ONCOLOGY LETTERS 13: 4685-4690, 2017

The lipid metabolism gene FTO influences breast cancer
cell energy metabolism via the PI3K/AKT signaling pathway
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Abstract. The present study assessed the effect of the lipid
metabolism, fat mass and the obesity-associated gene (FTO),
on energy metabolism of breast cancer cells. The human breast
cancer cell lines, MCF-7 and MDA-MB-231, and HCC1937
human breast cells were studied. Real-time PCR was used to
measure the levels of FTO mRNA from breast cancer cells and
normal breast cells. MDA-MB-231 cells were transfected with
miFTO inhibitor or inhibitor control, and cells were assessed
for levels of lactic acid, ATP, pyruvate kinase activity, and
hexokinase activity assay using specific kits. Western blot
analysis was used to measure the levels of phosphatidylinositol
3-kinase (PI3K), p-PI3K, protein kinase B (Akt) and p-Akt
in transfected breast cancer cells. The expression of FTO was
significantly increased in MCF-7 and MDA-MB-231 cells
compared with HCC1937 cells (P<0.01). The lactic acid content
of breast cancer cells transfected with the miFTO inhibitor
was significantly lower compared with cells transfected with
the miFTO inhibitor control and nontransfected cells (P<0.05).
The ATP content of breast cancer cells transfected with the
miFTO inhibitor was significantly lower compared with the
control group and inhibitor control group (P<0.05). The pyru-
vate kinase activity and hexokinase activity of breast cancer
cells transfected with the miFTO inhibitor were significantly
lower compared with the control group and inhibitor control
group (P<0.01). Western blot analysis showed that after breast
cancer cells were transfected with the miFTO inhibitor, the
levels of PI3K, p-PI3K, Akt and p-Akt were significantly
lower than in the control group and inhibitor control group.
In conclusion, the FTO gene is overexpressed in breast cancer
cells. Overexpression of the FTO gene can promote breast
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cancer cell glycolysis and the mechanism is related to the
PI3K/AKT signaling pathway.

Introduction

Breast cancer is a common malignant tumor in women. Accor-
ding to statistics, breast cancer accounts for 10% of malignant
tumors and its incidence is second to that of uterine endome-
trial carcinoma (1). There are several causes of breast cancer.
Early detection is difficult, women aged 40-60 years are at high
risk for breast cancer, and its incidence is highest during the
peri-menopausal period (2). Since breast cancer relapses and
metastasizes easily, and has poor prognosis, there are great
challenges in diagnosis and treatment of breast cancer.

In recent years, obesity was shown to increase the risk of a
variety of diseases (3). Additional studies revealed that obesity
related genes, such as fat mass and obesity-associated (FTO)
are widely expressed in the human body (4). The FTO gene
was found to be overexpressed in prostate cancer, pancreatic
cancer, endometrial cancer and liver cancer. Its overexpression
affected the energy metabolism of cancer cells, and was closely
related to the occurrence and development of cancer (5). To
our knowledge, there are no studies on the effect of FTO
gene expression on breast cancer cell energy metabolism. In
the present study, we used breast cancer cells as a model to
explore the relationship between FTO gene expression and
energy metabolism, and performed preliminary studies on its
mechanism of action, to provide a new potential target for the
treatment and diagnosis of breast cancer.

Materials and methods

Cells. The human breast cancer cell lines (MCF-7 and
MDA-MB-231), and human breast cells (HCC1937) purchased
from Cell Bank of Chinese Academy of Sciences (Shanghai,
China) were used. Additional instruments and reagents used are
shown in Table I. MCF-7, MDA-MB-231 and HCC1937 cells
were removed from storage in liquid nitrogen and thawed in a
water bath set to 37°C. Cells were then added to culture medium
[Dulbecco's modified Eagle's medium/F12 (DMEM/F12)
supplemented with 5% fetal bovine serum (FBS), 0.1 mg/ml
streptomycin, 100 U/ml penicillin and 2 mmol/l glutamine].
Cells were grown in culture bottles in an incubator (37°C,
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5% CO,) for 48 h. Culture medium was removed when
cells reached 90% confluence. Cells were trypsinized in
0.25% trypsin, and centrifuged at 800 x g for 10 min at room
temperature. Cells were washed with DMEM/F12 and then
seeded again in cell culture bottles.

RT-PCR. TRIzol was added to cell lysis buffer for lysis of
MCF-7, MDA-MB-231 and HCC1937 cells that were in the
logarithmic growth phase. After 5 min of digestion, lysates
were placed in new Eppendorf (EP) tubes (Corning, Inc.,
Corning, NY, USA), and 200 ul chloroform was added.
Solutions were shaken up and down 15 times, and placed
at room temperature for 5 min. Samples were then centri-
fuged (8,500 x g, 4°C, 10 min). RNA in the supernatant was
transferred to new EP tubes. Next, 75% ethanol was added and
samples were centrifuged (6,500 x g,4°C, 5 min). The superna-
tant was discarded, and solutions were placed on a super-clean
worktable to air dry. DEPC water (Biosharp, Hefei, China) was
then added and mixed well. The concentration and purity of
RNA were determined by UV spectrophotometry. According
to the instructions of the reverse transcription kit, RNA was
reverse transcribed into cDNA. Real-time PCR amplification
of cDNA was performed to measure the expression of FTO
mRNA in each group of cells.

Transfection. After trypsinization of MDA-MB-231 cells in
the logarithmic growth phase, cells were washed with DMEM/
F12, cell growth medium was added, and the cell concentra-
tion was adjusted to 2x10°/ml. Cells were then seeded in 6-well
culture plates, and placed at 37°C, 5% CO, for 48 h. When
cells were 50% confluent, growth medium was replaced with
incomplete culture medium (without FBS), and placed at 37°C,
5% CO, for 1 h. The incomplete, serum-free medium was
mixed with miFTO inhibitor or inhibitor control, and incu-
bated at 37°C for 5 min (solution A). The serum-free medium
was mixed with Lipofectamine 2000 (solution B) (KeyGen,
Nanjing, China). Next, solutions A and B were mixed, and left
to incubate at room temperature for 20 min. The cell culture
medium was discarded, and cells were repeatedly washed with
phosphate-buffered saline (PBS). The transfection reagent and
miRNA were added to the cell culture plates, and cells were
placed at 37°C, 5% CO, for 6 h. The medium was replaced with
complete culture medium, and cells were left in the incubator
for an additional 48 h.

Measurement of lactic acid content in culture medium of
breast cancer cells after transfection. MDA-MB-231 cells
were transfected with miFTO inhibitor, or inhibitor control and
left to incubate at 37°C, 5% CO, for 48 h. Culture supernatant
was harvested and transferred to EP tubes, and centrifuged
(800 x g, 5 min). The content of lactic acid in supernatant was
measured according to the instructions of the Sigma Lactic
Acid Test kit (Sigma-Aldrich, St. Louis, MO, USA).

Detection of ATP content in transfected cells. Transfected
MDA-MB-231 cells grown in the incubator (37°C, 5% CO,)
for 48 h were trypsinized and washed with PBS. Cell culture
medium was added to resuspend the cells, then cells were
transferred to EP tubes and centrifuged (800 x g, 5 min). The
supernatant was discarded. Cells were washed twice with
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PBS and the supernatant was discarded after centrifugation at
800 x g for 3 min. The cells were mixed homogeneously with
ultrapure water. The cell homogenates were transferred to EP
tubes and heated in a water bath (100°C, 10 min). The content
of ATP was determined according to the instructions of the
ATP test kit.

Detection of hexokinase and pyruvate kinase activity in
breast cancer cells. MDA-MB-231 cells were transfected with
miFTO inhibitor or inhibitor control for 48 h. The activity of
hexokinase and pyruvate kinase were detected according to the
instructions of the hexokinase and pyruvate kinase test kits.

Western blot analysis. After 48 h culture, culture medium from
transfected MDA-MB-231 cells was discarded, cells were
washed with PBS and lysed on ice for 30 min. Protein extracts
were mixed with loading buffer, and boiled at 100°C for 5 min.
A total volume of 50 ul of the denatured protein samples
were loaded on gels (12% separation gel and 5% spacer gel).
A voltage of 80 V was applied to samples and then adjusted
to 120 V when protein reached the separation gel. When
bromophenol blue entered the separation gel, electrophoresis
was stopped. Protein was transferred to PVDF membranes
overnight at 4°C. PVDF membranes were washed with TBST
3 times, and blocked with skim milk for 2 h at 37°C. Membranes
were treated with primary antibody overnight at 4°C, washed
with TBST, and incubated with secondary antibody for 1.5 h
at room temperature. Membranes were washed and developed.
Protein expression was analyzed with the Odyssey scanning
system (LI-COR, Inc., Lincoln, NE, USA). Primary rabbit
polyclonal AKT antibody (dilution, 1:500; cat. no. ab38449);
rabbit monoclonal p-AKT antibody (dilution, 1:500; cat.
no. ab81283), rabbit monoclonal PI3K antibody (dilution,
1:500; cat. no. ab86714), rabbit polyclonalp-PI3K antibody
(dilution, 1:500; cat. no. ab182651) and secondary goat anti-
rabbit (HRP) IgG antibody (dilution, 1:2,000; cat. no. ab6721)
were all purchased from Abcam (Cambridge, MA, USA).

Statistical analysis. Data were analyzed with SPSS 16.0 statis-
tical software (SPSS, Inc., Chicago, IL, USA). Comparisons
between groups were by t-test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Measurement of FTO mRNA expression in breast cancer cells
and breast cells by RT-PCR. In the logarithmic growth phase,
MCF-7, MDA-MB-231 and HCC1937 cells were harvested
for extraction of total RNA. The expression levels of FTO in
the 3 groups of cells were detected by real-time quantitative
PCR. The relative expression levels of FTO mRNA in MCF-7
cells was 26.89+2.31, 36.23+2 .91 in MDA-MB-231 cells and
8.96+3.01 in HCC1937 cells. The levels of FTO mRNA in
MCF-7 and MDA-MB-231 cells were significantly higher than
in HCC1937 cells (P<0.01) (Fig. 1).

Measurement of lactic acid and ATP content. The content
of lactic acid and ATP in MDA-MB-231 cells transfected
with the miFTO inhibitor or inhibitor control were detected
according to the lactic acid test kit and ATP test kit. After 48 h
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Table I. Major instruments and reagents.
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Instruments and reagents

Sources

Enzyme-labeled instrument
Ultraviolet spectrophotometer
CO, incubator

Laminar flow cabinet

Inverted microscope

PCR instrument

Centrifuge

RevertAid First Strand cDNA Synthesis kit
DMEM/F12 culture medium
Lactic acid test kit

ATP content test kit

Pyruvate kinase test kit
Hexokinase test kit

Real-time fluorescent quantitative PCR kit
Agarose

Antibody dilution

FBS

Protein concentration test kit
Mycillin

Trypsin

RNA isolating reagent kit

Cell total protein extraction kit
PBS

P13K monoclonal antibody
p-P13K monoclonal antibody
AKT monoclonal antibody
p-AKT monoclonal antibody
HRP-anti-antibody

Nanjing Detie Laboratory Equipment Co., Ltd., Nanjing, China
Thermo Fisher Scientific, Inc., Waltham, MA, USA

Sanyo, Tokyo, Japan

Suzhou Purification Equipment Co., Ltd., Suzhou, China
Nikon, Tokyo, Japan

Beckman Coulter, Inc., Brea, CA, USA

Hunan Hengnuo Instrument Equipment Co., Ltd., Changsha, China
Beyotime Institute of Biotechnology, Haimen, China
Sigma-Aldrich, St. Louis, MO, USA

Sigma-Aldrich, St. Louis, MO, USA

Sigma-Aldrich, St. Louis, MO, USA

Sigma-Aldrich, St. Louis, MO, USA

Sigma-Aldrich, St. Louis, MO, USA

Thermo Fisher Scientific, Inc., Waltham, MA, USA

Thermo Fisher Scientific, Inc., Waltham, MA, USA
MultiSciences (Lianke) Biotech Co., Ltd., Hangzhou, China
Hangzhou Sijiging Biology Engineering Materials Co., Ltd., Hangzhou, China
Beyotime Institute of Biotechnology, Hangzhou, China
Sigma-Aldrich, St. Louis, MO, USA

Sigma-Aldrich, St. Louis, MO, USA

Beyotime Institute of Biotechnology, Haimen, China

Beyotime Institute of Biotechnology, Haimen, China

SinoBio Biotech Co., Ltd., Shanghai, China

Abcam, Cambridge, MA, USA

Abcam, Cambridge, MA, USA

Abcam, Cambridge, MA, USA

Abcam, Cambridge, MA, USA

Abcam, Cambridge, MA, USA

DMEM, Dulbecco's modified Eagle's medium; FBS, fetal bovine serum; PBS, phosphate-buffered saline; P13K, phosphatidylinositol 3-kinase;

AKT, protein kinase B.

culture, the lactic acid content of the miFTO inhibitor group
was 8.97+0.25 mmol/l, the lactic acid content of the inhibitor
control group was 17.11+1.02 mmol/I, and the lactic acid
content of the blank control group was 17.08+1.32 mmol/I.
The lactic acid content of breast cancer cells transfected
with miFTO inhibitor was significantly lower compared with
the control group and inhibitor control group. FTO mRNA
inhibitors can inhibit the production of lactic acid in breast
cancer cells (Fig. 2A). After 48 h culture, the ATP content of
the miFTO inhibitor group was 31.45+1.58 mmol/l, the ATP
content of the inhibitor control group was 44.12+3.12 mmol/l,
and the ATP content of the blank control group was
44.56+2.45 mmol/l. The ATP content of breast cancer cells
transfected with the miFTO inhibitor was significantly lower
compared with the control group and inhibitor control group
(P<0.05). FTO mRNA inhibitors can inhibit the production of
ATP in breast cancer cells (Fig. 2B).

Detection of pyruvate kinase and hexokinase activity. The
activity of hexokinase and pyruvate kinase in MDA-MB-231

Expression level of FTO mRNA

» a4 o

Figure 1. Relative FTO mRNA expression levels in MCF-7, MDA-MB-231
and HCC1937 cells by RT-PCR. (A) FTO mRNA expression level
detected by agarose gel electrophoresis. (B) FTO mRNA expression level.
Lane 1, MDA-MB-231; lane 2, MCF-7; and lane 3, HCC1937; “'P<0.01
vs. HCC1937. FTO, fat mass and obesity-associated.
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ATP content (mmol/l)

Figure 2. Lactic acid content and ATP content after transfection of MDA-MB-231 cells. (A) Lactic acid content and (B) ATP content; "P<0.05 vs. control group.
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Figure 3. Pyruvate kinase and hexokinase activity in breast cancer cells. (A) Pyruvate kinase activity and (B) hexokinase activity; “P<0.01 vs. control group.
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Figure 4. The expression levels of PI3K, p-PI3K, AKT and p-AKT in breast
cancer cells by western blot analysis. (A) The expression levels of PI3K/AKT
signaling proteins by western blot analysis. (B) The relative protein expres-
sion levels. Lane 1, control group; lane 2, inhibitor control group; and
lane 3, miFTO inhibitor group; “P<0.01 vs. control group. PI3K, phosphati-
dylinositol 3-kinase; AKT, protein kinase B.

cells transfected with miFTO inhibitor or inhibitor control
were detected according to the instructions of the hexoki-
nase and pyruvate kinase test kits. The results showed that
pyruvate kinase activity in breast cancer cells transfected
with miFTO inhibitor and inhibitor control were 0.39+0.01
and 0.68+0.02, respectively, and 0.71+0.03 in the nontrans-
fected cells. Pyruvate kinase activity of breast cancer cells
transfected with miFTO inhibitor was significantly lower
compared with the control group and inhibitor control
group (P<0.01). Hexokinase activity in breast cancer cells
transfected with the miFTO inhibitor and inhibitor control
were 2.54+0.21 and 4.86+0.25, respectively, and 4.84+0.20 in
the nontransfected cells. Hexokinase activity of breast cancer
cells transfected with the miFTO inhibitor was significantly
lower compared with the control group and inhibitor control
group (P<0.01). Therefore, miFTO inhibitors can reduce the
activity of hexokinase and pyruvate kinase in breast cancer
cells (Fig. 3).

Western blot analysis to detect the expression levels of related
proteins in cells. MDA-MB-231 cells transfected with the
miFTO inhibitor or inhibitor control for 48 h were harvested,
and lysates were used to analyze the expressions of phospha-
tidylinositol 3-kinase (PI3K), p-PI3K, protein kinase B (Akt),
and p-AKT by western blot analysis. After transfection with
the miFTO inhibitor, the expressions of PI3K, p-PI3K, AKT
and p-AKT were significantly lower compared with the control



ONCOLOGY LETTERS 13: 4685-4690, 2017

group and inhibitor control group. The phosphorylated forms
of PI3K and AKT decreased significantly (Fig. 4).

Discussion

Breast cancer is a common malignant tumor in women. Accor-
ding to statistics, the incidence of breast cancer accounts for
10% of all malignant tumors. There are 1.3 million newly
diagnosed cases of breast cancer worldwide every year, and
~50 million people die from breast cancer each year. Therefore,
breast cancer is a serious threat to the health of women. The
occurrence of breast cancer has regional differences. The
morbidity of breast cancer in developed countries is higher
than that in developing countries (6). There are several causes
of breast cancer and it is difficult to detect in the early stage.
Research on the pathogenesis of breast cancer is important for
treatment and diagnosis.

In recent years, studies have shown that obesity can
increase the risk of breast cancer. Obese women were 3 times
more likely to have breast cancer than nonobese women (3).
The lipid metabolism gene FTO, has been found to be closely
related to obesity. The FTO gene contains nine exons and is
located on chromosome 16. It is widely expressed in adults
and in the fetus. FTO is most highly expressed in the pitu-
itary, pancreatic islets, hypothalamus and adrenal glands (7,8).
FTO is overexpressed in prostate cancer, pancreatic cancer,
hepatocellular carcinoma and endometrial carcinoma. It
therefore has a close relationship with the occurrence and
development of cancer. In this study, we used human breast
cancer cells (MCF-7 and MDA-MB-231) and human breast
cells (HCC1937) to determine the levels of FTO mRNA by
real-time fluorescence quantitative PCR. The results showed
that the FTO mRNA levels in breast cancer cells were signifi-
cantly higher than in normal breast cells, suggesting that FTO
is an oncogene, which represents a potential new marker for
the early diagnosis of breast cancer.

Cell energy metabolism is the process of transforming
organic matter into energy. In normal cells, ATP is produced
by oxidative decomposition of glucose, which can be divided
into aerobic oxidation and glycolysis (9,10). Glucose can be
oxidized to produce ATP under aerobic conditions, while under
anoxic conditions, ATP can be generated by glycolysis (11).
The energy metabolism of tumor cells is different from that
of normal cells. In cases where tumor cells receive sufficient
oxygen, energy is also produced by glycolysis which converts
pyruvate to lactic acid (the ‘“Warburg effect’) (12). Studies
have shown that aerobic glycolysis can be found in lung
cancer, breast cancer, colon cancer and renal cancer cells (13).
Pyruvate kinase and hexokinase play a key role in glycolysis.
In tumor cells, hexokinase exists as isozymes. The expression
of hexokinase is related to the occurrence and development of
colon cancer and renal cell carcinoma. Downregulated expres-
sion of pyruvate kinase can inhibit the production of lactic acid
by glycolysis (14). In this study, after cells were transfected
with the FTO mRNA inhibitor, the ATP levels in breast cancer
cells decreased, pyruvate kinase and hexokinase activity
decreased significantly, and the content of lactic acid in the
medium decreased significantly. These results demonstrate
that overexpression of the FTO gene could promote glycolysis
in breast cancer cells.
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The role of the PI3K/AKT signaling pathway in tumor
cells is an area of intense study (15,16). The PI3K/AKT
signaling pathway is related to the proliferation and apoptosis
of cancer cells, and can regulate the activity of caspase-9 (17),
p53 (18), Bad (19), and other proteins, and inhibit apoptosis.
The PI3K/AKT signaling pathway is active in several types
of cells, and it plays an important role when cells are under
hypoxic conditions. Under hypoxic conditions, the PI3K/AKT
signaling pathway can upregulate insulin, epidermal growth
factor and cytokine expression. It can deliver messages to
protein tyrosine kinases via transmembrane receptors, activate
PI3K, and catalyze the generation of PIP3, which then delivers
messages to Akt, and activates the Ras-MAPK signaling
pathway, which consequently causes a series of complex
reactions in the body (20,21). In this study, through transcrip-
tional inhibition of the FTO gene, the protein expression of
PI3K, p-PI3K, Akt and p-Akt in cells increased significantly
according to western blot analysis, demonstrating that expres-
sion of the FTO gene affected the energy metabolism of breast
cancer cells through the PI3K/AKT signaling pathway.

In conclusion, overexpression of FTO in breast cancer cells
can result in upregulation of pyruvate kinase and hexokinase
activity, increase the amount of ATP generation in cells, and
promote glycolysis and lactic acid production. FTO overex-
pression affects the energy metabolism of breast cancer cells,
and the mechanism is related to the PI3K/AKT signaling
pathway. Our results represent a potential new therapeutic
option for the treatment and diagnosis of breast cancer.
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