlus reagent Genycell Biotech 101-10N

JetPrime PolyPlus reagent Genycell Biotech 114-01

Dynabeads protein A Invitrogen 10002D

Dynabeads protein G Invitrogen 10004D

High-density PET permeable support Falcon 45353092

Corning Matrigel invasion chamber Corning 45354480

Critical commercial assays

Clarity ECL detection kit Bio-Rad 170-5060

RNA extraction RNeasy minikit QIAGEN Qiagen 74106

Dual-luciferase reporter assay system Promega E1960

Pierce BCA protein assay kit Thermo Fisher 23225

Cell lines

YUMM1.7 ATCC Meeth et al. 2016

Continued
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Table 1. Continued

Reagents and software Source Identifier/reference RRID

IGR39 (male) human melanoma cell line Obtained from Luisa
Lanfrancone

Aubert et al. 1980 CVCL_2076

IGR37 (male) human melanoma cell line Obtained from Luisa
Lanfrancone

Aubert et al. 1980 CVCL_2075

501mel (female) human melanoma cell line Obtained from Ruth
Halaban, Yale

Zakut et al. 1993 CVCL_4633

SKmel28 (male) human melanoma cell line ATCC Fogh et al. 1977 CVCL_0526

WM278 (female) human melanoma cell line Obtained from
Meenhard Herlyn

Herlyn et al. 1985 CVCL_6473

WM115 (female) human melanoma cell line Obtained from
Meenhard Herlyn

Herlyn et al. 1985 CVCL_0040

WM226.4 (female) human melanoma cell line Obtained from
Meenhard Herlyn

Herlyn et al. 1985 CVCL_2765

WM793 (male) human melanoma cell line Obtained from
Meenhard Herlyn

Herlyn et al. 1985 CVCL_8787

CHL-1 (female) human melanoma cell line Obtained from
Meenhard Herlyn

CVCL_1122

A375M (male) human melanoma cell line ATCC Giard et al. 1973; Fogh et al.
1977

CVCL_B222

3T3-L1 mouse fibroblast cell line ATCC CVCL_B222

Oligonucleotides

Human CTNNB1 RT qPCR primers
F 5′–3′: GTGCTATCTGTCTGCTCTAGT
R 5′–3′: CTTCCTGTTTAGTTGCAGCATC

Sigma This study

Human 18S RT qPCR primers
F 5′–3′: AGTCCCTGCCCTTTGTACACA
R 5′–3′: GCCTCACTAAACCATCCAATCG

Sigma Aldrich This study

siRNA human Caveolin-1 Santa Cruz
Biotechnology

SC-29241

SMARTpool: On-TargetPlus SRC siRNA Dharmacon, Inc. L-003175-00-0005

siRNA β-catenin
r(UCCAUUCUGGUGCCACCAC)d(TT)
r(GUGGUGGCACCAGAAUGGA)d(TT)

Qiagen This study

Negative control siRNA Qiagen 1027281

Human Caveolin-1 subcloning primers
F 5′–3′: CGCGGATCCGTGAACC
GTCAGATCCGCTAG

R 5′–3′: GCTCTAGAGCCTGCAA
GTTGATGCGGACATTG

Sigma This study

Recombinant DNA

Super8XTOPFlash Obtained from R. Moon Veeman et al. 2003 Addgene_12456

Super8XFOPflash Obtained from R. Moon Veeman et al. 2003 Addgene_12457

pcDNA3.1-Caveolin-1 WT-Myc-His This study N/A

pcDNA3.1-Caveolin-1 Y14F-Myc-His This study N/A

Software and algorithms

LAS AF Leica SP5 SCR_013673

Glo-Max 96 multidetection system Promega N/A

GraphPad Prism GraphPad Software https://www.graphpad.com SCR_002798

ImageLab Bio-Rad ChemiDoc XRS+ System SCR_014210

CXP Becton-Dickinson FACSCalibur SCR_016722

ImageJ N/A https://imagej.nih.gov/ij/
download.html

SCR_003070
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extraction buffer before being coated with the primary an-
tibody for 2 h at 4°C in a rotating wheel, followed by two
washes with the same buffer to eliminates unbound anti-
body.Next, extractswere added overnight at 4°C in the ro-
tating wheel. Immunocomplexes were washed twice and
used for Western blotting.

Western blot

Protein lysates were subjected to 7.5% or 10% polya-
crylamide SDS-PAGE. Proteins were transferred onto
polyvinylidene difluoride membranes. Membranes were
blocked with 5% nonfat milk or bovine serum albumin
in TBS containing 0.1% Tween 20 and probed with the
appropriate primary antibodies (see Table 1) overnight at
4°C. The specific bands were analyzed using ChemiDoc
imaging systems (Bio-Rad).

Immunofluorescence microscopy

Cells in coverslips were washed three times, fixed with
4% paraformaldehyde in PBS (pH 7.4) for 10 min, washed
again, permeabilized (PBS at pH 7.4, 0.5% Triton X-100,
0.2%BSA) for 5min, blocked (PBS at pH 7.4, 0.05%Triton
X-100, 5% BSA) for 1 h at room temperature, incubated
with primary antibody overnight at 4°C, washed three
times for 5 min, and incubated with the secondary anti-
body for 1 h at room temperature. For lipid staining after
antibody incubation, cells were washed twice with PBS
and stained with a solution containing 5 μg/mL BODIPY
or Nile red. After 30min incubation at room temperature,
cells were washed twice with PBS. Slides were mounted,
and images were acquired using an SP5 confocal micro-
scope (Leica) with a 63× objective.

Luciferase reporter assay of TOP/FOP reporter
luciferase activity

Melanoma cells seeded in 24 well plates at 50% conflu-
ence were cotransfected with 125 ng of the indicated pro-
moter reporter and 25 ng of Renilla luciferase construct for
normalization of transfection efficiency using JetPei Poly-
Plus reagent (Genycell Biotech) following the manufac-
turer’s instructions. Forty-eight hours after transfection,
cells were treated with 100 µM oleic acid (OA) or 20
mM lithium chloride for another 4 or 24 h. Cells were
lysed, and luciferase activity was measured in triplicate
using the dual-luciferase reporter kit (Promega) and a

Glo-Max 96 multidetector system (Promega). A mini-
mum of three experiments was performed per cell line.

Crystal violet staining and cell density quantification

Thirty-thousand cells were plated in a 12 well plate and
treatedwithDMSOand 100 μMoleic acid simultaneously
over 5–7 days as indicated. The medium was replaced ev-
ery 3 days. Plates were collected at time 0, 24, 72, 96, or
120 h; fixed with 4% PFA; and stained with 0.1% crystal
violet for 15–30 min. Next, they were washed and dried.
Crystal violet was resuspended in methanol, transferred
to p96 plates, and analyzed by a Spectra Fluor (Tecan) at
570 nm. Viability was measured in duplicate in four inde-
pendent experiments.

3T3-L1 coculture experiments

3T3-L1 cells (70,000 cells/well in a 12 well plate) were
grown to 100% confluency in preadipocyte growth media
(high-glucose DMEM [Sigma D5796], 10% newborn
calf serum Sigma 12023C], 1% penicillin/streptomycin
[Sigma P0781], 1% L-glutamine [Sigma G7513]). When
cells reached confluence, the medium was changed, and
2 days later, differentiation was initiated. At day 0, differ-
entiation medium with full induction cocktail was added
(high-glucose DMEM [Sigma D5796], 10% FBS, 1% peni-
cillin/streptomycin, 1% L-glutamine; induction cocktail:
0.5 mM IBMX [Sigma I7018], 1 µM dexamethasome
[Sigma D1881], 5 µg/mL insulin [Sigma I5500]). At day 3,
the medium was changed to differentiation media con-
taining only 5 µg/mL insulin for 72 h. At day 6, once ma-
ture adipocytes were obtained, the medium was changed
to simple differentiation media to preserve their adipo-
cyte-differentiated state. Differentiated adipocytes were
used for all coculture experiments.

For lipid transfer experiments, differentiated 3T3-L1
cells were preloaded with 1.5 µM BODIPY-FL-C16 in dif-
ferentiation media (FBS+ insulin) for 4 h and then washed
twice using PBS+0.1% BSA-free fatty acid. After 24 h, the
preloaded adipocytes were washed again with PBS+0.1%
BSA-free fatty acid and placed in coculture with melano-
ma cells that had been seeded 24 h earlier in the trans-
well chambers. The adipocyteswere located at the bottom
and the melanoma cells were at the top and maintained
for 24 h inDMEMwith 0.1%BSA-free fatty acid andwith-
out FBS. After 24 h in coculture, the melanoma cells were
washed and fixed with 4% PFA. For picture acquisition,

Table 1. Continued

Reagents and software Source Identifier/reference RRID

RNA-seq data cBioPortal http://www.cbioportal.org SCR_014555

Molecular signatures mSigDB http://www.broadinstitute.org/
msigdb

Other

TCGA analysis R script N/A Riesenberg et al. 2015
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the trans-well membranes were cut, stained with DAPI,
and mounted under coverslips.

Adipose tissue andmelanoma cell coculture experiments

Human adipose tissue samples were derived from surgical
removal at Hospital Universitario Fundación Alcorcón
(HUFA). Immediately after surgery, adipose tissue was
placed into medium 199 (M199, Lonza) with 100 U/L pen-
icillin, and 100 μg/mL streptomycin at room temperature.
Blood vessels and connective tissue were removed, and
uniform-sized tissue pieces of ∼2 mm3 were dissected.
Forty-eight hours before performing the coculture ex-

periments, melanoma cells were seeded at 50% conflu-
ence in a 6 well plate, and adipose tissue pieces were
cultured withmelanoma cell medium. To perform fat–ex-
plant–melanoma coculture experiments, high-density
PET-permeable supportswith 3.0 μmporeswere used (Fal-
con). The insert was placed in the 6 well plate where mel-
anoma cells had previously been seeded, four to five pieces
per well of adipose tissue were placed in the top, and 2 mL
ofmedium of the indicatedmelanoma cell linewas added.
Forty-eight hours later, the fat and cells were collected,
and changes in invasion capacity were analyzed by West-
ern blot or immunofluorescence. To testwhether lipolysis
was induced byWnt5a, melanoma IGR37 cells cocultured
with adipose tissuewere treated with 50 ng/mLWnt5a for
4 days. Fat was collected and analyzed by Western blot.

Oil red O staining

Oil red O stock solution was prepared by dissolving 0.5 g
of Oil red O (Sigma Aldrich) in 100 mL of isopropanol
for 1 h at 56°C in awater bath. Aworking solutionwas pre-
pared by mixing 30 mL of the Oil red O stock solution
with 20 mL of distilled water, allowing it to stand for 10
min, and then filtering it. Cells in coverslips were washed
three times, fixed with 4% paraformaldehyde in PBS (pH
7.4) for 10 min, briefly washed with running tap water,
rinsed with 60% isopropanol, stained with freshly pre-
pared Oil red O working solution for 15 min, and then
rinsed with 60% isopropanol. Nuclei were stained with
hematoxylin for 1 min and rinsed with distilled water.
Slides were mounted, and images were acquired using a
Zeiss optical microscope with a 40× objective. Oil red O
intensity was quantified using ImageJ software. For each
experiment, three different fields were evaluated per slide.

Matrigel invasion assays

Matrigel invasion assays were performed using invasion
chambers from BD Biocoat (8 µm membrane inserts with
Matrigel coating). Cells previously transfected and treated
as indicated or cocultured with adipose tissue explants
were cultured in medium without 0.2% FBS overnight
and seeded at 100,000 cells per insert. Medium with 10%
FBSwas added to the bottomof the inserts. After 22h of in-
cubation, chambers were fixed in 3.7% paraformaldehyde
for 2 min, washed in phosphate-buffered saline (PBS),
stained with 1% crystal violet for 20 min, and washed in

PBS. Cells remaining above the insert membrane were re-
moved by gentle scrapingwith a sterile cotton swab. Slides
weremounted, and imageswere acquired using a Zeiss op-
tical microscope with a 5× objective. Cells weremanually
counted using ImageJ software. At least three biological
replicates were performed.

RT-qPCR

Total RNA was isolated using the RNeasy minikit (Qia-
gen) or with Trizol (Invitrogen). cDNA was generated
from 1 μg of RNA following the manufacturer’s protocol.
Reactions were performed in SYBR Green mix (Go-Taq,
Promega) and analyzed using a 7500 Fast real-time PCR
system (Applied Biosystems). Primers for human genes
were designed using the Primer Blast application from
NCBI (see Table 1). 18S ribosomal RNA and β-actin prim-
ers served as nonregulated controls. Relative expression
was calculated using the Ct method, expressed as 2−
ΔΔCt (Livak and Schmittgen 2001). The PCR efficiency
was ∼100%.

Generation and analysis of mouse melanomas

YUMM1.7 cells were purchased from ATCC (Meeth et al.
2016), maintained as described byMeeth et al. (2016), and
subcultivated using 0.25% (w/v) Trypsin-EDTA (Gibco
25200-056) at ratios that varied between 1:5 and 1:10.
Cells were cultured at 37°C in 5% CO2. YUMM1.7-Luci-
ferase+mCherry+ melanoma cells were cultured under
the same conditions as the parental cell line. The
YUMM1.7 cells were infected with a lentivirus encoding
for luciferase and mCherry expression (pCDH-EF1a-
eFFly-mCherry cloned vector; a gift from Irmela Jeremias;
plasmid 104833, Addgene) (Ebinger et al. 2016). Infected
YUMM1.7-Luciferase+mCherry+ cells were sorted for
mCherry expression using a BD FACS Aria fusion sorter
(BD Biosciences). YUMM1.7-Luciferase+mCherry+ cells
(2.5 × 105 cells) resuspended in 30 μL of Matrigel growth
factor reduced basement membrane matrix (Corning
356231) were intradermally injected into 8 week old
C57BL/6J mice obtained from the JAX repository. The
grafted tumors were collected and fixed in 4% paraformal-
dehyde (PFA) for 24 h at 4°C with agitation. For cryopres-
ervation, the samples were first incubated in 30% sucrose
in 1× PBS for 48 h at 4°C in a rocking plate and then
embedded in optimal cutting temperature compound
(Sakura 4583). Frozen sections (16 μm) were cut from the
tissue blocks using a Leica CM3050S cryostat (Leica
Microsystems).
To label the lipid droplets, sections were washed with

1× TBS for 5 min and incubated with 1 μg/mL BODIPY
493/503 (Thermo Fisher 3922) for 20 min at room temper-
ature. Samples were thenwashed three times with 1× TBS
for 5 min and once with 1× PBS for 5 min. For nucleus
detection, the sections were further incubated with
DAPI (1:1000 in 1× PBS) for 15 min at room temperature,
washed three timeswith 1× PBS for 5min, andmounted in
Mowiol 4-88 (Sigma Aldrich 81381).
For immunofluorescence, sections were washed with

1× PBS for 5 min and incubated with a blocking buffer
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(5% horse serum, 0.8% Triton, 1% BSA in 1× PBS) for 1 h
at room temperature, after which slides were incubated
with the primary antibodies diluted in blocking buffer
overnight at 4°C. Samples were washed three times with
1× PBS for 10min before being incubated with the second-
ary antibodies and DAPI (1:1000) in blocking buffer for 1 h
at room temperature. The sections were then washed
three times with 1× PBS for 10 min and mounted in
Mowiol 4-88. The primary antibodies used were rabbit
anti-Caveolin-1 (1:400; Cell Signaling Technology 3238)
and chicken anti-mCherry (1:800; Novus Biologicals
NBP2-25158). The secondary antibodies used were don-
key antirabbit conjugated to Alexa fluor 488 (1:400; Invi-
trogen A-21206) and donkey antichicken conjugated to
rhodamine Red-X (1:400; Jackson ImmunoResearch 703-
295-155). All labeled sections were imaged using an in-
verted LSM 980 confocal microscope (Carl Zeiss).

Analysis of human melanoma tissue samples

Melanoma patient samples were obtained from surgical
resections of patients diagnosed with melanoma with a
Clark level of V and a mean Breslow index of 10.32 mm.
Samples and data from patients included in this study
were provided by the Hospital La Paz Institute for Health
Research Biobank (IdiPAZ Biobank [PT20-0004], integrat-
ed in the Biobanks and Biomodels ISCIII Platform) and
processed following standard operating procedures with
the appropriate approval of the Ethics and Scientific Com-
mittees, and by the Hospital Clínico San Carlos (C.I. 21/
498-E, approved on June 25, 2021, C.I. 21/498-E). Funda-
mental ethical principles and rights promoted by Spain
(LOPD 15/1999) and the European Union (2000/C364/
01) were followed. Patient data were processed according
to the Declaration of Helsinki (last revision 2013) and
Spanish National Biomedical Research Law (14/2007,
July 3).

Immunofluorescence was conducted using 5 μm sec-
tions of melanoma samples. Slides were deparaffinized
by incubation for 10 min at 60°C and then incubated for
20 min at 95°C at pH 6.0 to detect perilipin and caveo-
lin-1. Slides in slide holders were permeabilized (TBS at
pH 7.4, 0.01% Triton X-100) for 15 min, incubated with
anti-Perilipin (1:200 in TBS at pH 7.4, 0.01% Triton X-
100, 1% BSA) for 2 h at room temperature, washed three
times for 5 min in TBS, incubated with anti-caveolin-1
(1:200 in TBS at pH 7.4, 0.01% Triton X-100, 1% BSA)
overnight at 4°C, and incubated with each secondary anti-
body (1:200 in TBS at pH 7.4, 0.01% Triton X-100, 1%
BSA) for 2 h at room temperature. For detection of nuclei,
slides were washed twice with PBS and stained with a sol-
ution containing 5 μg/mL DAPI for 15 min at room tem-
perature. Slides were mounted, and images were
acquired using a FV3000 confocal microscope (Olympus)
with 4× and 20× objectives.

The primary antibodies used for immunofluorescence
in tissues were anti-Caveolin-1 mouse monoclonal anti-
body (7C8; Abcam ab17052), rabbit polyclonal anti-Cav-
eolin-1 (Cell Signaling Technology 3238), and rabbit
monoclonal anti-Perilipin-1 (D1D8) XP (Cell Signaling

Technology 9349). Secondary antibodies used were don-
key antirabbit Alexa fluor 594 (Invitrogen R37119) and
donkey antimouse Alexa fluor 647 (Invitrogen A31571).

Patient characteristics are indicated in Table 2.

Statistical analysis

Results are presented as fold induction (mean±SEM) from
at least three biological replicates. Comparisons between
two independent groups were performed with Mann–
WhitneyU-tests. Tests for significance between two sam-
ple groups were performed with Student’s t-test, and for
tests for multiple comparisons were performed using
ANOVA with Bonferroni’s post-test.

RNA-seq

STR-authenticated (Eurofins genomic service), mycoplas-
ma-free (Lonza LT07-318 and LT07-518) control melano-
ma cell lines were seeded in 6 well tissue-cultured dishes
in RPMI 1640 (Gibco) supplemented with 10% FBS (Bio-
sera) and 100 U/mL Pen Strep (Gibco) and maintained in
a humidified chamber at 10% CO2. Cells were collected
at ∼80% confluence, snap-frozen on dry ice, batched-pro-
cessedusing rNeasyminikit (Qiagen74106) per the suppli-
er’s instructions, and eluted in 50µLof nuclease-freewater
(Invitrogen 10977049). Samples with RIN values ≥9.5 (as-
sessed using Agilent RNA 6000 nano kit; Agilent 5067-
1511) were carried forward for library preparation using a
QuantSeq forward kit (Lexogen 015.96) with 500 ng of in-
put material and ERCC ExFold RNA spike-in mixes
(Thermo Fisher 4456739). Sequencing was carried out on
a HiSeq4000 (Illumina) by the Oxford Genomics Centre
at the Wellcome Trust Centre for Human Genetics.

Bioinformatics

Raw fastq reads for the same samples sequenced across
two lanes were stitched using UNIX, quality-controlled
using fastqc (v0.11.9), and adaptor- and poly(A)-trimmed
using Cutadapt. Processed fastq reads were mapped

Table 2. Patient characteristics

Patient characteristics N (%)

Gender
Male

4 (100%)

Age (median, years) 83

Breslow (median, mm) 10.32

Clark level V

Clinical classification

pT4 2 (50%)

pT4a 1 (25%)

pT4b 1 (25%)

Metastasis development

Yes 1 (25%)

No 3 (75%)
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against hg38 (GRCh38, 2015) + ERCC STAR index using
rna-star (v2.5.1b) with quantMode enabled, allowing for
soft clipping and splicing (minimumof 20 bp). Normaliza-
tion and differential gene expression analyses were per-
formed as described previously (Louphrasitthiphol et al.
2019, 2020; Vivas-García et al. 2020) using edgeR
glmQLFTest. Heat maps were visualized using the R
package pheatmap (v1.0.12).
Gene expression from 53 melanoma cell lines (Tsoi

et al. 2018) was obtained from GSE80829 and the genes’
classification as per the original study.
Gene expression data from the CCLE and TCGA were

accessed through cBioPortal (Cerami et al. 2012; Gao
et al. 2013). Themoving average trend line of the bar plots
in Figures 1F and 2H, representing the expression level of
individual samples, was generated using a simple window
size of 20. Spearman correlation and the significance were
calculated using the cor.test function in R.

Material availability

All unique reagents generated in this study will be made
available on request, but wemay require a completedMa-
terials Transfer Agreement.

Data availability

We declare that all data supporting the findings of this
study are available within the article or from the corre-
sponding author upon request. The RNA-seq data from
the 12 in-house melanoma cell lines have been deposited
in GEO (accession no. GSE184923; reviewer access token
is yhcxcoicnnsflyl).
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