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Energy transfer from adipocytes to cancer cells in breast cancer
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Limitations of the current therapeutic approach have raised the need for a novel therapeutic agent in breast cancer.
Recently, interest in drugs targeting the tumor microenvironment (TME) had drawn attention in the treatment of breast
cancer. Furthermore, recent studies have suggested the role of adipocytes, which are part of the TME, in tumor initiation,
growth, and metastasis. In this study, we investigated the metabolic interaction between adipocytes and breast cancer cells
and its potential as a new therapeutic target in breast cancer. Breast cancer cell lines and human breast cancer tissue samples
were evaluated. Compared to cancer cells cultured alone, or the control group, those co-cultured with adipocytes showed
lipid transfer from adipocytes to cancer cells and it was different according to the molecular subtype of breast cancer. Breast
cancer cells affected the lipolysis of adipocytes and adipocytes affected the B-oxidation of breast cancer cells. The key molecule
of the process was fatty acid binding protein 4 (FABP4), which is combined with free fatty acid (FFA) and supports its migra-
tion to cancer cells. When FABP4 was suppressed, lipid transfer between adipocytes and cancer cells, lipolysis of adipocytes,
and PB-oxidation of breast cancer cells were reduced. Furthermore, the expression of lipid metabolism-related proteins and
lipolysis-related proteins in breast cancer with adipose stroma showed significantly different expression according to the
region of breast cancer tissue. Taken together, we demonstrated the metabolic interaction between adipocytes and breast
cancer cells. Breast cancer cells increase the lipolysis in adipocytes and produce a fatty acid, and fatty acid enters into cancer
cells. Also, adipocytes contribute to the survival and growth of cancer cells through increased mitochondrial -oxidation by
using fatty acid from adipocytes. The key molecule of the process is FABP4 and when FABP4 is suppressed, the metabolic
interaction is reduced, suggesting its role as a potential therapeutic target.
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Breast cancer is the most common type of cancer in
women worldwide. Approximately 1.2 million cases of
breast cancer are diagnosed annually. However, due to the
large heterogeneity of the disease, no single established treat-
ment yet exists. Even though the introduction of hormonal
therapy based on the estrogen receptor (ER) or proges-
terone receptor (PR) status or target therapy according to the
human epidermal growth factor type 2 (HER-2) status led
to an advance in the treatment of breast cancer, up to 20%
of patients eventually experience disease progression and
even death [1]. Furthermore, triple negative breast cancer
(TNBC), which shows negative ER, PR, and HER-2 expres-
sion is associated with extremely poor prognosis as effec-
tive targeted therapy is not available [2]. Limitations of the
current therapeutic approach raised the needs for a novel
therapeutic agent and recently, targeting the tumor micro-
environment (TME), not the tumor itself, has evolved as a

candidate of the therapeutic target. Unlike tumor cells, the
TME includes the peritumoral element present in the region
surrounding the tumor, immune system elements (such as
macrophages and lymphocytes), blood vessel cells, fibro-
blasts, myofibroblasts, mesenchymal stem cells, adipocytes,
and extracellular matrix.

In general, breast cancer is one of the tumors with various
types of the stroma. Classifying breast cancer into two, one
is fibrous stroma consisting of the extracellular matrix such
as fibroblast and collagen, and the other is adipose stroma
consisting of adipocytes. Normally, volume constituted by
adipocytes in the entire breast is 7-56% and are accounted
for 3.6-37.6% of the entire breast weight [3], and it accounts
for the major component in breast cancer [4, 5]. However,
TME studies in breast cancer were mainly performed only
in the fibrous stroma, especially cancer-associated fibroblast
(CAF) [6-9]. It is known that cancer cells and stroma interact
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in diverse ways so the interaction between cancer cells and
stroma in the respect of metabolism is well assumed. Reverse
Warburg effect is one of the well-known theories explaining
the metabolic interaction between cancer cells and fibrous
stroma in breast cancer. Briefly, the theory assists that breast
cancer cells produce reactive oxygen species such as a nitric
oxide to place oxidative stress on stromal cells so that HIF-1a
and NFxB lead glycolysis, autophagy, and mitochondria
dysfunction in stromal cells. Ketone bodies and lactates
gained through the glycolysis in stromal cells enter cancer
cells to efficiently produce adenosine triphosphate with
oxidative phosphorylation in mitochondria, and in the end,
contribute to the survival and growth of cancer cells. The
theory exemplifies such stromal cells with CAF without the
expression of caveolin-1 [10-13].

However, not only CAF but also the role of adipocyte in
tumor initiation, growth, and metastasis has been reported.
The role of adipocyte in tumorigenesis is referred as “adipon-
cosis” [14], and in a study of ovary cancer, lipolysis in adipo-
cytes, and mitochondrial B-oxidation in cancer cells by the
lipid transfer and the interaction between ovary cancer
cells and omental adipocytes were reported in ovary cancer
with metastasis to omentum [15]. In short, free fatty acid
(FFA) is released from the nearby omental adipocytes and
it is uptaken by metastatic cancer cells to become a substrate
of mitochondrial -oxidation. Based on the finding of this
study, in vitro and in vivo studies in breast cancer showed
that adipocyte enhances tumor growth [16, 17] or cancer
cell proliferation [17, 18]. Furthermore, one study showed by
using a breast cancer cell line MCF-7, that insulin like growth
factor binding protein 2 secretion by adipocyte stimu-
lates breast cancer invasion [19]. Compared to the reverse
Warburg effect between breast cancer and fibrous stroma,
this theory insists that the stromal cells provide another type
of energy, FFA in this case, for the growth of cancer cells [15].
Reverse Warburg effect well explains the metabolic interac-
tion between breast cancer and fibrous stroma. However, the
interaction between breast cancer and adipose stroma, which
is the other important component of breast cancer stroma,
is not yet studied sufficiently. Therefore, in this study, we
investigated the metabolic interaction between adipocytes
and breast cancer cells and its potential as a new therapeutic
target in breast cancer.

Materials and methods

Culture and treatment of breast cancer cell lines.
MDA-MB-453 (HTB-131), MDA-MB-435S (HTB-129),
MDA-MB-231 (CRM-HTB-26), MDA-MB-468 (30-4500K),
and MCEF-7 (HTB-22) cells were purchased from the
American Type Culture Collection (ATCC, Rockville, MD,
USA). The general information about breast cancer cell
lines used in this study is shown in Table S1. MDA-MB-
453, MDA-MB-435S, MDA-MB-231, and MDA-MB-468
cells were grown in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% FBS, 1% penicillin-strep-
tomycin (Hyclone) in a humidified of 5% CO, atmosphere.
MCEF-7 cells were cultured in DMEM with no phenol red
(Life Technology, Grand Island, NY, USA) supplemented
with 10% FBS, 1% penicillin-streptomycin, and 0.1 mg/ml
insulin.

Human breast cancer tissue selection. We included
only those patients diagnosed with invasive breast cancer
and underwent breast cancer surgery at Severance Hospital.
Patients who received hormonal therapy or chemotherapy
prior to surgery were excluded. This study was approved by
the Institutional Review Board of Yonsei University Sever-
ance Hospital. All slides were retrospectively reviewed by a
breast pathologist (Koo JS) and histological evaluation was
conducted by hematoxylin and eosin (H&E) stained slides.
The histological grade was assessed using the Nottingham
grading system. Clinicopathological parameters evaluated in
each breast cancer included patient age at initial diagnosis,
lymph node metastasis, tumor recurrence, distant metastasis,
and patient’s survival.

Differentiation of 3T3-L1 cells to mature adipocytes.
3T3-L1 preadipocytes were purchased from the American
Type Culture Collection (ATCC, Rockville, MD, USA; Cat
no. CL-173). Cells were maintained in DMEM containing
10% fetal calf serum (Life Technology) until adipocyte
differentiation. 3T3-L1 preadipocyte cell line was differenti-
ated as previously reported [20]. To confirm mature adipo-
cyte differentiation, Oil Red O staining was conducted, and
immunoblotting was performed with antibodies for adipo-
genesis markers. Fatty acid binding protein 4 (FABP4) inhib-
itor (BMS309403) was purchased from Cayman Chemical
and in the experiments used at 30 mM for the indicated time.

Co-culture of breast cancer cells with mature adipocytes.
Breast cancer cells and mature adipocytes were co-cultured
using Costar Transwell culture vessels (0.4 mm pore size,
Corning, NY, USA) for the indicated time. Breast cancer cells
were seeded in the upper chamber and co-cultured with or
without mature adipocytes at day 10 after the induction of
differentiation in the lower chamber.

Cell proliferation test. To test cell proliferation, breast
cancer cell lines were co-cultured with or without mature
adipocytes for 48 h, trypsinized, and stained with 0.4%
Trypan blue stain solution (Life Technology). Viable cells
were counted using a hemocytometer by a least three indif-
ferent experiments.

Immunocytochemistry and confocal microscopy. Breast
cancer cells were seeded on the coverslips and cultured with
or without mature adipocytes. After 2 days of co-culture,
cells were fixed with 4% paraformaldehyde for 20 min and
permeabilized with 0.2% Triton X-100 for 10 min at room
temperature, then washed with PBS. The cells were incubated
in blocking solution (5% normal donkey serum in PBS) for
1 h and then incubated with the primary antibody in PBS for
1 h 30 min at room temperature. After washing with PBS-T
(PBS containing 0.1% Tween-20), the cells were incubated
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with a second antibody conjugated with a fluorescent dye
for 1 h at room temperature. The cells were counterstained
with Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) and
mounted on slides with mounting medium (Dako, Glostrup,
Denmark). Images were acquired under an LSM 700 META
confocal laser scanning microscope equipped with epifluo-
rescence and a digital image analyzer (Carl Zeiss, Zena,
Germany). Z-stacked images were acquired at 400x magni-
fication.

Quantitative real-time polymerase chain reaction
(qQRT-PCR). Total RNA of cultured cells was isolated using
the RNeasy Mini Kit according to the manufacturer’s instruc-
tions (Qiagen, Valencia, CA). Real-time PCR was performed
using the One Step SYBR PrimeScript™ RT-PCR Kit (Takara
Shuzo Co, Japan) according to the manufacturer’s instruc-
tions. The relative mRNA expression levels of target gene
were normalized to the housekeeping gene GAPDH (glycer-
aldehyde 3-phosphate dehydrogenase). All primers of the
target genes were designed using Primer 3 software. Primer
sequences are described in Table S2.

Immunoblotting. The cells were harvested and lysed
in RIPA buffer (50 mM Tris-HCI pH7.4, 1% NP-40, 0.25%
Na deoxycholate, 150 mM NaCl, 1 mM EDTA, 0.1% SDS)
containing protease inhibitors. Cellular lysates were centri-
fuged at 13,000xg for 15 min at 4°C. The protein concen-
tration of each cell lysate was measured via the BCA assay
(Thermo-Scientific), and an equal amount of protein from
each sample extract was separated on SDS-PAGE gels and
blotted onto nitrocellulose membranes (Bio-Rad). Western
blots were performed as previously described [21], and
specific bands were detected using the ECL solution kit (GE
Healthcare Life Sciences).

Tissue microarray. On H&E-stained slides of cancers,
a representative area was selected, and a corresponding
spot was marked on the surface of the paraffin block. Using
a biopsy needle, the selected area was punched out and
a 3mm tissue core was placed into a 6x5 recipient block. The
tissue of invasive cancer was extracted. Two tissue cores were
extracted to minimize extraction bias. Each tissue core was
assigned with a unique tissue microarray location number
that was linked to a database containing other clinicopatho-
logic data.

Immunohistochemistry. The antibodies used for
immunohistochemistry (IHC) in this study are shown in
Table S3. All THC staining was conducted using FFPE tissue
sections. Briefly, 5 pm-thick sections were obtained with
a microtome, transferred into adhesive slides, and dried
at 62°C for 30 minutes. After incubation with primary
antibodies, immunodetection was performed with biotinyl-
ated antimouse immunoglobulin, followed by peroxidase-
labeled streptavidin using a labeled streptavidin biotin kit
with 3,3’-diaminobenzidine chromogen as substrate. The
primary antibody incubation step was omitted in the negative
control. Slides were counterstained with Harris hematoxylin.
All THC markers were accessed by light microscopy.

Protein extraction from formalin-fixed, paraffin-
embedded tissues, and western blot. Protein extractions
from FFPE tissues were performed using the Qproteome
FFPE tissue kit (Qiagen, Hilden, Germany). Briefly, two
or three sections from the same block were deparaffinized
in xylene and rehydrated in graded series of alcohol. The
tissues were mixed with FFPE extraction buffer containing
B-mercaptoethanol, incubated at 100°C for 20 min, at 80°C
for 2 h with agitation at 750 rpm and then centrifuged for
15 min at 14,000xg at 4°C. The supernatant containing the
extracted proteins were determined by the Bradford assay
(Bio-Rad Laboratories, Hercules, CA). An equal amount
of protein from each sample extract was separated on
SDS-PAGE gels and blotted onto nitrocellulose membranes
(Bio-Rad). Western blotting was performed with primary
antibodies against PLIN1 (perilipin-1), CPT1A (carnitine
palmitoyltransferase 1A), HSL (hormone-sensitive lipase),
FABP4, FAS (fatty acid synthase), and (-actin (Abcam,
Cambridge, UK), and specific bands were detected using
the enhanced chemiluminescence kit (GE Healthcare Life
Sciences, Little Chalfont, UK).

Results

Selection and induction of differentiation of adipocytes,
which would be co-cultured with breast cancer cells. The
adipocytes, which would be co-cultured with breast cancer
cells, were classified into two groups: primary adipocyte (RM,
reduction mammoplasty; TU, tumorectomy) and adipocyte
cell line (3T3-L1, 3T3-F442A), and cultured. As a result, the
3T3-L1 adipocyte cell line was selected on account of the
relatively long period of subculture and good reproducibility.
Three to 14 days after the induction of 3T3-L1 differentiation
by treatment with insulin, dexamethasone, and 3-isobutyl-1-
methylxanthine, the differentiation to mature adipocyte was
confirmed with Oil Red O staining and western blotting. In
this study, adipocytes were used 10 days after the induction
of differentiation.

Lipid transfer from adipocytes to cancer cells according
to the breast cancer molecular subtypes. In this study,
breast cancer cells were co-cultured with adipocytes by an
indirect method using a Transwell. Lipid transfer from adipo-
cytes to cancer cells according to the molecular subtypes of
breast cancer was analyzed by Bodipy 493/503, which stains
neutral fat. Compared to cancer cells cultured alone, or the
control group, those co-cultured with adipocytes produced
more neutral fat (Figure 1A). Compare to the control group,
MDA-MB-231 cells about 12 times or more, MDA-MB-435S
cells about 4-5 times or more, and MCF-7 and MDA-MB-
453 cells about 2-3.6 times or more frequently showed
lipid transfer. Therefore, the more frequent lipid transfer
takes place in triple negative breast cancer (TNBC) cells
(Figure 1B). Furthermore, cell growth was faster when
cancer cells co-cultured with adipocytes than when cultured
alone (Figure 1C).



ENERGY TRANSFER IN BREAST CANCER

995

A MCF-7 453
>
H
(<]
5
o
E
©
0 .
o
B4 BODIPY 493/503
]
o
o
2
<
+
o3
o
c
©
(8]
O Cancer only W Co-culture
50 *%k *%k
g
2 40
[0} 8 *k
2830 = i
58
a3 € 20
22
S 10
o
0
MCF7 453 435s 231 468

4358

231 468

C

0O Canceronly @ Co-culture
160% . .

‘“"HFH

% of cell proliferation

0%

MCF-7 453 435S 231 468

Figure 1. A, B) Co-culture of breast cancer cells with mature adipocytes induces lipid transfer into breast cancer cells. Breast cancer cells were grown
on coverslips and co-cultivated with or without mature adipocytes (day 10) for 48 h. The cells were fixed and stained with BODIPY 493/503 (green).
Images were acquired under a confocal microscope (A) and relative fluorescence was quantified by Image]J (B), scale bar: 20 um. C) Five subtypes of
breast cancer cells were co-cultured with mature adipocytes for 48 h and stained with Trypan blue. Viable cells were counted using a hemocytometer.
Bars represent the mean + S.D. of three independent experiments, **p<0.01, *p<0.05.

The origin of lipids located in breast cancer cells. After
the uptake of fluorescent dodecanoic acid analog in adipo-
cytes using Fatty acid uptake assay kit (Molecular Device,
CA, USA), adipocytes with fluorescently labeled lipids were
co-cultured with breast cancer cells. We took the fluores-
cent image from cancer cells by a confocal microscope. As a
result, it was confirmed that the fluorescent signal increased
in cancer cells (Figure S1A). The signal from 4 cells excluding
MDA-MB-453 cells was highly increased about 5-11 times,
and that from MDA-MB-231 cells proved the largest
augmentation (11.26 times) similar to that in lipid transfer
(Figure S1B).

The effect of breast cancer cells on the lipolysis of adipo-
cytes according to the breast cancer molecular subtypes.
In the results shown above, FFAs derived from adipocytes
were increased when breast cancer cells were co-cultured
with adipocytes. It suggests the possibility that triglycerides
stored in adipocytes were hydrolyzed into FFAs and glycerol.
Therefore, we compared the amount of FFAs and glycerol
with the Lipolysis assay kit (Zenbio, NC, USA) of two groups:
adipocytes cultured alone (the control group) and adipocytes
separated after co-culture with breast cancer cells according
to the molecular subtypes. As a result, the amount of FFAs
and glycerol was higher in the group co-cultured cancer cells
with adipocytes than that of each group cultured cancer cells
alone or adipocytes alone (Figures 2A, 2B).

For the lipolysis in adipocytes to take place, the activa-
tion of B-adrenergic receptor stimulation and G protein-
coupled cascade leading the phosphorylation of HSL and
PLIN1, and consequent hydrolysis of triglyceride is neces-
sary. Therefore, we analyzed the difference of phosphoryla-
tion of HSL between adipocytes cultured alone and of those
separated after co-culture with breast cancer cells. Conse-
quently, it was confirmed that a significant increase in the
phosphorylation of HSL is shown in adipocytes co-cultured
with cancer cells from cell lines except for MDA-MB-453
cells (Figures 2C, 2D).

The effect of adipocytes on the p-oxidation of breast
cancer cells. Because the lipolysis in adipocytes was
increased compared to that in adipocytes co-cultured with
breast cancer cells, we investigated the metabolic changes
in cancer cells. AMP-activated protein kinase (AMPK) is
a kinase playing the role of a switch of the main metabo-
lism. When AMPK is phosphorylated, the phosphoryla-
tion of acetyl-CoA carboxylase as the sub-step of AMPK
phosphorylation takes place. As a result, CPT1a transports
the fatty acid into the mitochondria, and B-oxidation will
occur. Thus, we compared AMPK phosphorylation of two
groups (breast cancer cells cultured alone, and breast cancer
cells separated after co-culture with adipocytes) to analyze
the effect of adipocytes on B-oxidation of breast cancer cells.
It was confirmed that AMPK phosphorylation was signifi-
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Figure 2. The co-culture of breast cancer cells with mature adipocytes enhances lipolysis in adipocytes. A) Free fatty acids and B) glycerol were detected
by lipolysis assay in mature adipocytes. C) Adipocytes were co-cultured with or without breast cancer cells for 48 h and then performed by immunob-
lotting with the indicated antibodies. D) Phosphorylated HSL (pHSL, Ser660) was quantified by Image]. Columns represent the mean + S.D. of three

independent experiments, **p<0.01, *p<0.05.

cantly increased in cancer cells co-cultured with adipocytes
(Figures 3A, 3B). In addition, the difference of CPT1a and
acyl-CoA oxidase 1 (ACOXI1) protein expression level in
cancer cells co-cultured with adipocytes was investigated
with western blotting. As a result, CPT1a protein expres-
sion level was evidently increased in MDA-MB-435S cells.
However, the level was not increased in other breast cancer
cell lines and ACOX1 protein expression level showed no
significant difference in cancer cells co-cultured with adipo-
cytes compared to that in the control group (Figure 3C).
In consequence, we analyzed CPTla and ACOX1 mRNA
expression level and identified that CPTla and ACOXI
mRNA expression level, which showed an increase in
MDA-MB-435S and MDA-MB-231 cells co-cultured with
adipocytes (Figure 3D). In MCEF-7 cells, the mRNA and
protein expression level of CPTla and mRNA was not
correlated to the presence of co-cultured adipocytes, but
there was a notable different staining pattern with confocal
microscopy. When cancer cells cultured alone, CPT1a was
distributed over the whole cell. On the other hand, it was
accumulated in a specific area in the cancer cells co-cultured
with adipocytes. Also, ACOX1 showed a similar pattern
with CPT1a and the fluorescence signal was increased in
cancer cells co-cultured with adipocytes. In MDA-MB-435S
cells, CPT1a was accumulated in a specific area within the
cells (Figure 3E).

Co-culture of adipocyte and normal breast cell line. To
confirm that these results were specific to the breast cancer
cell line, we co-cultured a normal breast cell line, MCF10A
mammary epithelial cell line with adipocytes. Afterward,
lipid transfer and p-oxidation were evaluated by isolating
MCF10A. Lipid transfer was not noticeable in MCF10A
co-cultured with adipocytes as well as MCF10A cultured
alone (Figure S2A). In addition, MCF10A showed no changes
in the expression of CPT1la, ACOX1, and pAMPK regard-
less of co-culture with adipocytes (Figure S2B), showing that
adipocytes do not affect -oxidation of a normal breast cell
line, MCF10A. These findings suggest that the metabolic
interaction between adipocytes and breast cancer cells is
specific to breast cancer line, and in further experiments, the
MCF10A cell line was used as a negative control.

The expression of FABP4 in breast cancer cell lines.
The expression of FABP4 in various breast cancer cell lines
was examined. As a result, all breast cancer cell lines showed
higher expression in the case of cancer cells co-cultured with
adipocytes than those cultured alone (Figures S3A, S3C). The
FABP4 mRNA level was higher in cancer cells co-cultured
with adipocytes than those cultured alone in MCEF-7,
MDA-MB-453, and MDA-MB-468 (Figure S3B).

Inhibition of FABP4 expression in adipocytes using
FABP4 inhibitor. FABP4 inhibitor (BMS309403) was used to
inhibit the expression of FABP4. Incubation of FABP4 inhib-
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Figure 3. During co-culture, adipocytes activate f-oxidation in cancer cells. A, B) Five subtypes of breast cancer cells were co-cultured with mature
adipocytes for 48 h. Phosphorylation of AMPK was determined by immunoblotting (A) and relative band intensity was quantified by Image]J (B). C)
The expression of CPT1a and ACOX1 was detected by immunoblotting. D) Relative mRNA expression of CPT1a and ACOX1 was analyzed by real-time
PCR. E) Co-culture with adipocytes had concentrated expression of CPT1a and ACOX1 in MCF7 and increased CPT1a expression in MDA-MB-435s
cells, scale bar: 100 um. Columns represent the mean + S.D. of three independent experiments, **p<0.01, *p<0.05.

itor during 3T3-L1 adipocyte differentiation was performed
in different conditions (data not shown), and the expression
of FABP4 was significantly inhibited when 30 mM of FABP4
inhibitor was administered on day 6 (Figure S4A). Adipocyte
that was used for co-culture in this study was mature adipo-
cyte, which was on day 10 after differentiation. As FABP4
inhibitor, which was administered on day 6 should suppress
FABP4 expression until day 12, we evaluated the expression
of FABP4 on day 10, 11, 12, and 13 after administration of
FABP4 on day 6. Our result showed that from day 10 to day
12, FABP4 and PLIN1 expression was reduced (Figure S4B),
and Oil Red O staining also showed that lipid droplet within
the adipocyte was significantly reduced (Figure S4C).

The effect of FABP4 inhibition on lipid transfer between
adipocytes and cancer cells. The change of lipid transfer
from adipocytes to cancer cells after the FABP4 inhibitor
injection was studied. As a result, lipid transfer to all breast

cancer cells except for normal breast cells was reduced in the
case with FABP4 inhibitor injection than in the case without
FABP4 inhibitor injection (Figures 4A, 4B).

The effect of FABP4 inhibition on lipolysis of adipo-
cytes co-cultured with breast cancer cells. The effect of
FABP4 inhibition on lipolysis of adipocytes co-cultured with
breast cancer cells was examined. As a result, the amount of
FFAs and glycerol was reduced in the case with FABP4 injec-
tion than in the case without FABP4 injection. The Lipolysis
assay kit was used for the measurement (Figures 4C, 4D).
The expression of pHSL, HSL, and PLIN1 was reduced in the
case with FABP4 injection than in the case without FABP4
injection in adipocytes co-cultured with breast cancer cells
(Figure 4E).

The effect of FABP4 inhibition on the B-oxidation of
breast cancer cells co-cultured with adipocytes. The effect
of FABP4 inhibition on the -oxidation of breast cancer cells
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co-cultured with adipocytes was examined. As a result, the
expression of pAMPK was reduced in the case with FABP4
injection than in the case without FABP4 injection in
MDA-MB-435S and MDA-MB-231 (Figure 4F). The CPT1a
mRNA level was reduced in the case with FABP4 injection
than in the case without FABP4 injection in MDA-MB-
435S, MDA-MB-231, and MDA-MB-468 (Figure 4G). The
ACOX1 mRNA level was reduced in the case with FABP4
injection than in the case without FABP4 injection in MCF-7,
MDA-MB-435S, and MDA-MB-468 (Figure 4H).

The expression of lipid metabolism-related proteins in
breast cancer with adipose stroma. The expression of lipid
metabolism-related proteins in human breast cancer with
adipose stroma was examined. The expression of ACOXI1
and CPT1A was higher in cancer cells located within or in
proximity to the adipose stroma rather than cancer cells
located within the fibrous stroma. The expressions of FABP4
and HSL in adipocytes were different according to the

location, which was higher in adipocytes located in the inter-
face adjacent to cancer cells than in adipocytes located apart
from cancer cells (Figure 5A).

The expression of lipolysis-related proteins in the
different regions of breast cancer tissue. We investigated the
expression of lipolysis-related proteins in the three different
regions of breast cancer tissue, [central cancer with fibro-
blast (zone 1), cancer with adipocyte (zone 2), and adipo-
cyte nearby cancer (zone 3)] (Figure 5B). The expression of
PLIN1, HSL, and FABP4 were highest in zone 3, followed by
zone 2 and 1, while CPT1A expression was highest in zone 2,
followed by zone 3 and 1 (Figure 5C).

Discussion

In this study, we investigated the metabolic interaction
between adipocytes and cancer cells according to molecular
subtypes of breast cancer. It was further confirmed by an in
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Figure 4. A, B) Co-culture of breast cancer cells with FABP4 inhibitor-treated adipocytes reduces lipid accumulation. Breast cancer cells were grown
on coverslips and co-cultured with mature adipocytes or FABP4 inhibitor-treated adipocytes for 48 h. Breast cancer cells were isolated and stained
with BODIPY 493/503 (green). Images were acquired under a confocal microscope (A) and relative fluorescence was assessed by Image]J (B), scale bar:
100 um. Columns represent the mean * S.D. of three independent experiments, **p<0.01, *p<0.05. C-E) Co-culture of breast cancer cells with FABP4
inhibitor-treated adipocytes reduces lipolysis in adipocytes. Free fatty acids (C) and glycerol (D) were detected by lipolysis assay in mature adipocytes.
E) The co-culture of breast cancer cells with mature adipocytes or FABP4 inhibitor-treated adipocytes for 48 h, and then adipocytes were isolated and
performed by immunoblotting with the indicated antibodies. Scale bar, 100 mm. Bars represent the mean + S.D. of three independent experiments.
F-H) FABP4 plays an important role in the interaction between breast cancer cells and adipocytes. Breast cancer cells were co-cultivated with mature
adipocytes or FABP4 inhibitor-treated adipocytes for 48 h. F) The cell lysates were subjected to SDS-PAGE and performed by immunoblotting with the
indicated antibodies. G, H) Relative mRNA levels of CPT1a and ACOX1 were assessed by quantitative real-time PCR. mRNA expression was normal-
ized to GAPDH and presented as fold change. Columns represent the mean + S.D. of three independent experiments, **p<0.01, *p<0.05.
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Figure 5. A) The expression of lipid metabolism-related proteins in breast cancer with adipose stroma. The expression of ACOX1 and CPT1A was
higher in cancer cells located within or in proximity to the adipose stroma () rather than cancer cells located within the fibrous stroma (,). The ex-
pressions of FABP4 and HSL in adipocytes were different according to the location, which was higher in adipocytes located in the interface adjacent
to cancer cells (arrow) than in adipocytes located apart from cancer cells. B, C) The expression of lipolysis-related proteins in the different regions of
breast cancer tissue. B) Formalin-fixed, paraffin-embedded breast cancer tissue samples were processed for H&E staining to identify the target region.
Central cancer with fibroblast, , Cancer with adipocyte, f Adipocyte nearby cancer from two cases were selected. (H&E, magnification x12.5). C)
Protein extracts were isolated from FFPE breast cancer tissue samples and western blotting was performed with primary antibodies against PLIN1,

CPT1A, HSL, FABP4, FAS, and p-actin.

vitro cell line study showing lipid transfer from adipocytes
to breast cancer cells. This finding is in line with a previous
study, which showed cytoplasmic lipid droplet accumula-
tion in cancer cells when breast cancer cells and adipocytes
are co-cultured [15]. Interestingly, this phenomenon was
not observed when normal breast cells and adipocytes are
co-cultured, suggesting that lipid transfer occurs specifically
between adipocytes and cancer cells. In addition, the amount
of lipid transfer was different according to the molecular
subtypes of breast cancer cell line. Of note, the highest lipid
transfer was observed in a TNBC type cell line, MDA-MB-
231. As TNBC is characterized as having aggressiveness and
rapid proliferation, it could be reasonably speculated that
lipid transfer from adipocytes is increased in TNBC. Since
the proliferation was significantly increased in cancer cells
when co-cultured with adipocytes than cultured alone, lipid
transfer might play an important role in cancer cell prolif-
eration. Accordingly, increased lipid transfer is expected in
TNBC type with high proliferation ability. The pathways of
these processes are outlined in Figure 6.

In addition to lipid transfer, we showed that adipocytes
and breast cancer cells affect each other in another manner as
well. We evaluated the metabolic interaction between adipo-

cyte and breast cancer cells. As a result, breast cancer cells
increased lipolysis in adipocytes, and adipocytes promoted
the B-oxidation in breast cancer cells via increased AMPK
phosphorylation. However, CPT1a and ACOX1, the enzymes
involved in the mitochondrial 3-oxidation, were increased in
the TNBC type cell lines (MDA-MB-435S and MDA-MB-
231), although differences in mRNA and protein level were
observed. Therefore, lipolysis in adipocytes and mitochon-
drial B-oxidation in cancer cells by the lipid transfer and
the interaction between adipocytes and cancer cells were
observed in breast cancer, especially in TNBC type. In MCEF-7,
although the mRNA and protein level of CPT1a and ACOX1
did not differ when it was co-cultured with adipocytes, the
difference in expression pattern was shown. The expression
was specifically accentuated in subcellular location. Further
studies to find the association between this phenomenon and
mitochondrial f-oxidation are required.

In a study by Nieman et al. which was performed on
ovary cancer cells, lipolysis in adipocytes and mitochon-
drial B-oxidation in cancer cells by the lipid transfer, and
the interaction between ovary cancer cells and omental
adipocytes were reported [15], and a consistent finding was
also shown in our study. In other words, we have shown that
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adipocytes contribute to the survival and growth of breast
cancer cells through lipid transfer, lipolysis, and B-oxidation.
Therefore, inhibiting the metabolic interaction between
adipocytes and cancer cells is expected to hamper cancer
growth. Among molecules involving the metabolic interac-
tion, we focused on the role of FABP4. FABPs are ~15kDa
cytoplasmic proteins, which bind to endogenous fatty acids
produced by lipolysis of adipocyte and transfer the FFA into
the tumor cells [20]. In vitro data from this study showed
that the co-culture of adipocytes and cancer cells leads to
increased expression of FABP4 and the greatest expres-
sion was observed in TNBC type. When FABP4 in adipo-
cytes was inhibited using FABP4 inhibitor (BMS309403),
lipid transfer into cancer cells was significantly reduced,
suggesting that FABP4 is the key molecule of metabolic
interaction between adipocytes and breast cancer cells. In
addition, lipolysis in adipocytes and p-oxidation of breast
cancer cells were decreased, most markedly in TNBC.
Therefore, FABP4 inhibition seems to effectively inhibit
the interaction between adipocytes and breast cancer
cells. Furthermore, when FABP4 was inhibited, cancer cell
migration was also reduced in breast cancer cells, most
significantly in TNBC. These results suggest that FABP4 is
involved in tumor aggressiveness as well as metabolic inter-
action. In a previous study by Nieman et al. using a reverse
phase protein array, a comparison of primary ovary cancer
and omental metastatic tissue revealed that FABP4 protein
expression was upregulated in omental metastatic tissue and
inhibition of FABP4 markedly reduced adipocyte-mediated
cancer invasion and lipid accumulation within cancer cells
[15]. These findings suggest that FABP4 is a key molecule
involved in the metabolic interaction between adipocytes
and cancer cells.

In addition, IHC was conducted in human breast cancer
tissues targeting lipid metabolism-related proteins between
adipocytes and breast cancer cells. As a result, the expres-
sion of ACOX1, CPT1A, FABP4, and HSL showed a zonal
distribution pattern. Furthermore, the expression of lipol-
ysis-related proteins was examined by western blotting in

Adipocyte

the three different regions of breast cancer tissue, [central
cancer with fibroblast (zone 1), cancer with adipocyte (zone
2), and adipocyte nearby cancer (zone 3)]. The expressions of
PLINI, HSL, and FABP4 were highest in zone 3, followed by
zone 2 and 1, while CPT1A expression was highest in zone 2,
followed by zone 3 and 1. It supports the metabolic interac-
tion between adipocytes and cancer cells observed in our in
vitro cell line study. Previous studies examined the expression
of lipid metabolism-related proteins in breast cancer [21, 22],
but until recently, the expression in the adipose stroma was
not examined.

The clinical significance of this study is that we suggested
FABP4 inhibition as the potential therapeutic target in breast
cancer. FABP4 inhibitor was first introduced as a therapeutic
agent for type 2 diabetes [20]. The potency of the FABP4
inhibitor was previously verified in several studies [19,
23]. We used a well-known FABP4 inhibitor, BMS309403,
a cell-permeable and potent inhibitor of FABP4, which
targets the fatty acid-binding pocket [24]. BMS309403
markedly reduced lipid transfer, lipolysis of adipocytes, and
B-oxidation of cancer cells in this study. Therefore, FABP4
inhibitor can be suggested as a new therapeutic agent to
inhibit cancer growth. However, utilizing FABP4-defective
cells would provide a better understanding regarding the
role of FABP4 in energy transfer from adipocytes to cancer
cells. Moreover, verification of the results from our study in a
xenograft model and further clinical trials are required for its
clinical application in breast cancer patients.

Taken together, in this study, we found that the metabolic
interaction between adipocytes and breast cancer cells was
present. Breast cancer cells increase the lipolysis in adipo-
cytes and produce fatty acid, and fatty acid enters cancer
cells. Also, adipocytes contribute to the survival and growth
of cancer cells through increased mitochondrial f-oxidation
by using fatty acid from adipocytes. The key molecule of the
process is FABP4, which is combined with FFA and supports
the migration to cancer cells. When FABP4 was suppressed,
the metabolic interaction is reduced, suggesting its role as a
potential therapeutic target.

Cancer cells

Fatty acid

HSL
Perilipin A

FABP 4

Qo @

CPT-1
Acyl-CoA oxidase 1

Figure 6. A schematic figure summarizing cell signaling pathways and energy transfer from adipocytes to cancer cells in breast cancer.
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Supplementary information is available in the online version
of the paper.
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