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Abstract

Advanced, metastatic melanomas frequently grow in subcutaneous tissues and portend a poor
prognosis. Though subcutaneous tissues are largely composed of adipocytes, the mechanisms by
which adipocytes influence melanoma are poorly understood. Using in vitro and in vivo models,
we find that adipocytes increase proliferation and invasion of adjacent melanoma cells.
Additionally, adipocytes directly transfer lipids to melanoma cells, which alters tumor cell
metabolism. Adipocyte-derived lipids are transferred to melanoma cells through the FATP/
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SLC27A family of lipid transporters expressed on the tumor cell surface. Among the six FATP/
SLC27A family members, melanomas significantly overexpress FATP1/SLC27A1. Melanocyte-
specific FATP1 expression cooperates with BRAFV600E in transgenic zebrafish to accelerate
melanoma development, an effect that is similarly seen in mouse xenograft studies. Pharmacologic
blockade of FATPs with the small molecule Lipofermata abrogates lipid transport into melanoma
cells and reduces melanoma growth and invasion. These data demonstrate that stromal adipocytes
can drive melanoma progression through FATP lipid transporters, and represents a new target
aimed at interrupting adipocyte-melanoma cross-talk.

Statement of Significance—We demonstrate that stromal adipocytes are donors of lipids that
mediate melanoma progression. Adipocyte-derived lipids are taken up by FATP proteins that are
aberrantly expressed in melanoma. Inhibition of FATPs decreases melanoma lipid uptake, invasion
and growth. We provide a mechanism for how stromal adipocytes drive tumor progression and
demonstrate a novel microenvironmental therapeutic target.
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Introduction

The tumor microenvironment (TME) is increasingly recognized to play an important role in
cancer initiation and progression. The variety of TME components act in concert with
genetic changes in tumor cells to allow for a dynamic response to novel environments during
tumor progression and after exposure to drugs (1). The TME can also provide growth factors
such as Wnt ligands that drive tumor cell proliferation and invasion (2), making tumor-TME
cross talk an attractive therapeutic target.

In melanoma, components of the TME continue to be elucidated. Immune cells such as T
cells are a major component of this environment, underscored by the recent success of
immunomodulators such as anti-CTLA4 (3) and anti-PD1 (4) molecules that have had
dramatic efficacy in a significant number of melanoma patients. A recent single-cell
sequencing study demonstrated significant heterogeneity within the immune component of
the TME (5), which may in part be related to the ability of immune cells such as
macrophages to respond to lactate secreted from tumor cells (6). These observations may
provide new opportunities for patient-specific immune therapies.

Melanomas arise from neural crest-derived melanocytes (7), which are anatomically located
at the dermal-epidermal junction of the skin. During the early stages of melanoma, referred
to as a Clark’s level I tumor, melanoma cells interact with microenvironmental
keratinocytes, which provide endothelins required for melanoma growth (8). As melanoma
progresses, tumor cells enter a vertical growth phase and grow past the dermis into
subcutaneous tissue, which is largely populated with adipocytes. These advanced, Clark’s
level V primary melanomas are at high risk of systemic metastasis. Melanoma cells also
come into direct contact with adipocytes when they metastasize to secondary subcutaneous
tissues or bone-marrow (9), making these stromal cells a relevant component of both
primary and metastatic microenvironments.
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Despite a long recognition that the subcutaneous tissue is composed of adipocytes, relatively
little attention has been paid to the mechanistic interaction between melanoma cells and
adipocytes. Cross-talk between the two cell types is likely: in mice, the adipocytic,
subcutaneous tissue surrounding engrafted melanoma cells shows morphologic changes
consistent with an activated cancer-associated adipocyte (10), likely due to lipolytic factors
secreted from the melanoma cells (11). Moreover, adipocytes are lipid rich, highly secretory
cells that release lipids and a number of adipokines such as leptin which can drive melanoma
growth through MAP kinase activation (12). A recent study demonstrated that adipocyte-
derived exosomes carry proteins that drive fatty acid oxidation in melanoma cells,
suggesting they may influence melanoma cell metabolism (13). Here, we utilize a
combination of mouse and zebrafish /n vivo models and human patient-derived tissues to
interrogate how stromal adipocytes can promote melanoma progression. We demonstrate
that adipocytes donate high levels of fatty acids to melanoma cells, fueling proliferation and
invasion. These adipocyte-derived fatty acids are transported into melanoma cells through
the Fatty Acid Transporter Proteins (FATPs), which are highly expressed in subsets of
melanoma patients and act to promote melanoma progression.

Advanced melanomas are in direct contact with subcutaneous adipocytes

Melanomas arise at the dermal-epidermal junction, where they initially expand in radial
growth phase. During progression, these lesions extend down into the dermal tissue during
vertical growth phase, and some lesions continue to grow into the subcutaneous tissues,
where they are then classified as Clark’s level V. Moreover, metastatic tumor cells can also
reach subcutaneous tissues as in-transit metastases. Histologic examination of these
advanced melanomas demonstrate that these tumors are encased by subcutaneous adipocytes
present in the tumor microenvironment (Figure 1A). We found that adipocytes directly
adjacent to the tumor are diminished in size compared to those further away, consistent with
tumor-induced lipolysis. Given the importance of adipocytes in other tumors such as ovarian
and breast cancers (14,15), we reasoned that these subcutaneous adipocytes might promote
melanoma growth and progression.

Adipocytes increase melanoma cell proliferation and invasion

To assess the role of adipocytes in melanoma progression we established an adipocyte-
melanoma cell co-culture system (Figure 1B). We differentiated 3T3-L1 cells into
adipocytes with mature lipid droplets, and then grew human A375 or SKMel28 cells on top.
We measured proliferation of melanoma cells with or without the adipocytes using pH3
staining (Figure 1C). In both cell lines, we found a significant increase in melanoma cell
growth when the cells were serum starved to remove other growth factors.

We next tested whether the adipocytes could also increase melanoma cell invasion using
several different assays. We found that adipocyte-conditioned media increased the ability of
A375 melanoma cells to degrade a gelatin matrix in 2D (Figure 1D). We then utilized
Transwell assays to measure if this increased the ability of the cells to invade through the
membrane. We treated melanoma cells with adipocyte conditioned media and found that this
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significantly increased the ability of the cells to invade into a collagen plug contained within
the Transwell (Figure 1E). Finally, we co-cultured melanoma cells with or without
adipocytes, FACS-isolated the melanoma cells, and found that the adipocyte-exposed
melanoma cells had a significantly increased ability to fully traverse a Transwell membrane
that had been coated with Matrigel (Figure 1F). Collectively, these data indicate that
adipocytes can increase melanoma cell aggressiveness.

Adipocytes increase melanoma cell lipid content

Adipocytes could enact these changes in the melanoma cells either through adipokines (e.g.
leptin) or via changes in melanoma cell lipid content. We performed RNA-seq on A375
melanoma cells in the presence or absence of adipocytes, and used Gene Set Enrichment
Analysis to identify the most dysregulated pathways from the MSigDB database (16)
(Supplementary Figure S1, Supplementary Table S1). This revealed a strong enrichment for
defects in cholesterol homeostasis and fatty acid metabolism. Based on these data and other
studies showing that adipocytes can directly alter lipid content of tumor cells (14,17), we
therefore focused on lipid content in the melanoma cells.

To test whether adipocytes increase lipid content in melanoma cells, we utilized the co-
culture system above and measured melanoma cell lipid content. Human A375 or SKMel28
cells or zebrafish ZMELL1 cells were grown either in the presence of absence of adipocytes,
FACS-isolated , and lipid content was measured using the global lipid dye LipidToxRED. In
all 3 cell lines, we found a significant increase in cytosolic lipids in the co-cultured cells
(Figure 2A). We reasoned that this global increase in lipid content in the melanoma cells
would lead to aberrant formation of lipid droplets in the cytosol. To assess this, we
performed electron microscopy on A375 cells with or without adipocytes. We found a
significant increase in both the number and size of the lipid droplets in the co-cultured
melanoma cells, consistent with the effects we see with LipidToxRED (Figure 2B).

Adipocytes directly transfer fatty acids to melanoma cells

The above data indicate that the presence of adipocytes increases melanoma cell lipid
content but does not indicate whether this is a result of direct transfer or an indirect effect of
a secreted factor that triggers de novo fatty acid synthesis in tumor cells. Because tumor-
adjacent adipocytes are smaller than those far away (Figure 1A), we tested whether they
were direct donors to the melanoma cells by a lipid “pulse-chase” approach. 3T3-L1
adipocytes were loaded with BODIPY-labeled fatty acids. Labeled adipocytes were washed
to remove excess lipids from the media and melanoma cells were plated on top (Figure 2C).
Within 24-48 hours, we observed the BODIPY-labeled fatty acids within the cytosol of
melanoma cells, demonstrating that lipid species originating from adipocytes could be
transferred to melanoma cells. To determine whether direct melanoma cell-adipocyte contact
was necessary for transfer, we also performed a second iteration of the experiment with
adipocytes and melanoma cells separated by a Transwell membrane (Figure 2D). Similar to
what we observed when the cells were in direct contact, adipocyte-derived BODIPY-labeled
fatty acids can be transferred into the melanoma cell (Figure 2E), demonstrating that cell-
cell contact is not necessary. This effect was seen for both C12 as well as C16 BODIPY-
labelled fatty acid chain lengths (Supplementary Figure S2A). These data indicate that
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adipocytes can release fatty acids into the extracellular milieu which can be taken up by
nearby tumor cells, a phenomenon also observed in omental metastases in ovarian cancer
(14).

Adipocytes increase dependency on extrinsic lipid uptake in melanoma cells

These data raised the possibility that the adipocyte-derived lipids were affecting melanoma
cell metabolism. To test this, we used the Seahorse assay to measure both mitochondrial
oxygen consumption (OCR) and extracellular acidification rate (ECAR) in melanoma cells
in monoculture or after coculture with adipocytes. While ECAR did not change significantly
between each condition (Supplementary Figure 3) indicating no change in rates of
glycolysis, co-cultured melanoma cells had significantly increased mitochondrial oxygen
consumption (Figure 3A). This increase could be suppressed by etomoxir, an inhibitor of
carnitine palmitoyl transferase (CPT1) which is necessary for a critical step in p-oxidation of
fatty acids. Whereas the monocultured cells saw a small decrease in OCR after addition of
etomoxir, co-cultured cells dramatically reduced OCR. Because CPT1 is an important first
step in p-oxidation, this decrease in mitochondrial oxygen consumption (OCR) is consistent
with the idea that the co-cultured cells can utilize the adipocyte-derived lipids for fatty acid
oxidation (Figure 3B). We next tested whether these adipocyte-derived lipids made the
melanoma cells less dependent upon de novo lipogenesis by testing the sensitivity to the
FASN inhibitor cerulenin. Whereas the monocultured cells had a significant decrease in cell
viability from the FASN inhibitor, the co-cultured cells were markedly protected from this
effect (Figure 3C). Finally, we reasoned that co-cultured cells would have decreased rates of
de novo lipid synthesis as they were already taking up extrinsic lipids. We tested this by
feeding melanoma cells 13C-labelled acetate, and measuring incorporation into newly
synthesized lipids via LC/MS. This showed a significant decrease in de novo fatty acid
synthesis in the co-cultured cells (Figure 3D). Taken together, these data demonstrate that
adipocyte derived lipids can be utilized in the p-oxidation pathway and decreases the
dependence on de novo lipogenesis.

Adipocytes increase melanoma cell lipid content in vivo

We next wanted to test whether the increased lipid content from adipocytes occurred /n vivo.
We first examined a series of human subcutaneous metastases and tumors from patient
derived xenografts and stained them for OilRedO, a commonly used lipid dye in human
samples (Figure 4A and Supplementary Figure S4). In 3/5 patient biopsy samples and 4/4
patient-derived xenografts, we found significant evidence of lipid accumulation in the
cytosol of tumor cells that are directly adjacent to adipocytes (see additional data in Figure
6, below, related to the mechanism of this lipid accumulation).

We next turned to an animal model of this process. Our lab has previously developed a
BRAFVEIE driven transgenic zebrafish model of melanoma which closely recapitulates the
human disease (18,19). From this model we also developed a GFP labeled melanoma cell
line called ZMEL1 which can be used for transplantation studies. We wished to determine if
transplantation of ZMEL1 cells into adipocytes would recapitulate the increases in lipid
content that we had observed in vitro (20). We first identified the location of the zebrafish
adipocyte fat pad using a p/in2-tdTomato transgenic line, which showed a depot of
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subcutaneous fat in the ventral and dorsal skin (Figure 4B). Based on this anatomy, we
transplanted ZMEL1-GFP melanoma cells directly into the ventral subcutaneous fat pad of
the fish and then stained with BODIPY-RED to visualize lipids. This imaging revealed clear
evidence of lipid-laden melanoma cells (Figure 4C) in 76% of the fish, an effect that was not
seen when the cells were next to adipocyte-free areas of the fish (Supplementary Figure 5).
To more precisely quantify this effect, we FACS-isolated the GFP+ melanoma cells at 21
days post-transplant and analyzed them by ex vivo lipid analysis using LipidToxRED
staining. Analogous to what we saw in vitro, by 21 days post-transplant, we see a significant
increase in global lipid content in the ZMEL1 melanoma cells compared to cells growing in
vitro or after a short 5 day period of in vivo growth (Figure 4D).

Subcutaneous metastases grow next to adipocytes and dysregulate lipid genes

Given the changes in tumor cell metabolism we observed in the melanoma-adipocyte co-
cultured cells and the parallel increases in lipid content in transplanted tumor cells, we next
wanted to determine whether subcutaneous metastases showed changes in lipid metabolism.
We utilized a previously developed zebrafish metastasis assay in which the ZMEL1-GFP
cells can be injected either into the skin or directly into vasculature, and metastatic
engraftment to secondary subcutaneous sites can be read out at 21 days. We sectioned
recipient fish and found that 57% of the metastases developed directly adjacent to
endogenous adipocytes (Figure 5A). We isolated the subcutaneous metastatic cells by FACS
and performed RNA-seq analysis on tumor cells that were growing next to adipocytes
(Figure 5B, Supplementary Table S2). Ingenuity Pathway Analysis showed that of the top
dysregulated pathways, 3/7 were centered on abnormalities of adipogenesis, fatty acid
synthesis or cholesterol synthesis (Figure 5C). Moreover, most de novo lipogenesis genes
were strongly downregulated due to feedback inhibition, as expected for cells avidly taking
up extrinsic lipids (Figure 5D) and consistent with our in vitro data using the FASN inhibitor
and 13C incorporation (Figure 3C, D). Taken together, these data confirm that the effects we
observed in vitro are conserved in vivo.

Global lipidomics demonstrates that long chain fatty acids are transferred to melanoma

cells

The above data suggested that melanoma cells can take up lipids from adjacent adipocytes
both in vitro and in vivo. To directly assess the lipid species donated by adipocytes to
melanoma cells, we performed global lipidomic profiling of melanoma cells in both the in
vitro and in vivo situations. For the in vitro experiments, we cocultured A375 or ZMEL1
melanoma cells with or without 3T3L1 adipocytes, as above. We then FACS-isolated the
melanoma cells, along with control melanoma cells that were maintained in monoculture.
For the in vivo experiments, we transplanted ZMELL1 cells into the subcutaneous fat pad as
above, and FACS-isolated the melanoma cells 21 days after transplant. Mass spectrometry-
based lipid profiling of 1,088 individual lipid species were performed on these in vitro and
in vivo tumor cell samples (Supplementary Figure S6A and Supplementary Tables S3-S5).
We calculated the fold-change of each species compared to the monocultured cells and
identified the lipids species that were increased across the in vitro and in vivo samples
(Figure 5E). Overall, the most significantly increased lipids were long chain fatty acids,
including both saturated (e.g. stearic acid) and unsaturated (e.g. oleic acid) species (Figure
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5F). To confirm the physiologic relevance of these lipids, we then determined whether these
fatty acids were sufficient to promote melanoma growth even in the absence of adipocytes.
We used a chemically-defined lipid reagent (CDL) that contains a mixture of saturated and
unsaturated fatty acids, and measured growth of A375 melanoma cells in complete media
and serum-free media. In both conditions, the CDL mixture promoted melanoma growth
across a range of timepoints (Supplementary Figure S6B).

Long chain fatty acids are taken up by FATP/SLC27A proteins on the melanoma cells

Long-chain fatty acids such as stearic and oleic acid require active transport to enter the
cytosol. In cells such as liver and brain, this uptake is mediated by the FATP (fatty acid
transport protein) family of lipid transporters (21,22). Humans have 6 highly related FATP/
SLC27A proteins, referred to as FATP1-6. To determine which was most relevant to
melanoma, we examined the expression of this family of proteins using data from the
Cancer Cell Line Encyclopedia and the Oncomine database (Supplementary Figure S7A).
This revealed a statistically significant enrichment of FATP1/SLC27A1 in melanoma
compared to all other cancer types, and we found that in stage IV patients higher mMRNA
levels correlated with worse survival (23) (Supplementary Figure S7B). This prompted us to
examine protein expression of FATP1 in human patient biopsies as well. Consistent with the
cell line data, we find that 44% of patients overexpress FATP1 specifically in the tumor cell
compartment (Figure 6A and Supplementary Figure S4). To determine if there was a
relationship between FATP1 expression and lipid uptake, we stained a series of freshly
isolated tumors from both primary and metastatic sites (subcutaneous, lymph nodes, brain)
for both FATP1 and lipids using Oil Red O, which revealed a strong positive correlation
(r2=0.61) for FATP1 versus OilRedO staining (Figure 6B). This data is in line with the
known ability of FATP1 in mediating uptake of long chain fatty acids.

To functionally assess whether FATP1 is capable of mediating lipid uptake into melanoma
cells, we overexpressed FATP1 in A375 human melanoma cells, and found that it
significantly increased fatty acid uptake (Figure 6C). Conversely, fatty acid uptake was
impaired when FATP1 expression was abrogated with CRISPR/Cas9 (Figure 6D and
Supplementary Figure S8A). To test the importance of FATP1 in vivo, we utilized both
zebrafish transgenesis and mouse xenografts. We generated transgenic zebrafish in which the
BRAFVPIE gene is expressed with or without concomitant overexpression of ZATP1. To do
this, we utilized the previously described MiniCoopR system, a mosaic transgenic system in
which any cargo gene of interest (e.g. FATPI) can be easily inserted and expressed
coordinately with BRAFYE90E ynder the melanocyte-specific mitfa promoter (24). This
ensures melanocyte-specific BRAF Y600F and FATP1 expression, limiting off-target effects in
other cell types. We then followed a cohort of BRAFY60E versus BRAFVCOE - FATP1
animals for a period of 4 months. In this time frame, only a small number of BRAFVEI0E
alone animals developed melanomas (4%). In contrast, we saw a marked acceleration of
melanoma development in the BRAFVPIE -FATPI animals (30%) (Figure 6E). For a subset
of animals that developed tumors, we stained the fish with BODIPY-RED to visualize lipid
content. Whereas BRAFYPYE glone had only scant amounts of lipid staining, nearly the
entire BRAFVPIE -FATPI tumor stained strongly with BODIPY-RED, consistent with a
lipid filled tumor, as expected (Figure 6F).
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Next, we wanted to confirm if this effect was conserved in mouse xenograft studies. We
stably infected BRAFVEE_mutant A375 melanoma cells with either a mCherry or FATPI-
mCherry cassette using lentiviral transduction. We transplanted these cells into the
subcutaneous tissues of recipient nude mice and followed tumor growth over 28 days.
Similar to what we observed in the zebrafish studies, FATP1 overexpression increases tumor
growth in the mouse (Figure 6G). Taken together, these data indicate that FATP1 acts to
promote melanoma growth in the context of BRAFY600E,

FATP blockade inhibits melanoma growth

This data raised the possibility that pharmacologic blockade of FATP proteins might have
therapeutic utility in melanoma. We therefore wished to test this both in vitro and in vivo.
Recent work has identified a small molecule FATP inhibitor called Lipofermata/CB16.2
(25), which was initially isolated as a FATP2 inhibitor that could be used for the treatment of
fatty liver disease (26). Given the similarities between FATP1 and FATP2, our data
suggested that this molecule might be repurposed for use in melanoma. To test this, we first
determined whether Lipofermata could also block FATP1 by measuring lipid uptake in
FATP1 overexpressing or knockout cells. Lipofermata dose-dependently inhibited lipid
transport in A375 cells overexpressing FATP1, an effect which was diminished in the
CRISPR knockout cells (Supplementary Figure S9). Next, we tested the effects of
Lipofermata on A375 cells expressing endogenous levels of FATP1, and found it inhibited
fatty acid uptake in a dose-dependent manner (Figure 7A). This effect did not occur using a
molecule that is structurally similar to Lipofermata (CB16.6) but has previously been shown
not to block lipid uptake (Supplementary Figure S10A) in CaCO2 and HepG2 cells (26).
Next, we tested Lipofermata using the lipid pulse-chase experiment described above. We
differentiated 3T3-L1 cells into adipocytes, loaded them with BODIPY-RED fatty acids, and
then plated melanoma cells onto these in the presence or absence of Lipofermata. This
revealed a strong abrogation of lipid transfer from the adipocyte to the melanoma cell
(Figure 7B). We next measured proliferation and found a dose-dependent decrease in
proliferation with Lipofermata treatment in multiple melanoma cell lines that was not
observed with cells treated with the inactive compound CB16.6 (Figure 7C, Supplementary
Figure S10B). This effect on proliferation was diminished in melanoma cells that had
previously been cocultured with adipocytes, as they have already taken up extrinsic lipids in
that setting (Figure 7D). We measured the invasive capacities of melanoma cells with the
gelatin degradation assay after FATP inhibition with Lipofermata. At concentrations that did
not cause cell death (Supplementary Figure S11), Lipofermata abrogated the invasive
phenotype we previously observed in tumor cells treated with adipocyte-conditioned
medium (Figure 7E).

Finally, we tested Lipofermata in vivo. One major limitation of this approach is the short
half-life of Lipofermata in vivo (26), likely due to rapid liver clearance. Therefore, to take
this into account, we wished to apply the drug directly to the tumor in vivo, bypassing liver
clearance. Using our zebrafish transplant assay, we transplanted ZMEL1-GFP cells into the
subcutaneous fat pad as above, waited for the tumor to engraft, and then injected
Lipofermata into the tumor bed over the next 5 days. We measured tumor area by GFP
expression and found that Lipofermata caused a significant decrease in melanoma cell
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growth (Figure 7F). This was accompanied by a significant decrease in lipid content in the
drug treated tumors as measured by LipidTox staining (Figure 7G). We also tested
Lipofermata in mouse xenografts using systemic administration but did not see significant
effects (on either tumor volume or on animal weight) because of its short-half life,
precluding us from adequately assessing its efficacy in this setting. This indicates that
although further work will be needed to optimize Lipofermata or related molecules for
clinical use, our data from the in vitro and zebrafish studies are consistent with the
importance of FATP proteins as a viable target aimed at adipocyte-melanoma crosstalk.

Discussion

It has long been posited that tumor cells will optimally grow when surrounded by
environments that enhance their ability to proliferate and avoid cell death, often referred to
as the “seed and soil” hypothesis (27,28). In vivo, this soil is provided by the tumor
microenvironment, which is now appreciated to play a central role in metastasis and drug
resistance (29). The cell types and factors that are important within the tumor
microenvironment continue to be elucidated, and our data is consistent with emerging data
from other cancer types demonstrating the contribution of stromal adipocytes to tumor
progression. In ovarian (14), breast (30,31) and other cancers (32,33) known to initiate in or
metastasize to adipose tissue, adipocyte-derived lipids are recognized as potent energy
sources that support tumor cell metabolism and growth (14,34). Aside from this energetic
effect, adipocyte-secreted adipokines stimulate angiogenesis and proliferation (35). In
cutaneous melanoma, progression is marked by the vertical growth phase of the tumor, when
cells drive down from the dermal-epidermal junction into subcutaneous tissue. Although
subcutaneous tissues are well known to be enriched for adipocytes, adipocyte function in
melanoma has remained minimally explored, with only a few studies directly addressing
their role in metabolism, invasion or drug resistance (13,36,37). In this work, we define
these subcutaneous adipocytes as a potent source of lipids that drive melanoma progression.

In many tumors, lipids are provided via de novo lipogenesis, making lipid synthetic
pathways such as FASN potential therapeutic targets (38). In contrast, we find that
melanoma cells take up lipids from the subcutaneous adipocytes, bypass the need for de
novo synthesis, and in fact turn off the enzymes needed for lipogenesis. Our data show that
after exposure to adipocytes, melanoma cells can take up extrinsic lipids and become less
dependent upon FASN-mediated de novo lipogenesis, implying that lipid pathways outside
of lipogenesis may be necessary in melanoma. Our work suggests that interrupting the
mechanisms of lipid uptake from microenvironmental adipocytes may offer one such route.
In support of this idea, recent work has demonstrated that CD36, a scavenger receptor that
can transport fatty acids and other molecules, is a relevant therapeutic target in metastasis
initiating cells (39). Since CD36 binds multiple ligands, it largely relies on co-transporters to
mediate specific transport of fatty acids into cells, which are most typically members of the
FATP/SLC27A family (21). We have demonstrated that melanomas express FATPs, and that
these proteins mediate delivery of lipids from adipocytes to melanoma cells. Thus, while
CD36 may selectively mark a subset of metastasis initiating cells, melanomas cells that co-
express CD36 along with FATP proteins may be more broadly involved in both growth and
invasive properties. Supporting this notion, we find a strong positive correlation between
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FATP1 expression and lipid content in the tumor cells, suggesting that melanomas
expressing especially high levels of FATP proteins may be most responsive to nearby
adipocytes. Inhibition of FATP proteins with Lipofermata abrogates lipid transfer into
melanoma cells. The relatively short half-life of this compound makes it more of a tool
rather than a drug, but the FATP proteins may represent a future pharmacological strategy to
exploit the dependence of melanoma on adipocyte-melanoma cross talk during tumor
progression.

Lipids can exert complex effects on tumor cell behavior due to their structural diversity (40).
Some lipids such as long chain fatty acids can be used directly in beta-oxidation and act as a
source of ATP for cell growth and metabolism (13). At the same time, high levels of lipids,
especially saturated fatty acids, can lead to significant lipotoxicity (41). This can be due to
increased levels of reactive oxygen species, or induction of an endoplasmic reticulum (ER)
stress response (42,43). In addition to these metabolic functions, some lipids such as
phospholipids and cholesterol can play major roles in signaling and membrane formation,
which are required for cellular protrusions and invasive behaviors (44). Our lipidomics data
suggest that melanomas can take up a complex mixture of multiple lipid species from
adipocytes, including not solely long chain fatty acids but also cholesterol, and it is likely
that each of these lipids exerts specific effects on melanoma cell phenotypes.

One question that our study raises is the extent to which dietary factors and obesity play into
the progression of melanoma. The fatty acid content of subcutaneous adipocytes is
influenced by dietary consumption, and this will in turn influence which lipids are most
readily transferred into the melanoma cells. Some but not all studies have shown a
connection between obesity and increased risk of melanoma (45-51), and this effect may be
gender related, since a recent study demonstrated that obese males being treated with
immunotherapy or targeted therapies had a better outcome in melanoma compared to obese
females (52). In addition, high fat diets are known risk factors for melanoma progression
(53-55). Whether changing the dietary intake of either the total amount of fat, or the ratio of
saturated:unsaturated fats could prevent some early stage melanomas from progressing to
metastatic disease will be a question of great interest for future studies.

A375 and SKMel28 cells were obtained from ATCC in August 2013, which performs
routine cell line authentication testing using morphology, karyotyping and PCR-based
methods including short tandem repeat profiling to confirm the identity of human cell lines
and to rule out inter-species contamination. The cells were also routinely tested for
mycoplasma using a luminescence-based assay (Mycoalert Mycoplasma Detection Kit,
Lonza), the latest in March 2017. Cells were passaged no more than 25 times following
before a low-passage batch was thawed. ZMEL1 cells were established previously in the lab
in 2012 and undergo routine mycoplasma testing, the latest in March 2017.
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Zebrafish husbandry

All zebrafish experiments were carried out in accordance with institutional animal protocols.
All zebrafish were housed in a temperature (28.5C) and light-controlled (14h on, 10h off)
room. Fish were initially housed at a density of 5-10 fish per liter and fed 3 times per day
using brine shrimp and pelleted zebrafish food. After transplantation, the fish were housed in
individual chambers for serial imaging. All anesthesia was done using Tricaine (Western
Chemical Incorporated) with a stock of 4g/L (protected for light) and diluted until the fish
was immobilized. All procedures were approved by and adhered to IACUC protocol #12-
05-008 through Memorial Sloan Kettering Cancer Center.

Mouse Xenografts

All mouse experiments were carried out in accordance with institutional animal protocols. 7
x 108 million A375 cells were suspended in 200 ul Matrigel (BD Bioscience, Heidelberg,
Germany) and injected subcutaneously into the left and right flank of 6-week-old female
athymic nude FoxnZnumice (The Jackson Laboratory, Bar Harbor, Maine, USA). Tumor
growth was monitored using caliper measurements, and tumor volume was calculated using
the formula 3.14159 x length x width 2 / 6000. Mice were sacrificed by CO2 asphyxiation
when tumor size exceeded 2,000 mm3. Statistical analysis between A375-mCherry and
A375-FATP1-mCherry groups was determined using 2-way ANOVA with multiple
comparisons. All procedures were approved by and adhered to IACUC protocol #04-03-009
through Memorial Sloan Kettering Cancer Center.

ZMEL1-GFP adult transplants

Adult casper fish between 4-9 months old were anesthesized with Tricaine and transplanted
with 5 x 10° ZMELL1 cells suspended in 3 pl PBS in the subcutaneous tissue directly before
the anal fin on the lateral side of the fish using a Hamilton 26s gauge, bevel tip syringe
(Sigma, Cat no. 20734). After transplant, fish were returned to water to recover and
maintained on system for indicated times.

Generation of the FATP1 Minicoopr Transgenic

Experiments were performed as outlined in (24). Briefly, p53/BRAF/Nacre embryos were
injected with 25 ng/ul of either MiniCoopR alone or MiniCoopR,;mitf:FATPI (along with 20
ng/ul of Tol2 transposase MRNA) and selected for melanocyte rescue at 48 hours.
Melanocyte-rescued embryos were grown to adulthood (n=29 for control and n=27 for
mitf:FATPI) and scored for the emergence of raised melanoma lesions as per (24) at 16
weeks post fertilization.

Generation of the Plin2:tdTomato Transgenic

Zebrafish Plin2 promoter fragment was amplified from zebrafish genomic DNA with 5’-
cactgcattgaagagaaaatacaataac-3’ forward primer and 5°-

GTTAGCAGAAAAT ctgcaaaagaaaatag-3’ reverse primer and introduced into a Gateway
destination vector in the Tol2Kit that generated a Plin2:tdTomato cassette. This plasmid was
injected into Casper embryos with Tol2 mRNA to introduce stable integration of the
Plin2:tdTomato cassette.
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In vivo Lipofermata treatment

Adult casper fish between 4-9 months old were anesthesized with Tricaine and transplanted
with 3 x 10° ZMELL1 cells suspended in 3 pl PBS in the subcutaneous tissue directly before
the anal fin on the lateral side of the fish using a Hamilton 26s gauge, bevel tip syringe
(Sigma, Cat no. 20734). After transplant, fish were returned to water to recover and
maintained on system. At 5 days post transplant, when successfully engrafted tumors were
visible to the naked eye, 5 UM of Lipofermata or 0.01% DMSO was injected directly into the
tumor with a borosilicate needle once a day. Fish were imaged using a Zeiss AxioZoom at 5
days post treatment with GFP and brightfield channels on the left and right side of each
animal. Each image was imported from the Zeiss Zen software as TIFFs and analyzed in
Image J. To measure tumor area, GFP+ tumor was segmented using the default ImageJ
segmentation algorithm and thresholding applied uniformly across all groups.

To measure total lipid content in tumors treated with Lipofermata, fish were treated as stated
above and then sacrificed 5 days post treatment. The tumor was dissected from the fish and
then FACS-isolated . Post-FACS, DMSO or Lipofermata-treated tumor cells were washed 1x
with PBS, then stained with LipidTOX-red as described below.

3T3L1 maintenance and differentiation into adipocytes

3T3L1 cells were obtained from ZenBio and culture and differentiation were performed
according to manufacturer’s instructions. Briefly, cells were grown on various culture dishes
until 2 days post-100% confluency in preadipocyte media (ZenBio, Cat no. PM-1-L1). 2
days post confluency, media was changed to differentiation medium (ZenBio, Cat no. DM-2-
L1) and incubated for 5 days. Then, cells were maintained in their adipocytic, differentiated
state with maintenance media (ZenBio, Cat no. AM-1-L1). This adipocyte maintenance
media (ZenBio, Cat no. AM-1-L1) was used for all coculture experiments.

FATP1 expression analysis

Expression of FATP1/SLC27A1 was examined using the Broad Cancer Cell Line
Encyclopedia database as well as the Oncomine Database. Within the Broad portal, the
RNA-seq mRNA expression levels for each tumor subtype were averaged across the 1019
cancer cell lines, which includes 63 melanoma samples. For Oncomine, we used the default
parameters to examine enrichment in the “Cancer vs. Cancer” data analysis tool, which
showed enrichment of SLC27A1 only in melanoma and no other tumors.

Quantitative RT-PCR

Total RNA was isolated directly from cultured cells using the Quick-RNA Miniprep Kit
(Zymo, R1054). Reverse transcription was performed with Superscript Il First-Strand
Synthesis System (Thermo-Fisher 18080). FATP1 mRNA levels were measured with 5’-
TGACAGTCGTCCTCCGCAAGAA-3’ and 5’-CTTCAGCAGGTAGCGGCAGATC-3’
primers using the iQ SYBR Green Supermix (BioRad) on a BioRad CFX384-Touch System
(BioRad). Relative expression levels were normalized to beta-actin.
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Lipid visualization and quantification

Live staining and imaging of zebrafish with BODIPY—To image lipids in
melanoma /n vivo, adult fish bearing ZMEL1-GFP tumors were stained with BODIPY as
previously described (56,57). Briefly, 21 days post-transplant (DPT) fish were stained with
BODIPY 558/568 at a working concentration of 2 pg/mL in fish water for 1 hour in the dark.
Fish were rinsed briefly in fresh fish water, then placed on system with running water for 2
hours. After staining, fish were anesthetized with Tricaine and placed onto a petri dish. The
fish were imaged from above using a Zeiss AxioZoom V16 Fluorescence Stereo Zoom
Microscope with a 0.6x or 1.6x adjustable objective lens. Each fish was successively imaged
using brightfield, GFP, and tdTomato filter sets on both sides. To image lipids in non-
adipocyte rich areas, 2 day post fertilization fish were transplanted with ZMEL1-GFP cells
as previously described (20), allowed to engraft and grow for 3 days post-transplant.
Embryos were then stained with BODIPY as previously described (56,57). After staining,
fish were anesthetized and imaged as described above, focusing on ZMEL1-GFP cells in the
tail region of the animal. Differences in co-localization of the BODIPY and GFP signal
between adipocyte-rich versus adipocyte poor areas were calculated using chi-square
statistics.

LipidTOX staining and quantification—To measure total lipid content in ZMEL1-GFP
cells /n vivo, fish were transplanted as described above and then allowed to grow to 5 or
21DPT, when fish were dissociated using Trypsin and ZMEL1-GFP cells were FACS-
isolated. To measure total lipid content in melanoma cells after coculture, GFP+ human and
fish melanoma cells were cultured with 3T3L1 adipocytes for 7 days, then FACS-isolated.
Post-FACS, cells in all conditions were washed 1x with PBS, then stained with LipidTOX-
red (Invitrogen) at a 1:125 dilution in DMEM-10 for 30 min at room temperature protected
from light. Cells were washed 2x with PBS, then diluted to similar concentrations in PBS
and mounted in a disposable hemocytometer for imaging. >10 fields per condition were
imaged with a Zeiss Axiolmager with a 20x fixed objective in the GFP and mCherry
channels. Signal intensity of LipidTOX-RED was measured in each field in GFP+ cells and
quantified in ImageJ.

Transmission electron microscopy—~For human cell lines, FACS-isolated melanoma
cells grown in coculture with 3T3L1 adipocytes for 7 days were 4% paraformaldehyde,
2.5% glutaraldehyde, 0.002% picric acid in 0.1M sodium cacodylate buffer, pH 7.3 for
transmission electron microscopy (12000-15000x). For EM in fish, ZMEL1-GFP cells were
transplanted into adult casper fish and grown until 21DPT, when they were sacrificed in an
ice bath. Tumors were resected from fish and fixed in fix solution described above, then
processed for imaging. Imaging was performed on the JEOL JSM 1400, operated at 100Kv.
Images were captured on a Veleta 2K x2K CCD camera (EM-SIS). Quantification of lipid
droplet number and size were performed using ImageJ software with 10 cells/condition.

Proliferation assays

To measure cell proliferation after Lipofermata treatment SKMEL-28, A375 and ZMEL1
cells were plated at a density of 4,000-20,000 cells per well in a 96 well plate in 100uL of
DMEM/10. Cells were allowed to adhere for 24 hours, and then media changed to fresh
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media containing either DMSO, Lipofermata or its inactive analogue CB16.6 at the
indicated doses. The final concentration of all wells contained equivalent amounts of DMSO
solvent (1%). After 48 hours of Lipofermata treatment, Cell Titer Glo reagent (Promega)
was added to cells per manufacturer’s instructions and luminescence was read using a
BioTek Synergy 96-well plate reader. All values were normalized to the DMSO control well,
done in triplicate for all cell lines.

For phospho-Histone H3 staining, 3T3L1 cells were seeded and differentiated onto 4- or 8-
well MilliCell slides (Millipore). Once 3T3L1 cells were fully differentiated into adipocytes,
10,000-20,000 A375-GFP or SKMel28-GFP cells were plated in either DMEM-10 or
DMEM-0 media. Cells were fixed in fresh 4% paraformaldehyde and stained with a
phospho-Histone H3 primary antibody (1:1000, Millipore cat#05-806) and AlexaFluor-594-
conjugated anti-mouse secondary antibody (1:1000, Thermo Fisher Scientific). Slides were
imaged on a Zeiss Axiolmager inverted widefield fluorescence microscope. >10 images
were acquired for all conditions. # mitotic cells were quantified by calculating double-
positive cells (GFP+, AlexaFluor594+) as a fraction of the total number of GFP+ cells in
each field.

To test the effects of lipid supplementation, 4000 A375 cells/well were seeded onto 96-well
plates in DMEM-10 and allowed to adhere overnight. The next day, media was aspirated
from plates and replaced with serum free or glucose free DMEM with or without
supplementation with 1:100 Lipid Mixture 1 (Sigma-Aldrich cat no. L0288). At 24, 48 and
72 hours after treatment cells were quantified using Cyquant Direct Cell Proliferation Assay
(Thermo) according to manufacturer’s instructions.

Drug treatments in monocultured vs cocultured cells

A375-GFP cells were seeded on MilliCell slides in monoculture or in coculture with
adipocytes and allowed to adhere overnight. The next day, media was replaced by media
containing either 1% DMSO, 1.25-5 uM Lipofermata or 12.5-50 uM Cerulenin. After 48
hours, cells were fixed and mounted for imaging. Cells were imaged with a Zeiss
Axiolmager with a 20x fixed objective in the GFP channel. >3 images were acquired for all
conditions. Quantification of BODIPY in melanoma cells was performed using ImageJ
software by calculating the total fluorescence area in GFP+ channel in control versus drug-
treated samples.

Lipid uptake assays

SKMel28, A375 and ZMEL1 cells were seeded at a density of 10,000-20,000 cells per well
in a 96-well plate in 100 uL DMEM-10. Cells were allowed to adhere and grow to 95-100%
confluence for 2 days. To test the effect of Lipofermata, cells were starved for 1 hour in
DMEM-O0. After 1 hour, media was removed and replaced with fresh DMEM-10 media with
either DMSO, Lipofermata or CB16.6 at the indicated doses. After treatment for one hour,
fatty acid transport kinetics were evaluated according to the method described in Arias-
Barrau et al (58). Briefly, after 1 hour of Lipofermata or CB16.6 treatment C1-BODIPY-C12
or BODIPY-C16 uptake was measured using a BioTek Synergy plate reader immediately
after adding the C1-BODIPY-C12 or BODIPY C16 substrate to cells. The substrate was
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presented to the cells as a complex with fatty acid-free BSA to give BODIPY-FA to BSA
ratios of 4:1 (5uM C1-BODIPY-C12 or 0.6-5uM BODIPY-C16 and 5 uM BSA). Non-cell
associated fluorescence was quenched with trypan blue. Uptake was measured at 485 nm
excitation and 528 nm emission.

For the timed measurement of fatty acid uptake in FATP-overexpressing and FATP CRISPR
cells, cells were seeded into 96-well plates and grown as described above. Lipid uptake was
measured with the QBT Fatty Acid Uptake Assay (Molecular Devices) using the BioTek
Synergy plate reader. Fluorescence at 485 nm excitation and 528 nm emission was measured
every 50 seconds for 1-2 hours. For the timed measurement of fatty acid uptake in FATP-
overexpressing and FATP1 CRISPR A375 cells treated with Lipofermata, cells were seeded
into 96-well plates and grown as described above. To test the effect of Lipofermata and
CB16.6, cells were starved for 1 hour in fresh DMEM-10 with either DMSO, Lipofermata or
CB16.6 at the indicated doses. After treatment, lipid uptake was measured with the QBT
Fatty Acid Uptake Assay every 50 seconds for 1-2 hours.

Lipid transfer experiments

3T3L1 cells were seeded onto 4-well EZ MilliCell slides (EMD Millipore PEGZ0416) and
differentiated according to manufacturer’s instructions (ZenBio). Lipids in adipocytes were
labeled with 5 uM BODIPY 558/568 C-12 or BODIPY C-16 in adipocyte maintenance
media (ZenBio) for 4 hours. After 4 hours, extracellular BODIPY was removed from the
cells by washing three times with 1x Hank’s balanced salt solution (HBSS) with 0.2% fatty-
acid free BSA. After washing, GFP+ human and zebrafish melanoma cells were seeded on
top of labeled adipocytes for 24 hours. Cells were then fixed and imaged on a Zeiss
Axiolmager, where BODIPY-laden GFP+ melanoma cells could be observed. To test
whether lipid transfer required direct cell-cell contact and the effect of Lipofermata on lipid
uptake, 3T3L1 cells were grown and differentiated on the top chamber of a transwell system
(Corning) and labeled with BODIPY as described above. In a separate well, GFP+
melanoma cells were plated onto a 12 mm circular coverslip in a separate well and allowed
to adhere. After 4 hours of BODIPY labeling, 3T3L1 adipocytes were washed as described
above and the transwells containing BODIPY-labeled adipocytes were transferred to wells
containing GFP+ melanoma cells on a coverslip. The melanoma cells on the bottom of the
well on a coverslip were cocultured with the adipocytes on the top, separated by the
transwell, for 24 hours, in either the presence of 2.5uM Lipofermata or DMSO. Melanoma
cell slides were then fixed and mounted onto slides. Slides were imaged on a Zeiss
Axiolmager inverted widefield fluorescence microscope. >10 images were acquired for all
conditions. Quantification of BODIPY in melanoma cells was performed using ImageJ
software by calculating the total fluorescence intensity in GFP+ cells in control versus
Lipofermata-treated samples.

RNA-seq of ZMEL1

The zebrafish ZMEL1 data is adapted from our previous publication (8). Total RNA was
isolated using the Zymo RNA isolation kit after FACS sorting. Because the amount of
starting material was small, the RNA was amplified using the NuGen RNA kit, after which
the samples were sequenced on an Illumina HiSeq2500. Samples were sequenced using the
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HiSeq2500 with approximately 20 million reads per sample, using 50bp single end reads.
Reads from each RNA-Seq run were mapped to the zebrafish reference genome version
danRer7 from the UCSC Genome Browser using GSNAP and quantified on the gene level
using HTSeq and Ensembl version 75. Differential expression analysis was performed using
DESeq2. The zebrafish gene symbols were mapped to their human orthologs using the
DIOPT tool (http://www.flyrnai.org/cgi-bin/DRSC_orthologs.pl). Genes with a corrected p
value of less than 0.05 were considered significant. To generate heatmaps, Log-transformed
normalized counts were generated using the “rlog” transformation in the R package DESeq?2
and plotted as mean-subtracted values for each gene using MATLAB (MathWorks). Pathway
analysis was done using Ingenuity Pathway Analysis software (https://
www.giagenbioinformatics.com/products/ingenuity-pathway-analysis/) and the Gene Set
Enrichment analysis packages (http://software.broadinstitute.org/gsea/index.jsp) using the
log2FC and FDR<0.05.

RNA-seq of A375 cells

Lipidomics

A375-GFP cells were either grown in monoculture or in coculture with 3T3L1 adipocytes
for 7 days in adipocyte maintenance medium (ZenBio AM-1-L1). Melanoma cells were then
FACS-isolated and processed for RNA sequencing. Total RNA was isolated using the Zymo
RNA kit and used for cDNA synthesis and barcoding with Illumina adapters, followed by
Sequencing on the Illumina HiSeg2500. RNA-seq reads were mapped to a concatenated
human (hg19) and mouse (mm10) genome. This approach was used to filter out any
contaminating mouse reads from the coculture setting. The combined mapping was
performed with STAR (v2.5.0a) using default parameters and the parameter “--
outFilterMismatchNmax 0”. Gene counts were assessed using the “--quantMode
GeneCounts” parameter in STAR with a custom gff file combining the mm10 and hg19
genomes. The subsequent count matrix was subset for human genes and used as an input for
the R package DESeq?2 for normalization and differential gene expression. Default
parameters were used in DESeq2 and differentially expressed genes were called using a base
mean of 15, log2 fold change of + 1 and a false discovery rate (FDR) of 5%. Volcano plots
were generated with the R package ‘ggplot2’ and the heatmap in Figure 4D was generated
using the package ‘pheatmap’ (https://CRAN.R-project.org/package=pheatmap). All data
can be found in the GEO database with accession number GSE114941.

For human melanoma lipidomics, A375-GFP cells were either grown in monoculture or in
coculture with 3T3L1 adipocytes for 7 days in adipocyte maintenance medium (ZenBio, Cat
no. AM-1-L1). Melanoma cells were then FACS-isolated and processed for lipidomics. For
lipidomics on fish melanoma cells in vivo, ZMEL1-GFP cells were transplanted into adult
Casper zebrafish and grown for 21 days, when tumor-bearing fish were sacrificed and
ZMEL1-GFP cells were FACS-isolated and processed for lipidomics.

Global lipidomic profiling was performed by Metabolon. Lipids were extracted from
samples using dichloromethane and methanol in a modified Bligh-Dyer extraction in the
presence of internal standards with the lower, organic, phase being used for analysis. The
extracts were concentrated under nitrogen and reconstituted in 0.25mL of
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dichloromethane:methanol (50:50) containing 10mM ammonium acetate. The extracts were
placed in vials for infusion-MS analyses, performed on a SelexlON equipped Sciex 5500
QTRAP using both positive and negative mode electrospray. Each sample was subjected to 2
analyses, with IMS-MS conditions optimized for lipid classes monitored in each analysis.
The 5500 QTRAP was operated in MRM mode to monitor the transitions for over 1,100
lipids from up to 14 lipid classes. Individual lipid species were quantified based on the ratio
of signal intensity for target compounds to the signal intensity for an assigned internal
standard of known concentration. Lipid class concentrations were calculated from the sum
of all molecular species within a class, and fatty acid compositions were determined by
calculating the proportion of individual fatty acids within each class. Fold-change compared
to the control situation was calculated by dividing the average of the (experimental/control)
value, and statistical differences analyzed using a two-tailed unpaired T-test.

Gelatin degradation assays

Coverslips were coated with Alexa 546-gelatin (Img/ml), crosslinked with 0.5%
glutaraldehyde (Sigma), and washed three times with 1X sterile PBS. A layer of collagen |
(0.5mg/ml) is polymerized on top of the gelatin matrix, 4hrs at 37°C13. A375-GFP were
starved 4hrs before seeding on matrix with DMEM 4.5g glucose L-glutamine, 0.8%BSA and
0.5%FBS. Conditioned media from adipocytes cultivated 24hrs in ZenBio serum free
maintenance media (Zenbio AM-1-L1-SF) supplemented with 0.8% BSA and 0.5% FBS
was collected and centrifuged 5min 1000g to remove cells debris. 30,000 melanoma cells
were seeded on coated coverslips and incubated with adipocyte starvation media or
conditioned media or 30,000 adipocytes overnight, before fixation and staining. To test
Lipofermata effect on matrix degradation, melanoma cells were seeded on the matrix as
previously described above for 4hrs before adding DMSO or 1.5uM Lipofermata and
incubated overnight before fixation and staining. Coverslips were stained for DAPI to
localize adipocytes. Microscopy was performed on LEICA DM5500 B with a LEICA
DFC345 FX camera and a 100X oil objective. Matrix degradation was quantified with
ImageJ software as previously shown (59).

For ZMEL1 gelatin degradation assay, cells were grown in monoculture or in coculture with
3T3L1 adipocytes for 7 days in adipocyte maintenance media (Zenbio AM-1-L1) then
FACS-isolated for GFP and plated onto gelatin-Cy3-coated coverslips crosslinked with 0.5%
glutaraldehyde supplied in the QCM Gelatin Degradation Assay Kit (Millipore Cat.no
ECM671) and incubated for 24 hours in DMEM-10 before fixation and staining.

Transwell invasion assay

A375-GFP cells in monoculture or cocultured with adipocytes were FACS-isolated and then
seeded onto Biocoat Matrigel Invasion chambers (Corning) at a density of 15,000 cells/well
in serum-free DMEM-0. DMEM-10 was used in the wells of the companion plate as a
chemoattractant. After 24 hours, cells were fixed and cells remaining on the top section of
the chamber were scraped away. Migrated cells were stained with DAPI and imaged.
Number of cells migrated was counted with ImageJ.
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Collagen plug assay

Collagen plug generation and protocol adapted from Lopez et al. (60). Briefly, 2 mg/ml type
I rat tail collagen (BD) was crosslinked with Alexa-546 to create a collagen gel. Gel was
spread onto transwell inserts (8-um pore; Geiner Bio One) and polymerized at 37°C for 1 hr.
Collagen gel matrices were then hydrated with DMEM (Life Technologies) supplemented
with 50% fetal bovine serum (Biomedia) for 4 hrs. A375-GFP cells were starved in
DMEM-O0 for 4hrs, trypsinized, counted, and plated in the upper chamber of the Transwell
insert. After 3 days, transwell inserts were removed from the plate and the quantity of
invading cells into the gel matrix was determined by z-stack acquisition of GFP+ cells with
nuclei stained with DAPI.

Extracellular flux analysis of melanoma cells

Fatty acid oxidation of melanoma cells previously cocultured with adipocytes for 7 days was
determined through real-time measurement of the oxygen consumption rate (OCR) using the
XF96 Extracellular Flux Analyzer (Agilent Technologies), according to the manufacturer’s
instructions for the XF Fatty Acid Oxidation Assay. Briefly, FACS-isolated melanoma cells
were seeded into XFp 96-well microplate wells at a density of 15,000 cells/well and
incubated overnight for cells to adhere. 1 hour prior to loading the cell plate into the
Analyzer, cells were washed twice with 1x KHB buffer: (111 mM NaCl, 4.7 mM KClI, 1.25
mM CaCl2, 2 mM MgS0O4, 1.2 mM NaH2PO4) supplemented with 2.5 mM glucose, 0.5
mM carnitine, and 5 mM HEPES on the day of the assay, adjusted to pH 7.4 at 37°C and
maintained in KHB buffer in a CO2-free 37°C incubator. 15 minutes prior plate loading,
Etomoxir or vehicle was added to cells to a final concentration of 40 uM, according to
Agilent manufacturer’s instructions, though other publications have used lower
concentrations (61). OCR and ECAR was quantified following consecutive treatment of
melanoma cells with four treatments: (1) assay medium alone, (2) 2 uM oligomycin, (3) 2
UM FCCP and (4) 5 uM rotenone and antimycin A. For each assay, individual basal
measurements were taken, followed by consecutive injection of treatments. Measurements
were recorded after each injection, with each measurement consisting of 10 s mixing and 3
min measurement period.

IHC and Oil Red O staining on patient-derived tumor samples

IHC and Oil Red O for cryopreserved patient biopsies and PDXs: Fresh tumors or
patient-derived xenograft tumor samples were obtained and immediately frozen in OCT in
cryomolds. Serial 4 um sections from each sample were cut using a cryostat (Leica).
Immunohistochemistry was performed by HistoWiz Inc. on a Bond Rx autostainer (Leica
Biosystems). Each sample was stained for Oil Red O and FATP1 (1:100, Biorbyt
orb336775). All primaries were detected using Polymer- HRP followed by DAB. All the
sections were then counterstained with hematoxycilin, dehydrated and film-coverslipped
using a TissueTek-Prisma and Coverslipper (Sakura). Whole slide scanning (40x) was
performed on an Aperio AT2 (Leica Biosystems). For FATP1/ORO quantification, 3-5
similar regions of serial sections on ORO and FATP1 patient slides were collected using
ImageScope (Leica Biosystems). RGB images were converted to an HSB Stack Splitter
plugin in ImageJ. Areas of positive ORO or FATP1 staining were quantified for each sample
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(revealed in the Saturation channel) and quantified as a percentage of total tumor area
(revealed in the Brightness channel). For adipocyte size quantification, the maximal length
of 10-20 adipocytes either directly adjacent to tumor or adipocytes not adjacent to tumor
was measured using ImageJ.

IHC on tumor microarrays—Tumor microarrays (TMAS) were obtained from the
MSKCC TMA Database and US Biomax (ME1007). Immunohistochemistry was performed
by HistoWiz Inc. on a Bond Rx autostainer (Leica Biosystems). Each sample was stained for
FATP1 (1:100, Biorbyt orb336775). Primaries were detected using Polymer- HRP followed
by AP. All the sections were then counterstained, dehydrated, film-coverslipped and scanned
as described above.

TMA and PDX scoring—FATP1 staining was quantified by evaluating staining intensity
(0-3 scale) and % positive cells (1: 1-24%, 2:25-49%, 3:50-74%, 4:75-100%). The two
values were multiplied together to obtain an integrated score ranging from 0 to 12. Each
sample received a final score based on the integrated score. Final scores reflect integrated
scores as follows:

O=integrated score 0
1= integrated score 1-3
2= integrated score 4-7

4= integrated score 8-12

IHC on transplanted Casper fish—Adult casper fish were transplanted with ZMEL1-
GFP cells as described above. At 18 days post-transplant, fish were sacrificed in an ice-water
bath and fixed for 48 hours in 4% PFA at 4C. After fixation, fish were washed and incubated
in 70% ethanol until paraffin embedding (HistoWiz). 5 um sagittal sections were collected
for the left and right side of each fish as well as 5 pm sections in the center of the fish. Each
section was stained with anti-GFP antibody to visualize metastases. Each slide was scored
for total metastases and number of metastases occurring next to adipocytes.

Caspase 3/7 assay—Cells were plated onto 96-well plates at a seeding density of 20,000
cells/well and grown for 2 days until confluent. 1.5 uM, 5 uM and 10 uM Lipofermata or
DMSO was added to cells for 24 hours. Caspase 3/7 reagent (Promega) was then added to
cells and luminescence was read out on a Synergy H1 plate reader according to
manufacturer’s instructions.

Generation of FATP-overexpressing cell lines—A375-FATP1-mCherry, and A375-
mCherry cells were generated via viral transduction. To generate lentiviruses, viral
expression plasmids containing CMV-FATP1-mCherry or CMV-mCherry alone were
transfected into HEK293T cells at 90% confluency in 10 cm dishes along with pMDG2 and
psPAX?2 packaging plasmids using Lipofectamine 2000. 6 hours after transfection, the media
was replaced with 6 mLs DMEM-30. Virus-containing supernatants were collected 24 hours
later and passed through a 0.45-pm filter to eliminate cells and debris. A375 cells at 80%
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confluency in 6-well plates in the presence of 1 ug/mL polybrene (Millipore) were infected
with 100 uL virus in a total of 1 mL media volume. 24 hours after transduction, virus-
containing media was removed, and cells were maintained for two passages. mCherry
positive cells were selected using FACS with the same gates to ensure similar transgene
expression.

Generation of FATP1 CRISPR knockout cells—FATPI was knocked out of A375
cells following the technique described by Ran et al (62). Briefly, an sgRNA expression
construct was generated for FATP1. Oligonucleotides for top and bottom strands of the
SsgRNA were phosphorylated with T4 PNK (NEB), annealed, and then cloned into the dual
Cas9/sgRNA expression vector pSpCas9n(BB)-2A-GFP (Addgene 48140, kindly deposited
by F. Zhang(62)). Validated expression constructs were transfected into A375 cells with
Lipofectamine 2000 (Thermo Fisher Scientific). GFP+ cells were FACS-isolated and plated
as single cells into 96-well plates to generate single cell clones. To identify clones that were
successfully edited, genomic DNA was isolated from each clone and the genomic region
targeted by each sgRNA was amplified via PCR, cloned into pCRII-TOPO via TOPO-TA
cloning (Thermo Fisher Scientific), then Sanger sequenced. Cell lines were identified for
FATPI1 with insertions or deletions near the predicted PAM site (underlined) that lead to
frame-shift mutations.

13C-labeling and LC-MS analysis of lipid synthesis in A375 cells—A375-GFP
cells were cocultured with adipocytes for 6 days then FACS-isolated . These cells were then
replated as monocultures in adipocyte maintenance media (ZenBio) that was supplemented
with 10 mM 13C-acetate (Cambridge Isotopes, cat no. CLM-440-1). After 24 hours of 13C
treatment, the cells were then processed for LC-MS: cells were washed in-well with 1mL of
cold 0.9% NaCl. After consecutive addition of 600 uL of LC/MS grade methanol and 300
uL of LC/MS grade water, cells were scraped off and 750 uL of the suspension was mixed
with 400 uL of LC/MS grade chloroform for non-polar metabolites extraction. After 10 min
extraction by vortexing at 4°C and centrifugation for 10 min at 10,000 x g and 4°C, 350 pL
of the lower lipid-containing layer was carefully collected and dried under nitrogen. Dried
lipid extracts were stored at —80°C until LC/MS analysis. The dried samples were
resolubilized in 50 uL of a 4:3:1 mixture (isopropanol:acetonitrile:water) and analyzed by
UPLC-MS/MS with a polarity switching method modified from Vorkas et. al (63-65). The
LC column was a Waters™ CSH-C18 (2.1 x100 mm, 1.7 um) coupled to a Dionex Ultimate
3000™ system and the column oven temperature was set to 55°C for the gradient elution.
The flow rate of 0.3 mL/min was used with the following buffers; A) 60:40
acetonitrile:water, 10 mM ammonium formate, 0.1% formic acid and B) 90:10
isopropanol:acetonitrile, 10 mM ammonium formate, 0.1% formic acid. The gradient profile
was as follows; 40-43%B (0-1.25 min), 43-50%B (1.25-2 min), 50-54%B (2-11 min), 54—
70%B (11-12 min), 70-99%B (12-18 min), 70-99%B (18-32min), 99-40%B (23-24 min),
hold 40%B (1 min). Injection volume was set to 1 pL for all analyses (25 min total run time
per injection).

MS analyses were carried out by coupling the LC system to a Thermo Q Exactive HF™
mass spectrometer operating in heated electrospray ionization mode (HESI). Method
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duration was 20 min with a polarity switching data-dependent Top 10 method for both
positive and negative modes. Spray voltage for both positive and negative modes was 3.5kV
and capillary temperature was set to 320°C with a sheath gas rate of 35, aux gas of 10, and
max spray current of 100 pA. The full MS scan for both polarities utilized 120,000
resolution with an AGC target of 3e6 and a maximum IT of 100 ms, and the scan range was
from 350-2000 /m/z. Tandem MS spectra for both positive and negative mode used a
resolution of 15,000, AGC target of 1e5, maximum IT of 50 ms, isolation window of 0.4
m/z, isolation offset of 0.1 m/z, fixed first mass of 50 m/z, and 3-way multiplexed
normalized collision energies (nCE) of 10, 35, 80. The minimum AGC target was 5e4 with
an intensity threshold of 1e6. All data were acquired in profile mode.

The resulting lipids were identified by searching the LipidBlast tandem mass spectral library
of lipids (66). The top scoring structure match for each data-dependent spectrum was
returned using an in-house script for MSPepSearch_x64. Putative lipids were sorted from
high to low by their reverse dot scores, and duplicate structures were discarded, retaining
only the top-scoring MS2 spectrum and the neutral chemical formula, detected m/z, and
detected polarity (+ or -) of the putative lipid was recorded. The relative intensities of these
lipids (M+0 ion) were quantified at 10 ppm tolerance using an in-house script. Top lipid hits
(e.g., PC 34:1) were manually examined by MS1 and significant 13C-acetate labeling was
observed. The intensity of each isotopologue in the PC 34:1 envelope was extracted using
the theoretical mass of the M+0 through M+34 ions (M+1 plus increments of 1.00335
representing addition of a 13C atom). For a given isotopologue window (mono or co
samples) the isotopologue intensities were converted to relative intensity with respect to the
M+0 i.e., monoisotopic peak. An unpaired multiple t-tests (corrected for multiple
comparisons using Holm-Sidak method) for each isotopomer were carried out to determine
if the total amount of 13C-acetate incorporation was significantly different between mono
and co samples.

Statistical analysis and data reproducibility—All statistical analysis was performed
using GraphPad Prism Pro5 unless otherwise noted. Data are presented as mean * standard
error (s.e.m.) unless stated otherwise in each figure legend. £ < 0.05 was considered
statistically significant. All in vitro experimenters were repeated in at least triplicate to
ensure enough variation and numbers to measure significance by unpaired T-tests as
indicated in the legends. For in vivo experiments n denotes either number of animals or
independent experiments, as indicated in each figure legend. experiments were repeated in at
least triplicate to ensure enough variation and numbers to measure significance by unpaired
ttests as indicated in the legends.

To ensure randomization of measurements used in image analysis, =10 fields/condition were
acquired for each independent experiment. For zebrafish experiments, all fish were analyzed,
with no randomization or blinding. Sex of fish was randomized.
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Data availability

We will make materials, data, code and associated protocols available to readers promptly
and without undue qualifications. All RNA-seq data will be uploaded to the GEO database
(accession# GSE114941).
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Figure 1: Tumor-adjacent adipocytes contribute to melanoma progression
(A) H&E staining on a Clark’s Level V tumor. Vertical growth in the tumor (Mel) exposes

melanoma cells to dermis as well as subcutaneous tissues which is mainly composed of
adipocytes. Graph shows quantification of maximum length of tumor-adjacent adipocytes
and non-tumor adjacent adipocytes. Each data point represents the average length of 10-15
tumor-adjacent and 10-15 non-tumor adjacent adipocytes for n=3 regions of interest in
section. Error bars indicate s.d. Two-tailed unpaired T-test.

(B) Schematic showing the adipocyte-melanoma coculture system.

(C) Phosho-H3 staining in SKMel28-GFP and A375-GFP cells co-cultured with 3T3L1
adipocytes for 24 hours. %pH3 was calculated by counting the number of pH3+ nuclei over
total number of GFP+ cells/field. Each data point represents an average of >10 fields/
condition. Two-tailed unpaired T-test, n=3 independent experiments.
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(D) Gelatin degradation assay to measure invasive capacity of A375-GFP cells. A375-GFP
cells were seeded on gelatin matrix and grown in control media or adipocyte-conditioned
media for 24 hours. Degradation was calculated as the area of degraded gelatin as a
proportion of total cell area. Representative images are shown. Error bars indicate s.d. T-test
with Welch correction, n=3 independent experiments. Scale bar is 10um. Arrowheads
indicate areas of degradation.

(E) A375-GFP were seeded on top of collagen-polymerized matrix and allowed to invade for
3 days. Quantification was done counting the number of cells invaded 30-60 pm into the
collagen matrix per field (black arrow). Error bars represent s.d. Two-tailed unpaired T-test
with Welch’s correction, n=3 independent experiments.

(F) Matrigel transwell migration of FACS-isolated A375-GFP cells in monoculture or after
co-culture with 3T3L1 adipocytes for 7 days. Quantification was done counting the number
of cells on the bottom side of the transwell (black arrow) calculated as fold change of
number of cells in co-cultured cells compared to monoculture controls. Each data point
represents an average of =3 fields/condition per independent experiment. Two-tailed
unpaired T-test with Welch’s correction, n=4 independent experiments.

Cancer Discov. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhang et al. Page 29
A B
A375 SKMEL28 ZMEL1 Human A375 cells
> 15 £ <0.005 2, P< 0_[25 2 P<0.05 Munﬂculturl . Cc%ultre . 9 P<0.05 . 60 P <0.001
@ = P i | = = "
5 T i — 2. . 8 a0 :_
25 10f e . e 3 2 o
c B - = =2 = s
25 1 e o2q » ]
=] 1 -0 ° E‘
ge ° 2 3
= 0. 0. 5 10 % z
k=] oy a
2 aefas -
— 0.0 T T 0.0 T T 0.0 T T 2
@ @& & @ & @ T T
o““}@ & g S & - e@@ S
§° & d ﬁ e o
& & & & o
W -
C D
1. Grow adipocytes 2. Label LDs 3. Add adis to 4. Co-culture
¢ & in transwell top with new well with for 24 hours
1. Label lipid droplets in 2. Plate melanoma BODIPY melanoma cells
adipocytes with BODIPY cells on top of adipocytes
3. Coculture 24 hours E GFP BDY Merge
Human
A375
Human 7 7 e
§ 3 [}
SKMEL28 Human . ’ 4 ’
SKMEL28

Figure 2: Adipocytesincrease melanoma cell lipid content via adipocyte/ melanoma lipid

transfer

(A) LipidTOX staining on ZMEL1-GFP, SKMel28-GFP and A375-GFP cells that were co-
cultured with 3T3L1 adipocytes for 7 days then FACS-isolated . LipidTOX staining intensity
was quantified and calculated as fold change of LipidTOX staining in co-cultured cells
compared to monoculture controls. Each data point represents an average of >10 fields/
condition per independent experiment. Mean is shown. Two-tailed unpaired T-test, n=3

independent experiments.

(B) Transmission electron microscopy (TEM) of A375-GFP cells FACS-isolated after
coculture with 3T3L1 adipocytes for 7 days compared to monoculture controls. Error bars
indicate s.d. Two-way unpaired T-test with Welch correction, n=10 cells/condition. Scale bar

is 2um. Representative images are shown.

(C) Transfer of BODIPY fluorescent fatty acid from adipocytes to melanoma cells. 3T3L1
adipocytes were grown alone and lipid droplets were labeled with BODIPY. After washing
away extracellular BODIPY, ZMEL1-GFP, SKMel28-GFP or A375-GFP cells were plated
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on top and co-cultured with BODIPY-labeled adipocytes for 24 hours then fixed and imaged.
Representative images shown, n=3 independent experiments. Scale bars are 10um.

(D) 3T3L1 adipocytes were grown alone on the top portion of a Transwell and lipid droplets
were labeled with BODIPY. After washing away extracellular BODIPY, Transwell insert
containing adipocytes were transferred to a new well containing ZMEL1-GFP, SKMel28-
GFP or A375-GFP cells.

(E) ZMEL1-GFP, SKMel28-GFP or A375-GFP cells were cocultured for 24 hours then
fixed and imaged. Representative images shown, n=3 independent experiments. Scale bars
are 10um.
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Figure 3: Adipocytes alter melanoma cell fatty acid metabolism
(A) Mitochondrial respiration of FACS-isolated A375-GFP cells in monoculture or after co-

culture with 3T3L1 adipocytes for 7 days with or without pretreatment with the CPT1
inhibitor etomoxir. Oxygen consumption rate (OCR) was measured under basal conditions

followed by the sequential addition of oligomycin (1 uM), FCCP (2 uM), rotenone (1 uM) or

antimycin A (1 uM). Representative experiment is shown of n=4 independent experiments.
Error bars indicate s.d.

(B) Quantification of change (A) in maximal OCR with treatment of 40 pM etomoxir in
monoculture and cocultured A375-GFP cells. Two-tailed unpaired t-test with Welch’s
correction, n=4 independent experiments.

(C) Quantification of A375-GFP cells in monoculture or in coculture with adipocytes with
or without various doses of the FASN inhibitor cerulenin, calculated as fold change
compared to vehicle controls. Two-tailed unpaired t-test with Welch’s correction, n=4
independent experiments.

(D) Relative abundance of 13C-labeled isotopologues of PC34:1 were quantified for A375
cells in monoculture or after coculture with adipocytes for 7 days and treated with 13C-
acetate for 24 hours. Multiple two-tailed T-test with Holm-Sidak test for multiple
comparisons. ** /< 0.005, ***A< 0.001
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Figure 4: Adipocytesincrease melanoma cell lipid content in vivo
(A) Patient-derived subcutaneous acral melanoma metastases stained with H&E and Oil Red

O. Scale bar is 100um.

(B) Casper transparent adult zebrafish with adipocyte-specific TdTomato expression driven
by the Plin2 promoter.

(C) Adult Casper at 21 DPT with ZMEL1-GFP cells. Fish is stained with BODIPY 558/568
to visualize lipids. Insets show BODIPY-labeled GFP+ cells, revealing a subset of tumor
cells that are lipid-laden. Representative images are shown. Double positive cells were
observed in n=16/21 transplanted fish. Scale bar is 50um.

(D) ZMEL1-GFP cells were transplanted subcutaneously into adult Casper fish until 5 or 21
DPT then FACS-isolated and stained for total lipid content with LipitTOX. LipidTOX
staining intensity was quantified calculated as fold change of LipidTOX staining in
transplanted ZMEL 1 cells compared to cultured parental controls. Each data point represents
an average of >10 fields/condition per independent experiment. Mean is shown. Two-tailed
unpaired T-test, n=4 independent experiments. Scale bar is 20um.
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Figure 5: Subcutaneous metastases grow next to adipocytes and dysregulate lipid genes
(A) GFP staining of a caspertransplanted fish at 18 DPT showing adipocyte-adjacent and

non-adipocyte adjacent metastases. For n=6 fish, total number of metastases and number of
metastases next to adipocytes were quantified.

B) Schematic of evaluating melanoma metastasis using transplantation into zebrafish larvae.
ZMEL1-GFP cells were transplanted into the vasculature of a fish at 2 days post fertilization
(DPF). At 21 days post-transplant (DPT), when fish had widespread tumor dissemination,
GFP+ cells were isolated by fluorescence-activated cell sorting (FACS). Parental ZMEL1-
GFP cells maintained in culture were also subject to FACS sorting, and gene expression
profiling was performed on the two cell populations.

(C) Ingenuity Pathway Analysis of ZMEL1-GFP cells after metastatic dissemination
suggests seven pathways that could mediate microenvironmental effects on melanoma
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growth. P-values indicate estimated likelihood that the indicated pathway is altered in the
RNA-seq data set.

(D) Heatmap of RNA-seq expression of genes with significant differential expression
between zebrafish ZMEL1 cells grown either in culture or in disseminated transplants in
zebrafish, showing downregulated genes that are typical SREBP targets.

(E) Common lipid species that are increased in human A375 (blue) or zebrafish ZMEL1
cells (yellow) grown in coculture with adipocytes (compared to monoculture) and from
zebrafish ZMEL1 cells grown in subcutaneous transplants in zebrafish (compared to parental
cells in culture) (green).

(F) 12 lipid species that commonly increased between in vitro human A375 and zebrafish
ZMEL1 cells cocultured with adipocytes and from ZMEL1 cells grown in subcutaneous
transplants. Two-tailed unpaired T-test, n=3, P<0.05.
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Figure 6: Aberrantly expressed FATP1 mediateslipid uptake in human melanomas
(A) Immunohistochemistry images of endogenous FATP1 in a panel of 105 clinically

defined human melanoma tumor samples. Representative images are shown. Score 0
represents no FATP staining, scores 1 and 2 represent low-medium FATP staining and score
3 represents high FATP staining. Scale bar is 100pum.

(B) Immunohistochemistry images of low FATP1 expression and ORO staining in a primary
tumor and high FATP1 expression and ORO staining in a subcutaneous metastasis. Graph
shows correlation of FATP1 expression and ORO staining in n=7 patient samples consisting
of one primary tumor and six subcutaneous and non-subcutaneous metastases. r based on
Spearman’s Rank-Order Correlation coefficient.

(C) QBT real time lipid uptake in A375 overexpressing FATP1 compared to control cells.
Graph represents mean from n=3 independent experiments. Area under the curve (AUC) was
calculated for each curve and differences were compared by 95% confidence intervals.
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(D) QBT timed lipid uptake in A375 FATP1 CRISPR knockout cells compared to control
cells. Graph represents mean from n=3 independent experiments. AUC was calculated for
each curve and differences were compared by 95% confidence intervals. sgRNA 1 and 2 had
73% and 55% mutant reads, respectively, validated via sequencing.

(E) MiniCoopR-EGFP or MiniCoopR-FATP1 was injected into p53/BRAF/Nacre embryos.
Percentages indicate melanoma incidence at 16 weeks of age, statistical differences in tumor
incidence quantified with Chi-square test.

(F) MiniCoopR-EGFP or MiniCoopR-FATPI fish were stained with BODIPY-RED to
visualize lipid burden in GFP+ tumor regions. Representative images are shown.

(G) Tumor volumes over time of nude mice harboring A375-mCherry or A375-FATP1-
mCherry subcutaneously xenografted tumors. Asterisks denote p < 0.05. Error bars represent
s.d. n=5 individual xenograft mice per group.
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Figure 7: FATP blockade inhibits melanoma growth and invasion
(A) Lipid uptake assay in A375, SKMel28 and ZMEL1 cells treated with Lipofermata

represented as mean fold change over control. n=3 independent experiments.

(B) Representative images of lipid transfer assay in the presence of Lipofermata. 3T3L1
adipocytes were maintained on the top chamber of a Transwell insert and intracellular lipid
droplets were labeled with BODIPY. After labeling, Transwell inserts with 3T3L1
adipocytes were moved to a well containing melanoma cells and 2.5uM Lipofermata for 24
hours. Each data point represents an average of >10 fields/condition per experiment. Two-
tailed unpaired T-test, n=3 independent experiments. Scale bar is 10um.

(C) Cell Titer Glo assay for cell viability on A375, SKMel28 and ZMEL1 cells treated with
varying doses of Lipofermata for 72 hours. Data represents mean fold change, n=3
independent experiments.

Cancer Discov. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 38

(D) Quantification of A375-GFP cells in monoculture or in coculture with adipocytes with
or without Lipofermata, calculated as fold change compared to vehicle controls. Two-tailed
unpaired T-test with Welch’s correction, n=3 independent experiments.

(E) Gelatin degradation assay to measure invasive capacity of A375-GFP cells cultivated in
adipocyte-conditioned media treated with DMSO or 1.5uM Lipofermata. Representative
images shown. Error bars indicate s.d. T-test with Welch correction, n=3 independent
experiments. Scale bar is 10um. Arrowheads indicate degradation.

(F) Representative images of tumor burden measured by GFP+ tumor area after daily
injection of 5 uM Lipofermata into adult Casper fish transplanted with 3 x 108 ZMEL1-GFP
cells. Tumor area for each fish, represented as one data point, is shown. Two-tailed unpaired
T-test, n=7 Lipofermata-treated fish and n=9 DMSO-treated fish.

(G) LipidTOX staining of GFP+ tumor after daily injection of 5 uM Lipofermata into adult
Casper fish transplanted with 3 x 106 ZMEL1-GFP cells. LipidTOX intensity was quantified
and calculated as fold change of staining Lipofermata-treated tumors compared to DMSO
controls. Each data point represents an average of >10 fields/condition per fish. Error bars
indicate s.e.m. Mean is shown. Two-tailed unpaired T-test, n=6 Lipofermata-treated fish and
n=6 DMSO-treated fish.
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FATP1 sgRNA1 target | 5’-CCGTCACCTGCTGTGCACGACAA-3’
FATP1 sgRNA2 target | 5’-CCGGCGGCGCTCGGCGTGTACGT-3’
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