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Loss of fatty acid-binding protein
7 promotes B16F10 melanoma
metastasis

Tunyanat Wannakul'?, Hirofumi Miyazaki'™, Motoko Maekawa?, Yoshiteru Kagawa?,
Yui Yamamoto®? & Yuji Owada?

Melanoma possesses the characteristic phenotypic plasticity, enhancing its metastatic formation and
drug resistance. Lipid and fatty acid metabolism are usually altered to support melanoma progression
and can be targeted for therapeutic development. Fatty acid binding protein 7 (FABP7) is highly
expressed in melanomas and is shown to support its proliferation, migration, and invasion, but the
mechanisms remain unclear. Our study aimed to link FABP7 to lipid metabolism and phenotypic shift
in melanomas. We established the Fabp7-knockout (KO) B16F10 melanoma cells, which showed an
enhanced invasion through matrix-coated membrane, without significant change in proliferation.
Similar outcomes were obtained when using RNA interference targeting FABP7. Fabp7-KO cells
injected into mice exhibited slower primary tumor growth, but formed higher metastatic foci count
in the lungs. We also discovered a higher saturation in overall lipids, phosphatidylcholines, and
triacylglycerols. We observed transcriptional shifts toward the invasive MITF-°%/AXLHih phenotype,
with upregulation of transforming growth factor-beta (TGF-B) receptor mRNAs. In conclusion, FABP7
may help balancing lipid saturation and maintain the proliferative state of melanomas, mitigating
invasiveness and metastatic formation.
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Melanoma is a highly aggressive skin cancer, characterized by its metastatic potential, immune response
evasiveness, and resistance to current therapies'. Arisen from melanocytes, descendants of embryonic neural
crest cells, melanomas acquire the phenotypic plasticity by potentially hijacking their embryonic genetic
program?, allowing them to reversibly shift into various states in response to environmental cues under regulation
of several transcription factors, similar to epithelial-to-mesenchymal transition (EMT) found in many epithelial
tumor cells®=S,

Among many candidates, the microphthalmia-associated transcription factor (MITF), and the tyrosine
kinase receptor AXL are widely used to mark different states of melanomas®. MITF regulates multiple genes
accounting for melanoma differentiation antigens, including TYRP1 and MLANA, which involve in melanin
production, melanocyte differentiation and proliferation'®!!. AXL is associated with aggressiveness and drug
resistance by signaling through PI3K/AKT, MAPK/ERK and STAT3 pathways'2. Melanomas with MITF!igh/
AXLY" profile are often linked to the more differentiated and proliferative phenotypes, while MITF*"/AXT High
melanomas are more mesenchymal-like, that is, de-differentiated, slow cycling but highly invasive®. Switching
toward the invasive state is often contributed by stresses in the tumor microenvironment, such as hypoxic
condition, nutrient deprivation, or inflammatory response. This invasive phenotype can also be induced by
various cytokines, including tumor necrosis factor, and transforming growth factor-beta (TGF-p)*%.

Cancer cells usually rewire their metabolism to match their increased energy and macromolecules demand
during rapid cell proliferation, to adapt to nutrient scarcity and promote metastasis'>!4. Lipids are one of
the most important nutrients, not only as the main component of the cellular membrane, but also serve as
energy source and storage, and play significant roles in signaling pathways, many of which are related to tumor
progression, such as the phosphatidylinositol in PI3K/AKT/mTOR pathway!>!°. Fatty acids (FAs) are shown
to play significant roles in supporting melanoma aggressiveness, as both FA de novo synthesis and exogenous
uptake are shown to be upregulated and support melanoma metastasis formation'”"8, or supporting survival
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during metastasis by certain FAs'. The degree of FA saturation partially determines melanoma phenotypes by
inducing stress responses and altering membrane fluidity?*2!.

Fatty acid binding protein 7 (FABP7) is a fatty acid chaperon protein highly expressed in the brain and
glial cells, which binds to long chain poly-unsaturated FAs (PUFAs), notably docosahexaenoic acid (DHA),
regulates cell mobility during brain development via peroxisome proliferator-activated receptors (PPARs)
activation’???, and facilitates myelination?!. When FABP7 binds to DHA, it is transformed and relocated to
the nucleus and activates PPAR-gamma (PPAR-y), triggering multiple targets, including anti-inflammatory
and neuroprotective genes®?’. Several cancers, including breast cancer, glioma, carcinomas, and melanomas,
also express FABP7 with its expression associated with poor prognosis?®-!. Ligand-bound FABP7 enhances
glioma proliferation through various epigenetic mechanisms, such as via PPARY, caveolae formation, or nuclear
lipid droplet accumulation®®. Additionally, FABP7 potentially supports glioblastoma cell survival from ROS in
hypoxic condition by increasing lipid droplet formation, under regulation of hypoxia-inducible factor 1-alpha
(HIF-1a)*. In melanoma, FABP7 expression is associated with tumor thickness, and enhances its proliferation,
migration, and invasion®*-%.

But the aspects on melanoma’s unique phenotypic plasticity and altered lipid metabolism have not yet
been thoroughly explored. Our study’s goal is to uncover how FABP7 promotes melanoma progression on the
transcriptional and metabolic level, regarding fatty acids and lipid metabolism.

Results

FABP7 is highly expressed in B16F10 melanoma cells

FABP?7 has been shown to be highly expressed in melanoma cells***. We confirmed a high Fabp7 mRNA (Fig. 1a)
and protein expression (Fig. 1b-d) in highly metastatic murine melanoma cell line BI6F10 in comparison with
its lowly metastatic BI6F1 counterpart®”. Immunocytochemistry staining revealed a homogeneous FABP7
expression both in the cytosol and the nucleus (Fig. 1d). Subcutaneous and intravenous B16F10 cells in vivo
transplantation also expressed FABP7 (Fig. le). Interestingly, we found that FABP7 expression of the tumor
foci in the lungs from the intravenously transplanted mice was relatively higher than those of the subcutaneous
transplants.

Loss of FABP7 increases B16F10 invasiveness

A Fabp7 knockout (KO) B16F10 cell line was generated using CRISPR/Cas9 splicing system. The knockout
mutation was detected in DNA sequence. The complete knockout was confirmed by quantitative real-time
polymerase chain reaction (QRT-PCR), western blot, and immunofluorescent staining, showing a stable absence
of FABP7 protein expression (Fig. 2a—c).

While loss of FABP7 did not affect the proliferation rate of these cells (Fig. 2d), Fabp7-KO cells showed
an increase in both migration and invasion (Fig. 2e,f), with twofold higher invaded cell number in the KO
group (p=0.002). Fabp7 knockdown by siRNA interference (Fig. 2g,h) also showed a similar trend of enhanced
invasion, (Fig. 2j,k) with almost sixfold higher invaded cells (p <0.001). Unexpectedly, the wound closure rate
was slower in the knockdown cells in contrast to the KO system (Fig. 2j). Taken together, these results showed a
trend that loss of FABP7 promote B16F10 invasion without effects on proliferation in vitro.

Loss of FABP7 decreases tumor growth but increases in vivo lung metastasis formation

Control (CT) and Fabp7-KO B16F10 cells were implanted subcutaneously on C57BL/6 mice to evaluate in vivo
effects (n=13 for each group). Tumor formation started to be visible at day 4-5 after injection and the KO groups
were significantly smaller in size (Fig. 3a,b), with less than half of the CT group at day 15 after injection (Fig. 3c,
p=0.002).

To evaluate the ability to form metastasis, the same cell lines were intravenously injected into the tail veins
of C57BL/6 mice (n=8 for CT, and n=9 for KO). The mice’s body weight and behavior were monitored daily,
until 14 days after injection, when we sacrificed the animals and harvested the lungs to evaluate for metastatic
formation.

Multiple melanotic foci appeared on the lungs in both CT and KO groups. The foci count of KO group was
significantly higher than CT, yet the size of each metastatic foci noticeably smaller (Fig. 3d,e).

Fabp7 knockout alters cellular lipid composition

Cellular lipid content of Fabp7-KO B16F10 cells was evaluated with liquid chromatography-mass
spectrometry (LC-MS/MS) lipidomics (Supplementary Data 1). Phosphatidylcholines, diacylglycerides,
and phosphatidylethanolamines were the highest lipid composition in both groups (Fig. 4a). We found an
overall increase of glucosyl ceramide, lysophosphatidylethanolamine, and phosphatidic acid species in the KO
group, while a decrease in monoglycerides, gangliosides, sphingosines, acylcarnitine lactosyl ceramides, and
cardiolipins could be observed. Among free fatty acids (FA), arachidonic acid (FA(20:4)) was the predominating
FA, following by oleic acid (FA(18:1)), dihomo-gamma-linolenic acid (FA(20:3)), and stearic acid (FA(18:0))
(Fig. 4b). A significant decrease of stearic acid (FA(18:0), log,FC=-1.663, p=0.003), a-linolenic acid (FA(18:3),
longC =-1.242, p=0.003), arachidonic acid (FA(20:4), longC: -1.700, p=0.032), and docosapentaenoic acid
(FA(22:5), log,FC=-2.580, p=0.040)) can be observed in KO group.

We found a significant correlation between the abundance of lipids and the number of double bonds. There
was an overall decrease in lipid species with higher double bond number within the KO group (Fig. 4c,d). This
trend was also present when considering specific lipid groups, including phosphatidylcholines and glycerolipids,
but not apparent for FAs (Fig. 4e,f). In other words, the saturated to unsaturated ratio in structural and storage
lipids was higher in the KO cells and may represent the altered fatty acid metabolism and transportation.
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Fig. 1. FABP7 is highly expressed in BI6F10 murine melanoma. (a) QRT-PCR analysis of Fabp7 expression in
B16F1 and B16F10 cell line, normalized to 18s7rRNA. (b) Western blot analysis of FABP7 of B16F1 and B16F10
cell lines. (c) FABP7 protein expression of BI6F1 and B16F10 cell lines from western blot analysis, normalized
to alpha-tubulin. Original blots are presented in Supplementary Fig. 1 d Immunofluorescent analysis of FABP7
protein expression in B16F10 cells with or without DAPI nuclear counterstain. e DAB staining of FABP7

in mice tissue transplanted with B16F10 cells. The top row is from the primary tumor at the subcutaneous
injection site with arrows show the border between the primary tumor (P), and subcutaneous tissue (S). The
bottom row shows metastatic tumor foci (M) within normal lung tissue (L) from intravenous tumor injection.
Right panels are magnification from the dotted square regions. Scale bar represents 500um and 100um for left
and right panels respectively. Graphs show mean +s.d. from at least three independent experiments. Unpaired
t-test.
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Fabp7 knockout causes phenotypic shift toward invasive profiles

Anincrease in Ax mRNA expression in the KO cell line was observed, while Mitf expression did not significantly
change but remained at the original low level, corresponding to the Mitf->*/ AxI"igh invasive phenotype (Fig. 5a).
TGF-P signaling is related to the invasive phenotype of melanoma cells®, and we indeed found an increased
mRNA expression of TGF-p receptors Tgfbr1, Tgfbr2, and Tgfbr3 in the KO cells (Fig. 5b). It is known that TGF-f
signaling induces invasiveness of epithelial cancers thorough epithelial-to-mesenchymal transition (EMT)3®. We
found that certain EMT marker mRNAs were upregulated in the KO cells, including Cdh2 and Zeb2 (Fig. 5c¢).
Changes in these genes suggest a transcriptional rewiring toward the more invasive, de-differentiated phenotype.
We also discovered a higher reactive oxygen species (ROS) content in KO cells when peroxides were introduced
(Fig. 5d), suggesting an impairment in ROS elimination.
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«Fig. 2. Loss of FABP7 increases B16F10 invasiveness in vitro. (a) QRT-PCR analysis of Fabp7 mRNA
expression in CRSPR/Cas9 FABP7 knockout B16F10 cell line in comparison with control cell line, normalized
to 18srRNA. (b) Western blot analysis of Fabp7-KO B16F10 cell line (KO), in comparison with control cell
line (CT). Original blots are presented in Supplementary Fig. 2 ¢ Immunofluorescent analysis of FABP7
protein expression in Fabp7-KO B16F10 cell line (KO), in comparison with control cell line (CT), with or
without DAPI nuclear counterstain. (d) Proliferation assay of Fabp7-KO B16F10 cell line (KO), cultured in
complete medium with 10%FBS, in comparison with control cell line (CT). (e) Scratch wound healing assay
of Fabp7-KO B16F10 cell line (KO), in comparison with control cell line (CT). Graph shows the wound area
relative to the time of the scratch, with representative imaged on the right. Scale bar =1,000um. (f) Invasion
assay of Fabp7-KO B16F10 cell line (KO), in comparison with control cell line (CT), through the GelTrex®
precoated Boyden chamber, using 10%FBS as chemoattractant, with representative imaged on the right. Scale
bar=100um. g qRT-PCR analysis of Fabp7 mRNA expression in Fabp7 knockdown B16F10 cells using siRNA
(siFabp?7), in comparison with control cells (siCtrl), normalized to 18srRna, at 24 and 48 h after transfection.
(h) Western blot analysis of siFabp7 knockdown B16F10 cells in comparison with control cells (siCtrl) at 24,
48, and 72 h after transfection. Original blots are presented in Supplementary Fig. 3. (i) Proliferation assay of
siFabp7 knockdown B16F10 cells in comparison with control cells (siCtrl). (j) Scratch wound healing assay
of siFabp7 knockdown B16F10 cells in comparison with control cells (siCtrl) with representative imaged
on the right. Scale bar =1,000um. k Invasion assay of siFabp7 knockdown B16F10 cells in comparison with
control cells (siCtrl) through the GelTrex® pre-coated Boyden chamber, using 10% FBS as chemoattractant,
with representative imaged on the right. Scale bar = 100pum. Graphs show mean +s.d. from at least three
independent experiments. Unpaired t-test and multiple t-test corrected for 1% FDR.
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Fig. 3. Loss of FABP7 decreases primary tumor growth but increases in vivo lung metastasis formation. (a)
Primary tumor dissected from the subcutaneous injection site at day 16 after transplantation. Top row is the
control group (CT), and bottom row is the knockout group (KO). (b) Estimated tumor volume over time of the
subcutaneous injection with CT and KO cells. Connecting dots represent individual mice. Thick lines represent
the exponential curve fit for each group. (¢) Comparison of tumor volume at day 15 after subcutaneous
injection with CT and KO cells. (d) Lungs harvested from the intravenous injection model, showing black
spots of tumor metastatic foci. Top row is the CT group, and bottom row is the KO group. (e) Count of lung
metastatic tumor foci from the intravenous injection model. Graphs show mean +s.d. Unpaired t-test.
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Discussion

Several studies have demonstrated the roles of FABP7 in promoting aggressiveness of cancers, including
melanomas, by supporting tumor growth and metastatic process. We discovered for the first time, FABP7’s role
in regulating melanoma phenotypic shift, using a combination of in vitro experiments, an animal model, and
metabolomic analysis.

FABP7 was originally found to be highly expressed in the brain, remarkably in astrocytes and other glial
cells. Since melanomas originate from the neural crest cell-derived melanocytes, they may retain the high FABP7
expression from their origin. Goto, et al., demonstrated that FABP7 mRNA copies are higher in the primary
melanoma, than the metastatic site>*. While patient-acquired tissue immunohistochemistry by Slipicevic, et
al. revealed highest FABP7 expression in benign nevi lesion, followed by primary and metastatic melanomas at
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«Fig. 4. Fabp7 knockout alters cellular lipid composition. (a) Lipidomics analysis of Fabp7-KO (KO) and
control (CT) BI16F10 cells, showing ratio of each of the top 20 most abundant lipid species in mol-percent of
total lipid. (b) Ratio of each free fatty acids to total lipid of KO and CT cells, with scaled up graph in the box.
(c) Volcano plot of lipidomics analysis result, considering the relationship between number of double bonds
in each lipid species, and overall fold change of Fabp7-KO over CT B16F10 cells. Each dot represents a specific
lipid species with color indicating the total number of double bonds from no double bond in dark purple,
to highest number of double bonds in light yellow. X-axis represents the log, fold change (FC) of KO over
CT. Y-axis represents the statistical significance for each pair, showing in -log(p-value). Top few significant,
highest rank (calculated from -log(p-value) x[log,FC]) lipids are labelled in red. Horizontal dashed line
represents the cut point of p-value=0.05. (d) XY correlation graph from Fig. 4¢c, showing a negative correlation
between the fold change from KO to CT (x-axis) and the double bond number (y-axis). Blue line represents
simple linear curve fit. P-value represents significant deviation from zero. (e) Volcano plots of lipidomics
analysis result, considering the relationship between number of double bonds and fold change of Fabp7-KO
over CT B16F10 cells in specific groups of lipids. X-axis represents the log, fold change (FC) of KO over CT.
Y-axis represents the statistical significance for each pair. Horizontal dashed line represents the cut point of
p-value =0.05. (f) XY correlation graph from Fig. 4e. Bar graphs show mean *s.d. from three separate samples.
PC, phosphatidylcholine, DG, diglyceride, PE, phosphatidylethanolamine, SM, sphingomyelin, Hex1Cer,
glucosyl ceramide, galactosyl ceramide, PI, phosphatidylinositol, LPE, lysophosphatidylethanolamine,

TG, triglyceride, PS, phosphatidylserine, Cer, ceramide, PG, phosphatigylglycerol, ChE, cholesteryl ester,
LBPA, bis(monooleoylglycero)phosphate, Co, coenzyme Q, MG, monoglyceride, GM3, gangliosides,

LPC, lysophosphatidylcholine, FA, free fatty acid, SPH, sphingosine, AcCa, acyl carnitine, LPI,
lysophosphatidylinositol, LPG, lysophosphatidylglycerol, Hex2Cer, lactosyl ceramide, Ch, cholesterol, CL,
cardiolipin, PA, phosphatidic acid, LPS, lysophosphatidylserine, ZyE, zymosterol ester. Unpaired t-test was
used to compare each lipid species.

similar levels®. These fluctuations hint that FABP7 may be downregulated during the malignant transformation
and metastatic processes, either as metastasis initiator, or as a result from metastatic processes.

We found relatively higher FABP7 expression in high-metastatic BI6F10 murine melanoma cells compared
to B16F1, the low-metastatic variant**. Our finding may appear contradictory to the results from patient
tissue studies. However, FABP7 expression in cell lines was observed in vitro, in a stable state, therefore, it
cannot represent in vivo fluctuations. Nonetheless, it is plausible that high FABP7 expression supports B16F10
invasiveness. Our in vivo models also showed a relatively higher FABP7 expression in the lungs, than at the
primary tumor site, which may be due to a different metastatic process and could not represent the naturally
occurred metastasis which involves multiple steps, since our method involved direct injection of tumor cells
into the bloodstream. The strong FABP7 expressing metastatic foci in our model could be explained by ROS
scavenging capacity. Direct exposure to blood stream can be stressful to melanoma cells and lead to reactive
oxygen species-induced cell death!®, which could be attenuated by lipid droplets*!. Bansaad, et al., had shown
that FABP3 and FABP7 protect glioblastoma cells from ROS during hypoxia-reoxygenation by enhancing lipid
droplet formation®, it is reasonable that melanoma cells with higher FABP7 expression will similarly survive
better in harmful environment then successfully form tumor foci at distant sites.

In our study, Fabp7-KO B16F10 cells had higher capability to invade through ECM-coated membrane
without noticeable change in proliferation, contradicting to other studies which showed decreased melanoma
proliferation, migration, and invasion in absence of FABP7%3%. Our results showed slower primary tumor
growth in Fabp7-KO group, suggesting its importance in cell proliferation in vivo. Presence of complex tumor
microenvironment and available nutrients may account for the different findings from in vitro experiments.
Higher tumor foci count in the lungs of Fabp7-KO group corresponds to the increased invasiveness found in
trans-well experiments, but the size of metastatic foci was smaller than the WT group. This, once again, supports
its role in tumor proliferation, which might also be mitigated in KO group, leading to slower tumor growth
despite successfully forming a metastatic focus. Still, a similar deterioration was not apparent in in vitro results.
It is very likely that the TME can dramatically affect the outcome. Since melanoma is a solid tumor of cells
forming in a spheroid mass, each tumor cells may be affected by the environment differently. For example,
cells at the tumor core may be less exposed to nutrients or oxygen than those at the periphery, especially in
rapidly growing tumor without sufficient vascularization?>. With limited nutrients, tumor cells will have to
switch to different modes of metabolism, such as using lipids as main source of energy, instead of glucose®.
Therefore, Fabp7-KO cells with impaired fatty acid transportation, would be susceptible to such metabolic stress,
halting their proliferation or undergoing apoptosis, leading to an overall smaller tumor size. This locational
nutrient availability is likely not present in monolayer cell culture format. Additionally, other TME components,
including immune cells, fibroblasts, adipocytes, and various ECM molecules and cytokines, further complicate
the tumor progression?4-46,

Since FABP7 prefers PUFAs as its ligand®, Fabp7-KO cells presumably have impaired uptake and
transportation of these fatty acids, leading to lower overall amount of unsaturated fatty acids and eventually,
increasing the saturated to unsaturated lipid ratio. Imbalance between saturated (SFA) and unsaturated fatty
acids can affect cell behaviors?*”. Cell membrane which incorporates unsaturated fatty acids has higher fluidity,
enhancing cell motility during invasion, while excessive cellular SFAs can lead to ER stress, unfolded protein
response, and ceramide formation?!. These conditions can activate cellular stress signaling and eventually induce
phenotypic shifting toward the invasive phenotype*®. The evidence of lipid saturation change was only apparent
in incorporated lipids, but not free fatty acids (FFAs), suggests the role of FABP7 as FA transporter since FFAs
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Fig. 5. Fabp7 knockout causes phenotypic shift toward invasive profiles. (a) QRT-PCR analysis of Mitf

and Ax] mRNA expression in Fabp7-KO B16F10 cell line (KO) in comparison with control cell line (CT),
normalized to 18srRNA. (b) qRT-PCR analysis of TGF-p receptors mRNA expression in Fabp7-KO B16F10
cell line (KO) in comparison with control cell line (CT), normalized to 18srRNA. ¢ QRT-PCR analysis of
convention epithelial-to-mesenchymal transition genes in Fabp7-KO cell line (KO) in comparison with control
cell line (CT), normalized to 18s¥rRNA. (d) Mean fluorescence intensity (MFI) measured by flow cytometry,

of CellROX green fluorescence staining for reactive oxygen species (ROS) in CT and KO cells in normal
condition (10%FBS), serum deprived condition (1%FBS), treated with tert-Butyl hydroperoxide (TBHP),

TBHP with N-acetylcysteine (NAC), and NAC alone. Graphs show mean #s.d. from at least three independent
experiments. Unpaired t-test. N.D., not detected.
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may be regulated by other entities. Considering FABP7’s binding affinity toward specific FAs, the reduction of
arachidonic acid (AA) in Fabp7-KO cells is not unexpected. As AA is the precursor of multiple inflammatory
cytokines that benefit tumor growth?, a lower level of this FA could hinder tumor growth at primary site as well
as at metastatic foci.

We found evidence of phenotypic shifting in KO cells, characterized by an increase in AxI expression and
various EMT markers. While there is no change in Mitf, its original expression is very low in the wild type cells
and remains low in the KO cells, resulting in the invasive Mitf-°"/AxIish signature.

Among multiple factors that can influence the phenotypes, TGF-f signaling is a well-studied pathways known
to induce invasion and de-differentiation®. KO cells have higher expression of TGF- receptors, therefore, an
increase in TGF- signaling could be expected. Kagawa, et al*>>?, showed that FABP7 regulates caveolin-1 (Cav-
1) expression in gliomas and astrocytes. Apart from changes in membrane FA component that determine the
lipid raft function, Cav-1 also plays a significant role in membrane lipid raft formation and can inhibit TGF-{/
SMAD signaling via the TGF-p type I receptor’!. As a result, these receptors may be disinhibited in Fabp7-KO
cells, leading to increased TGF-p signaling.

In epithelial cancers, TGF-{ signaling is also known to induce EMT by formation of SMAD complex that
binds to DNA™*. Different markers used in this study were expressed at different stages of the transition. In brief,
epithelial tumor cells generally express CDHI which codes for E-cadherin, the main component of cell-cell
adhesion proteins in tight junctions, that maintain the integrity of epithelial tissue>’. CDH2, on the other hand,
codes for N-cadherin, which is upregulated in mesenchymal stage, associated with cancer invasiveness®.

Cdh2 was upregulated in Fabp7-KO cells, hinting the mesenchymal-like transition. Meanwhile, upregulation
of the epithelial gene CdhlI was also observed, suggesting a partial EMT-like transformation, that may support
the transition back to the proliferative phenotype after successful metastatic seeding®. ZEB1 and ZEB2 are
transcription factors that repress E-cadherin expression, eventually promoting the mesenchymal transition®.
Thereby, Zeb2 mRNA upregulation in Fabp7-KO cells can also account for the enhanced invasiveness.

Essentially, changes in these genes indicate that FABP7 can regulate melanoma aggressiveness by preventing
it from shifting into the invasive phenotype. This regulation occurs both through direct alterations of structural
FA components and indirectly through TGF-p and stress signaling, which lead to EMT-like transitioning
alongside the phenotypic shift.

Out of many mechanisms underlying cell stress response, oxidative stress is one of the most common
and ubiquitous stress inducers in most type of cells, and most importantly, it can promote tumor growth and
metastasis through various mechanisms®. Our preliminary result shows a trend of ROS accumulation in Fabp7-
KO cells under ROS treatment, but not in ROS-inducing, serum-deprived condition (Fig. 5d), suggesting an
impaired ROS elimination in KO cells, rather than higher ROS production. These findings are explainable by the
role of FABP7 as ROS scavenger, reducing oxidative stress by means of lipid droplets®’. Therefore, oxidative stress
could also be one of the underlying mechanisms of phenotypic shift and invasiveness.

In conclusion, this study explores the roles of FABP7 concerning melanoma phenotypic plasticity and
lipid metabolism. FABP7 plays an important role in regulating the balance of lipid saturation by preserving
unsaturated FA (UFA) levels within the cell. In the absence of FABP7, saturated FA (SFA) to UFA ratio increases,
likely triggering stress responses and eventually the phenotypic shift toward the invasive phenotype. Through
this mechanism, melanoma cells acquire higher metastatic capability, but with a reduction in primary tumor
growth. These insights could be potential for finding candidates regarding lipid metabolism, and development
of better melanoma therapies.

Materials and methods

Reagents and antibodies

Reagents and antibodies used in this experiment are as followed: Dulbecco’s modified Eagle’s medium (Sigma
Aldrich, Co.), Fetal bovine serum (Sigma Aldrich, Co., Lot# BCBX4307) Penicillin-Streptomycin Mixed Solution
(Nacalai Tesque, Kyoto, Japan), 2.5% Trypsin (Thermo Fisher Scientific Inc.), Normal goat serum (Jackson
Immuno Research Labs), Bovine serum albumin (BSA) (Wako, Japan), DAPI nucleic acid stain (Invitrogen,
Ltd.). Primary antibodies included anti-mouse FABP7 rabbit polyclonal IgG established by our laboratory,
and anti-alpha-tubulin rat monoclonal IgG (Santa Cruz Biotechnology Cat# sc-53029, RRID:AB_793541).
Secondary antibodies used in this study were Alexa Fluor® 488 goat anti-rabbit IgG (H+L) (Thermo Fisher
Scientific Cat# A-11070, RRID:AB_2534114), Alexa Fluor® 568 goat anti-rabbit IgG (H+L) (Thermo Fisher
Scientific Cat# A-11011, RRID:AB_143157), horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG
H&L (Abcam Cat# ab6721, RRID:AB_955447), and HRP conjugated goat anti-rat IgG (Millipore Cat# AP136P,
RRID:AB_11214444).

Animals

8-12 weeks old wild type male and female C57BL/6] mice (RRID:IMSR_JAX:000,664) were obtained from
the Tohoku University Graduate School of Medicine Animal Center. All animal experiments were approved
by the Ethics Committee for Animal Experimentation of Tohoku University Graduate School of Medicine
and carried out according to the Guidelines for Animal Experimentation of the Tohoku University Graduate
School of Medicine and under the law and notification requirements of the Japanese government. All animal
experiments were conducted in accordance with the ARRIVE guidelines (Animal Research: Reporting of In
Vivo Experiments).

Cell cultures
Murine melanoma cell lines B16F1 (NCI-DTP Cat# B16F1, RRID:CVCL_0158) and B16F10 (NCI-DTP Cat#
B16F10, RRID:CVCL_0159) were obtained from Cell Resource Center for Biomedical Research, Tohoku
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University. All cell lines were maintained in DMEM supplemented with 10% (v/v) heat-inactivated FBS, 1%
(v/v) penicillin/streptomycin, and 2 mM l-glutamine, at 37 °C, 5% CO, unless specified otherwise. All cell
culture experiments were performed under strict sterile condition.

Generation of CRISPR/Cas9 Fabp7 knockout cell line

CRISPR/Cas9 Fabp7 knockout B16F10 cells were generated as previously described®*®’. Briefly, sgRNA
expression plasmid, we selected target sites within exon 1 of murine Fabp7 gene using CHOPCHOP software
(https://chopchop.cbu.uib.no/). The following oligonucleotide was used: gRNA; 5-TAGATGCTTTCTGCGC
AACCTGGA-3’ sequence of exon 1. The double-stranded oligonucleotide was synthesized and inserted into
pGuide-it-ZsGreenl vector (Takara, Tokyo, Japan) following manufacturer’s protocol. The constructed vector
was transfected into B16F10 cells using Lipofectamine® 2000 Reagent (Thermo Fisher Scientific Inc.). The
culture medium was changes 6 h after transfection. 48 h after transfection, cells were collected and selected for
green fluorescence expressing cells with flow cytometry using BD FACS Aria II (Becton Dickinson, Japan), and
seeded as single cells per well in 96-well plates. Cell clones were cultured and propagated in DMEM with 10%
FBS at 37 °C, 5% CO,,, passaged and stocked at appropriate time. Complete knockout of FABP7 was confirmed
with DNA sequencing analysis, and absence of Fabp7 mRNA protein expression by qRT-PCR, western blotting,
and immunofluorescent staining.

siRNA gene silencing

B16F10 cells were transfected with a stealth siRNA targeting Fabp7 (Cat# MSS202379, Thermo Fisher Scientific
Inc.) and negative control siRNA (Cat# sc-37007, Santa Cruz Biotechnology, CA.), using Lipofectamine®
RNAIMAX reagent (Thermo Fisher Scientific Inc.) following the manufacturer’s protocol. After optimization,
knockdown of Fabp7 mRNA and FABP7 protein expression were confirmed with qRT-PCR and western blot
analysis at 48 h after transfection.

Cell proliferation assay

Cells were seeded at 5x 10> cells/well in 24-well plates and cultured in DMEM with 10% FBS at 37 °C, 5% CO,
overnight. Cell proliferation was assessed using Cell Count Reagent SF (Nacalai Tesque, Kyoto, Japan) according
to the company protocol, every 24 h for at least 72 h. The reagents were transferred into 96-well plates to be read
at 450 nm wavelength with Multiskan FC microplate photometer (Thermo Fisher Scientific Inc.).

Scratch wound healing assay

Cells were seeded in 6-well plates and cultured in DMEM with 10% FBS at 37 °C, 5% CO, until near confluency.
Media were replaced with 0.5% FBS DMEM and cultured for another 24 h to minimize cell proliferation. Scratch
wounds were introduced with a 200 uL pipette tip directly onto the confluent cell monolayer. The images of the
wound were taken at four different locations per well. The wound sizes were measured using Zeiss Zen Lite
software, by drawing a polygon shape over the wound relative to a marker made on the culture plate, then record
the polygon area as wound size (in pm?). The wound sizes were measured at the same locations every 12-24 h
until 72 h or complete closure. Cell migration was assessed by the reduction percentage of the wound size over
time.

Boyden’s chamber invasion assay

Cells were cultured in DMEM with 10% FBS overnight, then the media were replaced with DMEM with 1%
FBS and cultured for another 6 h. Serum-deprived cells were collected by trypsinization and plated into 24-
well plates with 8.0 um polyester membrane cell culture inserts pre-coated with Geltrex™ Basement Membrane
Matrix (Thermo Fisher Inc.). The top chambers contained 2 x 10° cells in DMEM with 1% FBS, while the bottom
chambers contained DMEM with 10% FBS as chemoattractant. The plates were incubated in 37 °C, 5% CO, for
24 h, then the inserts were fixed with 4% PFA and stained with 0.1% crystal violet. Images of the membrane were
taken randomly at four different locations per sample. The invaded cells were counted under microscope and
calculated as cells per image.

RNA extraction and quantitative real-time PCR (qQRT-PCR)

RNA templates from cell culture were isolated using RNeasy Micro Kit (QIAGEN) following the manufacturer’s
protocol. cDNA synthesis was performed with GeneAce cDNA Synthesis Kit (Nippon Gene, Tokyo, Japan).
qRT-PCR was performed using Applied Biosystems 7500 Real-Time PCR System (RRID:SCR_018051) with
THUNDERBIRD® Next SYBR® qPCR Mix (Toyobo Inc.). RNA expression was quantified by normalizing cycle
threshold (C,) values with 18s ribosomal RNA expression and analyzed by comparative AC;. method. The
primer sequences are shown in Table 1.

Western blotting

Cells were lysed in Pierce™ RIPA buffer (Thermo Fisher Scientific Inc.) with cOmplete Mini protease and
phosphatase inhibitor cocktails (Roche) for at least 30 min on ice with gentle agitation, ultrasonicated, and
centrifuged. The supernatants were collected and measured for protein concentration using the BCA assay
(Thermo Fisher Scientific Inc.). Western blot samples were mixed with Laemmli buffer to the final protein
concentration of 1-2 g/mL, incubated at 95 °C for 5 min, and stored at -20 °C until gel electrophoresis.

Protein samples were resolved in 10% or 12% TGX Stain-Free FastCast Acrylamide Kit (Bio-Rad), transferred
onto Immobilon-P PVDF membrane (Sigma Aldrich, Co.), blocked with 5% BSA in 0.1% Tween-20 Tris-
Buffered Saline, and incubated in primary antibody at 4 °C overnight with gentle agitation. Then, membranes
were incubated in HRP-conjugated secondary antibody of appropriate hosts at room temperature for 60 min.

Scientific Reports |

202515:10495 | https://doi.org/10.1038/s41598-024-80874-5 nature portfolio


https://chopchop.cbu.uib.no/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Gene Strand | Sequence
Forward | GTAACCCGTTGAACCCCATT
18srRNA
Reverse | CCATCCAATCGGTAGTAGCG
Forward | GGAGGAGCCTGAGGACAAAGC
A Reverse | TACAGCATCTTGAAGCCAGAGTAGG
Forward | CATCATTGAGAGGGAGACAG
Cdhl Reverse | GACACGGCATGAGAATAGAG
Forward | CTGACTGAGGAGCCTATGAA
Chz Reverse | CAGTCTCTCTTCTGCCTTTG
Forward | AAGTGGGAAACGTGACCAAAC
Fabp7 Reverse | CAACCGAACCACAGACTTACAG
miR200c Forward | GTCTTACCCAGCAGTGTTTG
Reverse | TACCCGGCAGTATTAGAGAC
. Forward | AGATTTGAGATGCTCATCCCC
Mif Reverse | GATGCGTGATGTCATACTGGA
) Forward | CAACTATAGCGAGCTGCAGGA
Snai Reverse | GTACCAGGAGAGAGTCCCAGAT
Forward | TCTGCATTGCACTTATGCTGA
Tefor! Reverse | AAAGGGCGATCTAGTGATGGA
Forward | CCGCTGCATATCGTCCTGTG
Tefbr2 Reverse | AGTGGATGGATGGTCCTATTACA
Forward | GGTGTGAACTGTCACCGATCA
Tefbrs Reverse | GTTTAGGATGTGAACCTCCCTTG
Forward | CCAGCAGACCAGACAGTATT
zebl Reverse | TCTGAGTCACACACTCGTTGTC
Forward | GCCACGAGAAGAATGAAGAG
zeb2 Reverse | CTCCTTGGGTTAGCATTTGG

Table 1. Primers used for qRT-PCR.

The chemiluminescent signals were activated with ECL reagents and imaged with BioRad ChemiDoc Touch
Imaging System (RRID:SCR_021693). Alpha-tubulin was used as protein reference. Signals were measured and
analyzed with Image Lab Software v6.1 (http://www.bio-rad.com, RRID:SCR_014210).

Immunocytochemistry

Cells were seeded on poly-L-lysine coated 12mm glass cover slips in 24-well plates. Cells were fixed with 4%
paraformaldehyde solution, permeabilized with 0.1% Triton X-100, blocked with 5% BSA, and incubated in
primary antibodies at 4 °C overnight. After that, cells were washed and incubated with fluorescent-labelled
secondary antibodies at room temperature for 60 min, with DAPI for nuclear counterstain then mounted with
Fluoromount (Sigma-Aldrich, Co.) and kept at 4 °C in the dark until imaging with Zeiss LSM 800 with Airyscan
Microscope (RRID:SCR_015963). Fluorescent signals were optimized and analyzed using Zeiss Zen Lite (https:/
/www.zeiss.com, RRID:SCR_023747) and Image] v1.53t (https://imagej.net/, RRID:SCR_003070).

In vivo tumor models

Control and Fabp7-KO B16F10 cells were cultured in DMEM with 10% FBS and passaged at least two times
before harvesting by trypsinization. 2 x 10° cells in 100 uL phosphate buffer solution (PBS) of control or Fabp7-
KO BI16F10 cells were subcutaneously injected into the right flank of the mice. Tumor sizes were measured using
a caliper every 3 days for at least two weeks or until the maximum size reached 20 mm. Tumor volume was
calculated by the formula: Volume (mm?)=0.5x Length (mm) x Width (mm)?. For the metastasis model, 2 x 10°
cells in 100 pL PBS solution of control or Fabp7-KO B16F10 cells were injected into the tail vein of the mice. Mice’s
body weight and well-being were monitored closely for 14 days, until sacrificed. For tissue harvest, mice were
adequately anesthetized with isoflurane inhalant, and maintained on the surgical plane of anesthesia throughout
the whole sacrifice process. The mice’s chest cavity was opened perfused intraventricularly with normal saline
solution then perfused with 4% (PFA) solution. Mice were confirmed death with cervical dislocation while
under deep anesthesia. The tumor and the lungs were harvested and fixed in 4% PFA further at 4 °C overnight,
then processed for paraffinization.

Tissue paraffinization and immunohistochemistry

Fixed tissue samples were washed twice in PBS, then dehydrated through serial ethanol, cleared with xylene,
and embedded in paraffin. Paraffin blocks were sectioned with a sliding microtome at the thickness of 4 pm.
Tissue sections were deparaffinized and rehydrated. Heat-induced antigen retrieval was performed in Histofine®
antigen retrieval solution (pH 9) (Nichirei, Tokyo, Japan) following manufacturer’s protocol. Tissue sections
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were blocked with 5% normal goat serum at room temperature for 1 h, then incubated in primary antibody
solution at 4 °C overnight. After that, the sections were incubated in biotin-conjugated goat anti-rabbit IgG for
45 min, following by VECTASTAIN Elite ABC-HRP reagents per company’s protocol, and finally stained with
DAB and hematoxylin nuclear counterstaining. Tissue sections were mounted using PathoMount (Wako, Japan),
and observed under Keyence BZ-X800 Fluorescent Microscope (RRID:SCR_023617).

CellROX staining

CT and KO B16F10 cells were cultured in DMEM with 10% FBS overnight. The cells were separated in three
groups (n=3 per group), 10% FBS, 1% FBS, and tert-Butyl hydroperoxide (TBHP) group. 10%FBS and THBP
groups were cultured in DMEM with 10% FBS for 24 h, while 1%FBS group was cultured in DMEM with 1%
FBS for 24 h, prior to staining. We used CellROX™ Green Flow Cytometry Assay Kit according to manufacturer’s
protocol, to measure oxidative stress capacity. Briefly, the TBHP group was added with 200 uM TBHP for
30 min prior to staining. The cells were then stained with 500 uM CellROX solution for 30 min. 2500 uM
n-Acetylcysteine was used as negative control. After staining, the cells were collected and analyzed for green
fluorescence by flow cytometry and recorded as mean fluorescence intensity (MFI).

Lipidomics analysis

Cells were cultured in DMEM with 10% FBS for 24 h, before collected by trypsinization and stored in PBS
at -80 °C until analysis. Lipidomics analysis was performed by Human Metabolome Technologies, Inc., using
liquid chromatography-mass spectrophotometry (LC-MS/MS) technique.

Statistical analysis

All data represent the mean +s.d., calculated from at least three independent experiments. Statistical comparisons
were analyzed using Students unpaired t-test (two-tailed), multiple t-test with FDR correction, or two-way
ANOVA test. Statistical significances were considered at p-value<0.05. The analyses were performed using
GraphPad Prism v10.0.2 (http://www.graphpad.com/ , RRID:SCR_002798), and Microsoft Excel v16.78 (https:/
/www.microsoft.com/en-gb/, RRID:SCR_016137).

Data availability
The additional datasets generated during and/or analyzed during the current study, that are not included in this
published article, are available from the corresponding author on reasonable request.
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