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Background: Fatty acids affect cancer growth.
Results: Melanoma in co-cultivation with subcutaneous adipocytes has an elevated level of palmitic acid that promotes mela-
noma growth by activating Akt signaling in a PTEN-independent manner.
Conclusion: Subcutaneous adipocytes may be an exogenous source of palmitic acid for melanoma growth.
Significance: Targeting an exogenous supply of palmitic acid suggests a novel therapeutic in melanoma treatment.

Tumorigenesis involves constant communication between
tumor cells and neighboring normal cells such as adipocytes.
The canonical function of adipocytes is to store triglyceride and
release fatty acids for other tissues. This study was aimed to find
out if adipocytes promoted melanoma cell growth and to inves-
tigate the underlying mechanism. Here we isolated adipocytes
from inguinal adipose tissue in mice and co-cultured with mel-
anoma cells. We found that the co-cultured melanoma had
higher lipid accumulation compared with mono-cultured mela-
noma. In addition, fluorescently labeled fatty acid BODIPY�

FLC16 signal was detected in melanoma co-cultured with the
adipocytes that had been loaded with the fluorescent dye, sug-
gesting that the adipocytes provide fatty acids to melanoma
cells. Compared with mono-cultured melanoma, co-cultured
melanoma cells had a higher proliferation and phospho-Akt
(Ser-473 and Thr-450) expression. Overexpression of Akt
mutants in melanoma cells reduced the co-culture-enhanced
proliferation. A lipidomic study showed that the co-cultured
melanoma had an elevated palmitic acid level. Interestingly, we
found that palmitic acid stimulated melanoma cell prolifera-
tion, changed the cell cycle distribution, and increased phos-
pho-Akt (Ser-473 and Thr-450) and PI3K but not phospho-
PTEN (phosphophosphatase and tensin homolog) expressions.
More importantly, the palmitic acid-stimulated proliferation

was further enhanced in the Akt-overexpressed melanoma cells
and was reduced by LY294002 or knockdown of endogenous
Akt or overexpression of Akt mutants. We also found that pal-
mitic acid-pretreated B16F10 cells were grown to a significantly
larger tumor in mice compared with control cells. Taken
together, we suggest that adipocytes may serve as an exogenous
source of palmitic acid that promotes melanoma cell growth by
activating Akt.

Recent studies showing the transfer of lipids from adipocytes
to cancer cells (1, 2) not only suggest the importance of lipids to
tumor growth but also suggest that tumorigenesis involves con-
stant communication between tumor cells and neighboring
normal cells such as adipocytes. Indeed, adipocytes constitute a
major component of the tumor microenvironment for cancer
growth by secreting adipokines, cytokines, or growth hormones
(3, 4). For example, adipocytes secrete leptin, which enhances
colon cancer cell proliferation (5) and secret insulin-like growth
factor-1 that promotes breast cancer cell growth (6). Adi-
pocytes can also trans-differentiate into macrophages (7) and
produce inflammatory cytokines such as tumor necrosis fac-
tor-�, interleukin-6 (IL-6) and IL-1� and monocyte chemoat-
tractant protein, which lead to inflammation in the tumor
microenvironment (8). More importantly, the cytokines that
are secreted by the adipocytes further recruit macrophages to
the site and hence further increase the levels of the inflamma-
tory mediators (8) and promote cancers grow (9). Adipose tis-
sue is considered as an endocrine organ that can regulate sys-
temic energy and metabolic homeostasis (3). Nevertheless, the
unique and canonical function of adipocytes is to store energy
as triglyceride and release fatty acids for other tissues and
organs. Interestingly, the fatty acids released from adipocytes
can also provide energy for rapid tumor growth (1) and serve as
building blocks for the synthesis of structural and signaling lip-
ids to support the high proliferation of the cancer cells.

Many tumor types grow in the anatomical vicinity of adipose
tissue (3). For example, in malignant melanoma patients, mel-
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anoma cells are found in subcutaneous adipose tissue (10).
Interestingly, these melanoma cells are found to have higher
palmitic acid levels compared with the matched skin control in
the human biopsied samples (11). However, the roles of pal-
mitic acid in melanoma are not known. The high level of pal-
mitic acid in melanoma cells may due to a high rate of de novo
lipogenesis (12). Recently, an isotopic fatty acid tracing-based
metabolomics study revealed that cancer cells including mela-
noma incorporated exogenous palmitic acid into structural and
signaling lipids (13), suggesting that exogenous fatty acids, such
as palmitic acid, also play an important role in melanoma
pathogenesis.

The incidence of melanoma has been rising at an alarming
rate (14). Malignant melanoma is an invasive type of cancer that
accounts for 75% of skin cancer-related death. On average met-
astatic melanoma patients can only survive for 6 –9 months
after diagnosis (15). It is worth noting that epidemiological
studies showed a positive correlation between obesity and mel-
anoma incidence (16, 17). Mouse melanoma models also
showed that obesity promoted melanoma development and
progression (18, 19). Many factors may contribute to the effects
of obesity on melanoma growth. Studies showed that adi-
pocytes released IL-6 (15) and leptin (20) to promote melanoma
growth and invasion. Understanding the roles of adipocytes in
promoting melanoma growth may suggest an alternate and a
direct therapeutic strategy to combat malignant melanoma. In
the current study we investigated if adipocytes promoted mel-
anoma cell growth and the underlying mechanism.

EXPERIMENTAL PROCEDURES

Reagents and Cell Cultures—Antibodies for Akt, phospho-
Akt (Ser-473 or Thr-308 or Thr-450), acetyl-CoA carboxylase
(ACC)3, fatty acid synthase, adipocyte triglyceride lipase, hor-
mone-sensitive lipase (HSL), the phosphorylated active form of
HSL (Ser-563), phosphatidylinositide 3-kinases (PI3K), phos-
pho-phosphatase and tensin homolog (PTEN) (Ser-370), phos-
pho-glycogen synthase kinase3-�/�, and GAPDH were pur-
chased from Santa Cruz Biotechnology Inc. Palmitic acid, fatty
acid-free BSA, LY294002, U0126, PD98509, Oil Red O, and
dimethyl sulfoxide were purchased from Sigma. All organic sol-
vents were HPLC grade from Sigma. Melanoma B16F10, A375,
G361 cell lines, and immortal human keratinocytes HaCaT cell
line were purchased from ATCC (Manassas, VA). Dulbecco’s
modified essential medium (DMEM), fetal calf serum, penicil-
lin, and streptomycin were purchased from Invitrogen. Cells
were cultured in DMEM containing 25 mM glucose and supple-
mented with 10% fetal calf serum, 100 IU/ml penicillin G, and
0.1 mg/ml streptomycin at 37 °C in a 5% CO2 humidified
incubator.

Animal Handling—All animal experimentation was ap-
proved and conducted in accordance with the guidelines from
Hong Kong Baptist University and was endorsed by the Univer-
sity Human and Animal Subject Committee. Male mice

C57BL/6 (C57) of age 5 weeks and body weights of 20 –21 g
were used for the experiments. We randomly selected mice to
the control group that was fed with control diet (D12450J
Research Diets), and the other mice were fed with a high fat diet
(D12762 Research Diets) to induce obesity. Both diet and water
were supplied ad libitum. The body weight of each mouse was
recorded every week. After 3 months of dietary intervention,
the diet-induced obesity (DIO) mice were used for experi-
ments, and fat pads were excised from these mice.

Tumor Induction—C57BL/6 mice of age 5 weeks were used in
this experiment. B16F10 (5 � 105) cells were first treated (21)
with palmitic acid (6 �M) in 1% fatty acid-free BSA for 24 h.
B16F10 cells treated with 1% fatty acid-free BSA were used as a
control. Tumors were then induced by subcutaneous injection
of the 5 � 105 palmitic acid-treated B16F10 or control B16F10
cells into the left flanks of C57 mice (21, 22). Body weight was
measured every day. Tumor weights were measured after the
mice were sacrificed.

Isolation of Adipocytes—Isolation of adipocytes from ingui-
nal adipose tissues was performed as described elsewhere (23,
24). Briefly, the bilateral superficial subcutaneous white adipose
deposits between the skin and muscle fascia just anterior to the
lower segment of the hind limbs were dissected from mice and
were digested for 1 h at 37 °C with collagenase in Krebs-Ringer
Buffer (12 mM HEPES, 121 mM NaCl, 4.9 mM KCl, 1.2 mM

MgSO4, and 0.33 mM CaCl2) supplemented with 3 mM glucose
and 1% fatty acid-free BSA, filtered through nylon mesh. Adi-
pocytes were collected from the upper phase after centrifuga-
tion. The isolated adipocytes were counted using a hemocy-
tometer (1).

Adipocytes and Melanoma Cells Co-culture—We used a
transwell culture system (3 �M pore size, Corning, NY) for the
co-culture study (6). B16F10 or A375 or G361 or HaCaT cells
(1 � 105 cells) were seeded in the upper chamber, adipocytes
(1 � 105 or 2 � 105 adipocytes) were placed in the bottom with
1.5 ml of culture medium that was DMEM medium containing
0.1% fatty acid-free BSA (1). Melanoma cells grown in mono-
cultures (in the absence of adipocytes) in the culture medium
were the controls.

Oil Red O Staining—Melanoma cells were stained with
freshly prepared Oil Red O working solution for 20 min at room
temperature as previously described (25).

Lipid Transfer Experiment—To stain the isolated adipocytes
with BODIPY� FLC16 (4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3-hexadecanoic acid) (Molecular Probes), we
incubated the isolated adipocytes with the BODIPY dye for 4 h and
then washed these adipocytes with DMEM containing 0.1% fatty
acid-free BSA to remove any extracellular fatty acid. Melanoma
cells were incubated with these labeled adipocytes in the co-cul-
ture system. After 24 h we washed the melanoma cells with
DMEM containing 0.1% fatty acid-free BSA. Images were visual-
ized under a fluorescent microscope (1).

Cell Proliferation Assay—We measured the cell proliferation
with CyQUANT� Direct Cell Proliferation Assay kit (Molecu-
lar Probe). Briefly, B16F10 or A375 or G361 or HaCaT cells
(13 � 104 cells) were placed in each well of a 96-well plate.
Palmitic acid at the indicated concentrations with 1% fatty acid-
free BSA was added to the cells, which had been starved for 24 h

3 The abbreviations used are: ACC, acetyl-CoA carboxylase; PTEN, phospho-
phosphatase and tensin homolog; HSL, hormone-sensitive lipase; C57,
C57BL/6; DIO, diet-induced obesity; FLC16, 4,4-difluoro-5,7-dimethyl-4-
bora-3a,4a-diaza-s-indacene-3-hexadecanoic acid; CD, control diet.

Palmitic Acid Promotes Melanoma Cell Growth

30526 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 44 • OCTOBER 31, 2014



in medium without serum (25). Alternatively, the 24-h starved
B16F10 or A375 or G361 or HaCaT cells (1 � 105 cells) were
seeded in the upper chamber, and adipocytes (1 � 105 adi-
pocytes) were placed in the bottom with 1.5 ml of culture
medium that was DMEM medium containing 0.1% fatty acid-
free BSA (1). At the indicated time points, we incubated the
cells with the detection reagent from the kit following the
company’s instructions. Fluorescent signals were detected by
fluorescence excitation/emission maxima 480/535 nm.

Flow Cytometric Analyses of Cell Cycle Distribution—Cells
were seeded at a density of 6 � 104 per 60-mm dish and grown
overnight. Palmitic acid (6 �M) was incubated with the cells for
24 h. Both detached and adherent cells were collected and cen-
trifuged at 1000 � g for 5 min at 4 °C. Pellets were rinsed with
ice-cold phosphate-buffered saline (PBS) and fixed with 70%
ethanol for 2 h. Cells were then stained with staining buffer
(PBS containing 20 �g/ml PI, 100 �g/ml RNase A, and 0.1%
Triton X-100) for 15 min at 37 °C in the dark. Samples were
analyzed by a flow cytometer (BD Bioscience). Cell cycle distri-
bution was determined using Modfit software Version 3.1.

Cloning of Akt and Construction of Mutants—Homo sapiens
AKT gene was cloned by a RT-PCR product that was amplified
from total RNA extracted from SW480 human colon cancer
cells. PCR primers were designed based on a published nucleo-
tide sequence of human AKT1 (GenBankTM accession number
AB451242.1). The primer sequences were 5�-TAGGATCCAG-
CGACGTGGCTATTGTGAAG-3� (forward) and 5�-TGAA-
TTCTCAGGCCGTGCCGCTGGCCGAG-3� (reverse). The
PCR products were then cloned into mammalian expression
vector pcDNA3.1 (Invitrogen) at BamHI and EcoRI sites. AKT
mutants were constructed with MutanBEST Kit(Takara,
Dalian, China) following the company’s instructions. Muta-
genic primers were 5�-GCCTACTCGGCCAGCGGCACG-3�
(forward) and 5�-GAACTGGGGAAGTGGGGCCTGC-3�
(reverse) for the mutant S473A, 5�-GCCTTTTGCGGCACAC-
CTGAGTACCT-3� (forward) and 5�-GGATCAAGGACGGT-
GCCACCATGAAG-3� (reverse) for the mutant T308A, and
5�-GCACCACCTGACCAAGATGACA-3� (forward) and 5�-
CGGCCCAGATGATCACCATC-3� (reverse) for the mutant
T450A. All clones were sequenced to verify the authenticity of
the gene or the mutations. Transfections of the construct to
melanoma cells were performed with Lipofectamine2000
(Invitrogen) following the company’s instructions.

siRNA Transfections—Negative control siRNA and siRNAs tar-
geting AKT were designed and synthesized (Shanghai Gene-
Pharma, Shanghai, China). The sequence for the control-siRNA
was 5�-UUCUCCGAACGUGUCACGUTT-3�. The sequences
for AKT-siRNAs were 5�-GCACCUUCAUUGGCUACA-
ATT-3� and 5�-UUGUAGCCAAUGAAGGUGCTT-3�. Trans-
fections of siRNA to melanoma cells were performed with Lipo-
fectamine2000 (Invitrogen) following the company’s instructions.
After siRNA transfection, expressions of Akt in the cells were
examined using immunoblotting with specific antibodies. For
experiments involving siRNA transfection and overexpression
of construct, the cells overexpressed the construct 24 h
post-siRNA transfection.

Western Blotting Analysis—Western blotting analysis was
performed as described (26). Briefly, the nitrocellulose mem-

brane (Amersham Biosciences) carrying transferred proteins
were incubated at 4 °C overnight with corresponding antibody.
Immunodetection was accomplished using horseradish perox-
idase-conjugated secondary antibody followed by the ECL
detection system (Amersham Biosciences).

Statistical Analysis—The results are expressed as the
means � S.E. Statistically significant differences were
assessed by analysis of variance or 2-tailed Student’s t test. A
p value less than 0.05 was considered statistically significant.

Sample Preparation for LC/MS—Lipids from co-cultured
and mono-cultured melanoma cells were extracted for the lip-
idomics study. To each sample we added 0.3 ml of 0.5 M

KH2PO4, 1.5 ml of chloroform, and 0.5 ml of methanol. After
vortex and centrifugation at 2000 � g, the lower phase was
collected and evaporated under a nitrogen stream. The residue
was reconstituted in 100 �l of isopropyl alcohol:acetonitrile
(1:9, v/v) for LC/MS analysis (27).

LC/MS Analysis, Data Processing, and Statistical Analysis—
An Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS mass
spectrometer (Agilent Technologies) was connected to an Agi-
lent 1290 Infinity UHPLC via an electrospray ionization source
for the analysis of total lipids. An Agilent 6450 Triple Quadru-
pole LC/MS system accompanied with a MassHunter Work
station software (Version B.04.00 Qualitative Analysis, Agilent
Technologies) was connected to an Agilent 1290 Infinity
UHPLC for specific quantification of targeted bioactive lipids
and lipid metabolites (27). Briefly, we set up a gradient mobile
phase comprising solvent TL-A (40% acetonitrile with 10 mM

ammonium acetate) and solvent TL-B (acetonitrile:isopropyl
alcohol, 1:9) with 10 mM ammonium acetate. The raw data were
first processed by a MassHunter Work station software (Ver-
sion B.04.00 Qualitative Analysis, Agilent Technologies). The
chromatographic and mass spectrometric parameters for the
LC/MS lipidomics study were shown in supplemental Table 1.
Ions were extracted by molecular features characterized by
retention time, intensity in apex of chromatographic peak, and
accurate mass. These results were then analyzed by Mass Pro-
filer Professional (MPP) software (Version 2.2, Agilent Tech-
nologies). We also set up a filtration platform to further filter
the initial entities before doing Principle Component Analysis
(PCA). Only entities with abundances above 3000 cps were
selected. These entities that then passed a tolerance window of
0.15 min and 2 mDa were chosen for alignment of retention
time and m/z values, respectively. We also performed filtration
with -fold change (FC) analysis to find entities with high abun-
dance ratios between the two groups, and only entities with
FC � 2.0 were selected. We employed one-way analysis of
variance to do the statistical analysis. The p value of analysis
of variance was set to 0.05 (corresponding with the signifi-
cance level of 95%) (27). Authentic commercially available
standards (Sigma) were used to confirm the identification of
these target lipid species. The information of the identified
lipid species was then sent for database searching using
online ChemSpider data. Hexadecanoic-15,15,16,16,16-d5
acid was used as internal standard in the targeted lipidomics
(27).
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RESULTS

Co-cultivation with Isolated Adipocytes Increases Lipid Accu-
mulation in Melanoma Cells—Studies have demonstrated
that obesity promotes melanoma tumor growth (19, 20);
therefore, we established a DIO mouse model for the study.
We fed 5-week old male mice (C57BL/6) a high fat diet

(Research Diets) and fed control mice a comparable control
diet (Research Diets). After a 3-month dietary intervention,
the percentage increase in body weight (62.06 � 5.55% for
high fat diet-fed mice; 33.49 � 3.41% for control mice) (Fig.
1A) and the increase in white adipose tissues mass, but not
the brown adipose tissue mass (Fig. 1B), were significantly

FIGURE 1. Lipids and fatty acids in isolated adipocytes transferred to melanoma cells. Body weight (A) and adipose tissue mass (B) of the mice are shown.
EAT, epididymal adipose tissue; SAT, subcutaneous adipose tissue; RAT, perirenal adipose tissue; BAT, brown adipose tissue; CTL, control diet-fed mice; HFD,
high fat diet-fed mice. Shown is the mean � S.E. (n � 10 mice on each diet). *, p � 0.05 compared with control. Co-cultivation with the isolated adipocytes
increased Oil red O staining of lipid in B16F10 (C) and G361 and A375 (E) melanoma cells. D, transfer of fluorescently labeled fatty acid BODIPY� FLC16 from the
isolated adipocyte to B16F10 melanoma cells.

FIGURE 2. Co-cultivation with the isolated adipocytes increases phospho-Akt expressions in melanoma cells. Representative Western blot from
three individual experiments showing the expressions of phospho-Akt (Thr-308, Thr-450 and Ser-473) (A) and phospho-glycogen synthase kinase-3�/�
(GSK-3�/�) (B) in A375, G361, and B16F10 melanoma cells in monoculture or in co-culture. CD, co-cultured with adipocytes isolated from control diet-fed
mice; DIO, co-cultured with adipocytes isolated from DIO mice; lane 1, co-cultured with 1 � 105 adipocytes; lane 2, co-cultured with 2 � 105

adipocytes.
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higher in high fat diet-fed mice compared with control diet
(CD)-fed mice, suggesting that we have established a DIO
mouse model.

Because malignant melanoma grows in the anatomical vicin-
ity of subcutaneous adipose tissue (10), next we examined if
lipids in these adipocytes transferred to melanoma cells. We
dissected the inguinal adipose tissues from the DIO mice and
isolated the mature adipocytes from the inguinal adipose tis-
sues. We then co-cultured these isolated adipocytes with

mouse skin melanoma cells B16F10 in the transwell culture
system for 24 h as described under “Experimental Procedures.”
B16F10 cells grown in mono-cultures (in the absence of adi-
pocytes) were the controls. After 24 h we found that the co-cul-
tured B16F10 cells had an obvious increase in cytoplasmic lipid
droplet accumulation compared with the mono-cultured con-
trol cells as demonstrated by Oil Red O staining (Fig. 1C).
Because Oil Red O stains neutral lipids, the staining may also
recapitulate any transferred fatty acids such as palmitic acid,

FIGURE 3. Co-cultivation with the isolated adipocytes increases proliferation in melanoma cells via activation of Akt. A, sequences of mutated Akt
construct (T308A, T450A, and S473A). B, non-transfected, empty vector-transfected, wild-type Akt-transfected, and mutated Akt-transfected. D,
Akt-siRNA-transfected A375 cells. C, proliferation of A375 cells overexpressed with wild-type Akt or mutated Akt with or without knockdown of endogenous
Akt by Akt-specific siRNA (si). Control, empty vector-transfected cells; a, p � 0.05 compared with control; b, p � 0.05 compared with Akt-siRNA-transfected (si).
E, proliferation of A375 cells with or without overexpression of wild-type Akt or mutated Akt in monoculture or in co-culture; *, p � 0.05 compared with
monoculture. F, proliferation of A375 cells with Akt-siRNA transfected (si) or LY294002 (Ly) (15 �M) treatment in monoculture or in co-culture. DIO, co-cultured
with adipocytes isolated from DIO mice; CD, co-cultured with adipocytes isolated from control diet-fed mice. a, p � 0.05 compared with monoculture.
Proliferation of B16F10 cells (G) and HaCaT cells (H) in monoculture or in co-culture in the presence or absence of LY294002 (Ly) (15 �M). a, p � 0.05 compared
with control; b, p � 0.05 compared with co-culture. Shown are the mean � S.E. (n � 3 individual experiments; each experiment was done in triplicate.
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which can be incorporated into different lipid species including
the neutral lipids in melanoma (13). To examine if the lipid
accumulation in B16F10 cells was derived from the adipocytes
in the co-culture system, we co-cultured B16F10 cells with the
isolated adipocytes that had been loaded with fluorescently
labeled fatty acid BODIPY� FLC16. We found that there was
fluorescent BODIPY fatty acid FLC16 signal in these co-cul-
tured B16F10 cells, whereas mono-cultured B16F10 cells had
no fluorescent signal (Fig. 1D). The BODIPY fatty acid mimics
the properties of natural fatty acid and undergoes native-like
transport in cells (28). These data suggest the notion that these
adipocytes provide fatty acids to B16F10 melanoma cells. We
also co-cultured the isolated adipocytes with G361 and A375
cells that were derived from human malignant melanoma. As
shown in Fig. 1E, co-cultured G361 and A375 human mela-
noma cells had an obvious increase in cytoplasmic lipid droplet
accumulation compared with the mono-cultured control cells.
These results further suggest that lipids from the isolated adi-
pocytes can be transferred to melanoma cells in the co-culture
system.

Co-cultivation with Isolated Adipocytes Increases Phospho-
Akt Expressions in Melanoma Cells—Akt is a serine/threonine
kinase, also known as protein kinase B. Akt is a positive regula-
tor for melanoma cell proliferation and survival (29). It is
known that the carboxyl-terminal regulatory domain, also
referred as hydrophobic motif, contains a phosphorylation site
serine (Ser-473), whose phosphorylation is required for com-
plete activation of the kinase. Interestingly, we found that co-

cultivation with adipocytes (1 � 105 adipocytes) isolated from
DIO mice significantly increased Akt phosphorylation at Ser-
473 and Thr-450 but not at Thr-308, in A375, G361, and
B16F10 melanoma cells (Fig. 2A, lane 3). Co-cultivation with
more adipocytes (2 � 105 adipocytes) did not decrease or fur-
ther increase the phospho-Akt expressions in these cells (Fig.
2A, lane 4). Subcutaneous adipocytes isolated from CD-fed
mice also significantly increased the phospho-Akt (Ser-473)
expressions in these cells (Fig. 2A, lane 2), suggesting the up-
regulation of phospho-Akt in the co-cultured melanoma is not
specific to the adipocytes isolated from DIO mice. Moreover,
co-cultivation with adipocytes also reduced phospho-glycogen
synthase kinase 3 expressions in the melanoma cells (Fig. 2B).

Co-cultivation with Isolated Adipocytes Increases Melanoma
Cell Proliferation via Activation of Akt—Because co-cultivation
with adipocytes increased phospho-Akt (Ser-473 and Thr-450)
expressions (Fig. 2A), we next examined if the phosphorylated
Akt affected melanoma proliferation. We overexpressed wild-
type Akt construct or mutated-Akt construct (S473A or T450A
or T308A) (Fig. 3, A and B) in A375 melanoma cells. As shown
in Fig. 3C, both the wild-type Akt-transfected and the mutated
Akt-transfected A375 cells had a significant higher prolifera-
tion compared with empty vector-transfected control cells. To
further confirm the proliferative effects of the overexpressed
Akt, we knocked down endogenous Akt with Akt-specific
siRNA (Fig. 3D) in the melanoma cells before overexpressing
the AKT construct. We found that overexpression of wild-type
Akt and T308A significantly increased the proliferation in these

FIGURE 4. Co-cultivation with the isolated adipocytes changes lipid profile in B16F10 melanoma cells. A, base peak chromatogram in negative mode of
B16F10 melanoma samples. B, principle component analysis of B16F10 melanoma cells samples. C, expressions of ACC, fatty acid synthase (FAS), adipocyte
triglyceride lipase (ATGL), HSL, and the phosphorylated active form of HSL (p-HSL) (Ser-563) in B16F10 melanoma cells. D, proliferation of B16F10 or A375 cells
in monoculture or in co-culture with or without orlistat (Orl) (1 �M). *, p � 0.05 compared with monoculture. Shown are the mean � S.E. (n � 3 individual
experiments; each experiment was done in triplicate).
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cells (Fig. 3C). These results suggest that Akt activation
increases melanoma proliferation, and the Akt phosphoryla-
tion at Ser-473 and Thr-450 may play a relative important role.

Next, we examined if co-cultivation with adipocytes in-
creased melanoma proliferation via Akt activation. We found
that A375 cells that were overexpressed with Akt mutant
(S473A or T450A or T308A) did not significantly increase pro-
liferation after co-cultivation (Fig. 3E). Moreover, the increase
in proliferation after co-cultivation was reduced if the cells were
treated with Akt inhibitor LY294002 (15 �M) or with endoge-
nous Akt knockdown (Fig. 3F). Our results also suggest that
subcutaneous adipocytes isolated from CD-fed mice also
increase melanoma proliferation (Fig. 3F). The notion suggest-
ing that co-cultivation with adipocytes increases melanoma
proliferation via Akt activation was further demonstrated in
B16F10 cells. However, co-cultivation did not significantly
increase keratinocytes proliferation (Fig. 3H).

Co-cultivation with Isolated Adipocytes Increases Palmitic
Acid Levels in Melanoma Cells—Next, we found out if any lipid
species contributed to the enhanced proliferation of the co-cul-
tured melanoma cells by performing non-targeted lipidomics.
Interestingly, we found that B16F10 melanoma cells had an
altered lipid profile after co-culture with adipocytes isolated
from DIO mice. The base peak chromatograms were different
between these samples (Fig. 4A). Principle component analysis
also clustered these melanoma samples with three principle
components (Fig. 4B), suggesting the impact of the co-cultiva-
tion on melanoma lipid profiles. Fatty acids in these melanoma
cells were differentially modulated (supplemental Table 2).
Among all the identified fatty acids, palmitic acid levels was
increased and was further confirmed in target lipidomics
(Table 1) with hexadecanoic-15,15,16,16,16-d5 acid used as
internal standard (27). Adipocytes isolated from DIO mice or
CD-fed mice did not have a significant difference in the amount
of palmitic acid transferred to melanoma (Table 1). Besides, we
found that A375 melanoma cells and HaCaT keratinocytes also
had significant elevated palmitic acid levels after co-culture
with the isolated adipocytes (Table 1).

The increase in palmitic acid levels in the co-cultured mela-
noma was less likely due to an increase in de novo fatty acid
synthesis and/or lipolysis in melanoma because expression lev-
els of ACC), fatty acid synthase (FAS), adipocyte triglyceride
lipase (ATGL), HSL, and the phosphorylated active form of HSL
(p-HSL) in the melanoma cells were not significantly affected
after co-culturing with the isolated adipocytes (Fig. 4C). Indeed,
we also found that there was a significant increase in palmitic
acid level (Table 1) and proliferation (Fig. 4D) in the co-cul-
tured A375 and B16F10 melanoma cells in the presence of fatty
acid synthase inhibitor orlistat (1 �M) (30). A study clearly dem-
onstrated the translocation of deuterated palmitic acid from
adipocytes to cancer cells (2). Concordant with this study (2),
our data also suggest that palmitic acid is translocated from the
isolated adipocytes to melanoma cells and hence elevates the
palmitic acid level in the co-cultured melanoma. We suggest
that the isolated adipocytes may act as an exogenous source of
palmitic acid for the melanoma cells.

Palmitic Acid Stimulates Melanoma Cell Proliferation—
Because we showed that co-cultivation with adipocytes in-
creased cell proliferation and palmitic acid levels in melanoma,
we next examined whether palmitic acid influenced melanoma
cell proliferation. We treated B16F10 melanoma cells with dif-
ferent concentrations of palmitic acid, and we found that pal-
mitic acid (3–50 �M) significantly stimulated B16F10 cell pro-
liferation (Fig. 5, A and B) shortly 6 h after palmitic acid
incubation (Fig. 5A). We also examined the proliferative effect
of palmitic acid on human melanoma cells. Similarly, we found
that palmitic acid (3–50 �M) significantly stimulated A375 (Fig.
5, C and D) and G361 (Fig. 5, E and F) but not HaCaT (Fig. 5G)
cell proliferations.

A previous study showed that breast cancer cells that were
co-cultured with adipocytes in vitro exhibited a higher invasive
activity in vivo (21). To investigate if palmitic acid treatment
increased melanoma cell proliferation in vivo, we pretreated
A375 cells with palmitic acid (6 �M) before inoculating them
into C57 mice. Interestingly, we found that palmitic acid-pre-
treated A375 cells were grown to a significant larger tumor
compared with control A375 cells 5 days after inoculation (Fig.
5, H–J). These results suggest that palmitic acid increases mel-
anoma grow in vivo.

Palmitic Acid Increases Phospho-Akt Expression and Hence
Stimulates Proliferation in Melanoma Cells—Interestingly, we
also found that palmitic acid treatment increased the expres-
sion of phospho-Akt (Ser-473 and Thr-450) in A375, G361, and

TABLE 1
LC/MS-based targeted lipidomic analysis of palmitic acid levels in
B16F10 and A375 melanoma cells
Shown is the mean � S.E. (n � 5–7 individual experiments). *, p � 0.05 compared
to mono-culture. SA, subcutaneous adipocytes; Orl, orlistat (1 �m).
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B16F10 melanoma cells (Fig. 6A). More importantly, inhibition
of Akt with LY294002 (15 �M) (Fig. 6B) or knockdown of
endogenous Akt (Fig. 6C) significantly reduced the palmitic
acid-enhanced proliferation in the melanoma. Treatment of
Akt-overexpressed melanoma with LY294002 (15 �M) also sig-
nificantly reduced the palmitic acid-enhanced proliferation
(Fig. 6D). However, inhibition of extracellular signal-regulated
kinase (ERK) by U0126 (30 �M) did not reduce the palmitic
acid-stimulated proliferation in A375 (Fig. 6E) and B16F10 (Fig.
6F) melanoma cells. Inhibition of mitogen-activated protein
kinase kinase (MAPKK) by PD98509 (20 �M) reduced palmitic
acid-stimulated proliferation in A375 (Fig. 6E) and B16F10 (Fig.
6F) melanoma cells, although the reduction did not reach sta-
tistical significance. Further study is needed to investigate if
MAPK kinase is involved in the palmitic acid-stimulated pro-
liferation in melanoma cells.

To further suggest the involvement of Akt in the palmitic
acid proliferative effect, we overexpressed wild-type Akt or Akt
mutant (S473A or T450A or T308A) in A375 melanoma cells
before the palmitic acid (3–50 �M) challenge (Fig. 6G). We
found that the palmitic acid-stimulated proliferation was sig-
nificantly reduced in A375 cells that were overexpressed with
the Akt mutant such as T450A and S473A (Fig. 6, G and H).

We also found that palmitic acid increased PI3K expressions
in A375, G361, and B16F10 cells (Fig. 6I). However, phospho-
PTEN (Ser-370) expression was not significantly affected by the
palmitic acid treatment (Fig. 6J). These results suggest that pal-
mitic acid stimulates Akt phosphorylation by increasing PI3K
expression in a PTEN-independent manner. Other studies
showed that palmitic acid induced reactive oxygen species gen-
eration, which mediated a signaling cascade to simulate prolif-
eration (31) or to suppress cell viability (32) in a cell type-spe-
cific manner. Here, we found that palmitic acid (3–50 �M) did
not significantly induce reactive oxygen species production
in B16F10, A375, and G361 melanoma cells as indicated by
6-carboxy-2�,7�-dichlorofluorescein diacetate fluorescence
signal (data not shown), suggesting reactive oxygen species is
not involved in the palmitic acid-stimulated melanoma cell
proliferation.

We also examined the effects of palmitic acid on B16F10,
A375, and HaCaT cell cycle distribution. In control A375 mel-
anoma cells, the percentages of G0/G1, S, and G2/M phase cells
were 63.30 � 3.52, 20.30 � 0.41, and 12.90 � 1.06, respectively
(Table 2, top). LY294002 (15 �M) induced a G0/G1 cell cycle
arrest (Table 2, top). Interestingly, palmitic acid (6 �M) treat-
ment decreased the percentage of G0/G1 cells to 58.73 � 6.15
and significantly increased the G2/M phase cells to 20.47 � 4.55
(Table 2, top). The effect of palmitic acid on cell cycle distribu-
tion in melanoma cells is further suggested in B16F10 cells
(Table 2, middle). Interestingly, when Akt was inhibited by
LY294002 (15 �M), cell cycle distributions of the palmitic acid-
treated melanoma cells were altered.

In A375 melanoma cells the percentage of G0/G1 phase cells
significantly increased to 80.07 � 5.02, and the percentage of S
phase and G2/M phase cells significantly decreased to 9.07 �
3.51 and 8.60 � 1.94, respectively (Table 2, top). In the presence
of Akt inhibitor LY294002 (15 �M), the G0/G1 phase of the
palmitic acid-treated B16F10 cells also increased, whereas the
G2/M phase cells decreased (Table 2, middle). LY294002 (15
�M) also induced a G0/G1 cell cycle arrest in HaCaT cells (Table
2, bottom); however, palmitic acid treatment did not signifi-
cantly affect the cell cycle (Table 2, bottom).These data suggest
that palmitic acid via Akt activity affects melanoma cell cycle
distribution.

DISCUSSION

Adipocytes are known to release adipokines and cytokines to
promote tumorigenesis in a microenvironment (3). Indeed, the
unique and canonical function of adipocyte is to store triglyc-
eride and to release fatty acids for other tissues and organs (33).
Here, we found that lipids were transferred from the isolated
adipocytes to melanoma cells in a co-culture system. The co-
cultured melanoma cells had higher phospho-Akt (Ser-473 and
Thr-450) expressions and enhanced proliferation compared
with mono-cultured cells. These co-cultured melanoma cells
also had an elevated palmitic acid level. Interestingly, we found
that palmitic acid treatment significantly increased phospho-
Akt (Ser-473 and Thr-450) expressions, stimulated prolifera-
tion, and altered cell cycle distribution in melanoma cells. More
importantly, the proliferative effects of palmitic acid were
reduced by Akt inhibitor or knockdown of endogenous Akt or
overexpression of Akt mutants. Expression of PI3K, but not
phospho-PTEN, was also up-regulated by the palmitic acid
treatments. We also found that palmitic acid-pretreated
B16F10 cells were grown to a significant larger tumor after
inoculation in mice when compared with control cells. Taken
together, we suggest that the isolated adipocytes may be an
exogenous source of palmitic acid, which promotes melanoma
cell growth by activating Akt in a PTEN-independent manner.

PTEN plays an important role in the PI3K-Akt signaling
pathway because it opposes the action of PI3K by removing a
phosphate group from phosphatidylinositol 3,4,5-triphos-
phate. Fatty acids have been reported to regulate Akt activity in
a PTEN-dependent or -independent manner (34). For example,
in vascular endothelial cells, palmitic acid inhibited basal Akt
phosphorylation and insulin-stimulated Akt phosphorylation
by increasing PTEN transcription (35). In skeletal muscle cells,
controversial results were reported. A study showed that pal-
mitic acid reduced insulin-stimulated phosphorylation of Akt
(36), and another study showed that palmitic acid stimulated
Akt phosphorylation (37). However, how palmitic acid affects
Akt activity in skeletal muscle is still unknown (37). Here, we
suggest that palmitic acid stimulates Akt activation in mela-

FIGURE 5. Palmitic acid stimulates melanoma cell proliferation. Proliferation of B16F10 (A and B), A375 (C and D), and G361 (E and F) melanoma cells and
HaCaT (G) keratinocytes after incubating with palmitic acid at the indicated concentrations for 6 or 24 h. *, p � 0.05 compared with control. Shown are the
mean � S.E. (n � 3 individual experiments; each experiment was done in triplicate). Shown is tumor induction in C57 mice with control B16F10 cells or palmitic
acid-treated (6 �M) B16F10 cells (H and J) and weight of tumors in these mice (I). *, p � 0.05 compared with control. Shown are the mean � S.E. (n � 3– 4 mice
in each group).
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noma by increasing PI3K expression in a PTEN-independent
manner.

In the cancer cells, lipids or fatty acids can be derived from
the enhanced de novo fatty acid synthesis pathways, from diet,
or from the lipid-transfer from neighboring adipocytes. It has
been known that cancers have altered metabolic activity.
Among all the altered metabolic pathways in cancers, the
enhanced de novo fatty acid synthesis or the development of
“lipogenic” phenotype plays an important role in cancers. The
fatty acid synthesis pathway is activated in various types of can-
cers, and inhibition of fatty acid synthase induces apoptosis in
the cancers (26, 38), although the underlying mechanism is not
well defined. Interestingly, palmitate supplementation was able
to rescue the cancer cells from the apoptotic effects of the fatty
acid synthase pathway inhibition (39 – 41). In melanoma,
reducing endogenous palmitic acid/fatty acid levels by inacti-
vating lipolytic enzyme monoacylglycerol lipase (42) or by
inhibiting fatty acid synthase activity (43) causes tumorigenic
impairments. Interestingly, these melanoma cells can uptake,
incorporate, and utilize the exogenous palmitic acid to fuel the
cancer cells pathogenicity, reduce, or reverse the impairments
(13, 42). Besides melanoma, other cancers such as breast cancer
cells, prostate cancer cells, and ovarian carcinoma cells can also
incorporate and utilize exogenous palmitic acid to fuel the can-
cer cells pathogenicity (13). We focused on melanoma cells in
this study because malignant melanoma grows in the anatom-
ical vicinity of subcutaneous adipose tissue (10), which may
serve as an exogenous source of the fatty acids to the cancer
cells. Indeed, we showed that co-culture with subcutaneous
adipocytes enhanced melanoma proliferation. Interestingly, we
found that palmitic acid was also transferred from subcutane-

ous adipocytes to keratinocyte cells in a co-culture system
(Table 1). However, co-cultivation with adipocytes (Fig. 3H) or
exogenous addition of palmitic acid (Fig. 5G) did not signifi-
cantly increase keratinocyte proliferation, suggesting the trans-
ferred palmitic acid has other functional roles in keratinocytes,
which awaits further investigation. Our study clearly demon-
strated that the co-cultured melanoma cells had enhanced lev-
els of palmitic acid, which promotes melanoma cell growth by
activating Akt. Our data not only suggest one of the pathologi-
cal effects of adipocytes on melanoma cell growth in the tumor
microenvironment but also suggest that limiting an exogenous
supply of palmitic acid to melanoma may be a potential thera-
peutic strategy because it may help to inhibit melanoma cell
proliferation and hence reduce tumor size or increase life
expectancy, which can be used as a parameter to calculate the
therapeutic index.

Indeed, tumorigenesis involves constant communication
between tumor cells and neighboring cells such as macro-
phages (44) and/or adipocytes. The roles of adipocytes in a
tumor microenvironment are receiving attention recently
because of the revealed correlations between obesity and can-
cer growth and cancer risk (45). It is believed that adipocytes
participate in a complex interplay with cancer cells and pro-
mote the tumor progression as demonstrated in many in vitro
co-culture systems (15, 46, 47). For example, co-cultivation
with ovarian cancer cells induces lipolysis in adipocytes and
further provides fatty acids for rapid cancer growth (1). The
study also demonstrates that exogenous fatty acids play an
important role in tumor growth.

Palmitic acid is a saturated fatty acid and is known to have
detrimental effects in cells. However, we suggest that palmitic

FIGURE 6. Palmitic acid activates Akt and hence stimulates melanoma cell proliferation. A, representative Western blot from three individual experiments
showing the expressions of phospho-Akt (Thr-308, Thr-450, and Ser-473) in A375, G361, and B16F10 cells incubated with palmitic acid at the indicated
concentrations. Proliferation of A375 cells with LY294002 (Ly) (15 �M) (B) treatment or with endogenous Akt knockdown (C) by Akt-siRNA transfection,
incubated with palmitic acid at the indicated concentration. D, proliferation of Akt-overexpressed A375 cells incubated with palmitic acid at the indicated
concentrations in the presence of LY294002 (Ly) (15 �M). Control, empty vector-transfected cells. *, p � 0.05 compared with Akt-overexpressed cells without
palmitic acid treatment. Shown is proliferation of A375 cells (E) and B16F10 cells (F) incubated with palmitic acid (PA) (6 �M) in the presence or absence of
LY294002 (Ly) (15 �M) or PD98509 (PD) (20 �M) or U0126 (U) (30 �M). *, p � 0.05 compared with control. A375 cells were overexpressed with wild-type Akt or
Akt mutant, proliferation (G), and percentage of increase in proliferation of these cells (H). Control, empty vector-transfected cells. *, p � 0.05 compared with
control; **, p � 0.01 compared with control. Shown are the mean � S.E. (n � 3–7 individual experiments; each experiment was done in triplicate). Represent-
ative Western blot from three individual experiments showing the expressions of PI3K (I) and phospho-PTEN (Ser-370) (J) in melanoma cells incubated with
palmitic acid at the indicated concentrations.

TABLE 2
Cell cycle distributions in melanoma cells
The percentage of G0/G1, S, and G2/M phase cells are shown as indicated and presented as the mean � S.E. (n � 3– 6 individual experiments, each experiment was done
in triplicate). Cells were incubated with or without palmitic acid (6 �M) in the presence or absence of LY294002 (Ly) (15 �M) for 24 h. Cell cycle distribution determined
using Modfit software Version 3.1.

Cell Cycle Control Control � Ly Palmitic acid Palmitic acid � Ly

% % %
A375 melanoma cells

G0/G1 63.30 � 3.52 74.71 � 7.53 58.73 � 6.15 80.07 � 5.02a
S 20.30 � 0.41 23.04 � 7.41 19.97 � 3.24 9.07 � 3.51a
G2/M 12.90 � 1.06 2.25 � 0.20b 20.47 � 4.55b 8.60 � 1.94a

B16F10 melanoma cells
G0/G1 67.59 � 2.65 74.70 � 1.92 63.35 � 3.07 66.77 � 4.98
S 17.15 � 3.39 13.07 � 0.64 16.30 � 0.16 17.23 � 3.47
G2/M 14.55 � 0.69 8.80 � 0.40b 19.25 � 2.32 13.5 � 2.33

HaCaT keratinocyte cells
G0/G1 52.73 � 4.00 78.83 � 3.12b 55.53 � 2.66 60.60 � 8.45
S 25.57 � 1.02 10.67 � 0.87 20.20 � 4.77 22.43 � 3.53
G2/M 20.20 � 2.42 7.27 � 1.47b 19.20 � 0.31 12.07 � 2.98

a �0.05 compared to palmitic acid treatment.
b �0.05 compared to control.
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acid has dual roles in promoting cell growth and inducing cell
death. For example, palmitic acid promoted astrocytogenesis in
the differentiated neural stem cells (32) and also stimulated
hepatocyte proliferation (31). In our study melanoma co-cul-
tured with adipocytes in the presence or absence of orlistat had
increased proliferation and elevated palmitic acid that was
found to promote melanoma cell proliferation. In cancer, mito-
chondria are required to restore the cytoplasmic pools of
NAD� through the malate-aspartate shuttle to support the
high glycolytic flux of cancer cells (46), and recent evidence
demonstrates that many cancer cells still have intact mitochon-
dria and retain the capacity for normal mitochondrial metabo-
lism (47, 48). Further studies are needed to suggest if the sup-
plemented palmitic acid at 3–50 �M concentrations or at a
higher concentration will be transported to mitochondria and
help to restore the cytoplasmic pool of NAD� to support the
high glycolytic rate in the melanoma cells.

Increased activation of the PI3K/Akt pathway is found in up
to 70% of melanomas (29, 49). Akt signaling has been reported
to regulate melanoma cell survival, migration, and metastasis
and contribute to melanoma chemoresistance to therapy (29,
49). Recently, it is reported that Akt in human cancer induced
the glycolytic phenotype in cancer cells by phosphorylating
hexokinase II to increase its association with voltage-depen-
dent anion channel on the mitochondrial outer membrane (50).
The actions of Akt render the cancer cell dependent on the
availability of glucose for survival (50). Our study suggests pal-
mitic acid is transferred from adipocytes and activates Akt in
melanoma cells. However, whether the palmitic acid-activated
Akt plays a role to induce glycolytic phenotype in melanoma
awaits further investigation.

In conclusion, our study suggests that the isolated adipocytes
may be an exogenous supply of palmitic acid that promotes
melanoma cell growth via activation of Akt. These findings sug-
gest a pathogenic role of adipocytes in melanoma growth in a
microenvironment and also imply that targeting the supply of
palmitic acid from adipocytes to melanoma may be an alternate
and a direct strategy to combat malignant melanoma.
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