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FBP1 modulates cell metabolism of breast cancer cells by inhibiting the 
expression of HIF-1α
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This study aimed to investigate the function of fructose-1, 6-bisphosphatase 1 (FBP1) in regulating cell growth and 
metabolism through hypoxia-inducible factor 1α (HIF-1α)-dependent hypoxic response in breast cancer cells. Two human 
breast carcinoma cell lines, including luminal-like cell line MCF-7 and basal-like cell line MDA-MB-468, were cultured 
under hypoxia condition, then the expressions of FBP1 and HIF-1α were detected by western blotting. In addition, up-
regulated FPB1 in MDA-MB-468 cells were induced by lentivirus. Next, cell growth, migration and glucose metabolism 
were evaluated by MTT assay, Transwell and commercial kits, as well as the expressions of HIF-1α target genes, including 
pyruvate dehydrogenase kinase 1 (PDK1), lactate dehydrogenase A (LDHA), glucose transporter 1 (GLUT1) and vascular 
endothelial growth factor (VEGF) were detected by RT-qPCR. Furthermore, chromatin immunoprecipitation was used to 
estimate whether the hypoxia response elements (HREs) of PDK1, LDHA, GLUT1 and VEGF promoters were incorpo-
rated with FBP1. FBP1 was downregulated in MDA-MB-468 cells compared with MCF-7 cells. Overexpression of FBP1 
in MDA-MB-468 cells reduced cell growth (p < 0.05) and migration (p < 0.05) as well as glycose consumption (p < 0.05) 
and lactate production (p < 0.05). In addition, overexpressed FBP1 inhibited HIF-1α protein expression and the mRNA 
levels of PDK1, LDHA, GLUT1 and VEGF (p < 0.05) under hypoxia condition. Also, FBP1 was revealed to have a concrete 
connection with PDK1. This study reveal that overexpressed FBP1 may repress tumor growth, migration and glycolysis via 
targeting HIF-1α in BLBC.
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Breast cancer is commonly diagnosed malignant disease 
in women and only second to lung cancer for cancer-related 
mortality worldwide [1, 2]. A molecular taxonomy with DNA 
microarray has divided tumors into 5 types: luminal type 
A and B, human epidermal growth factor receptor 2/neu type, 
normal breast-like, and basal-like breast cancer (BLBC) [3, 4]. 
Lundgren et al., have demonstrated that the hypoxic regions 
are observed in about 25%-40% BLBC [5]. It is well-known 
that low oxygen of primary tumors is related to the elevated 
risks of metastasis and mortality in cancer patients, including 
breast cancer [6, 7]. Thus, more efforts are still necessary to 
investigate the mechanisms of hypoxia and search for effective 
treatment methods in breast cancer.

Hypoxia inducible factors (HIFs) are considered as im-
portant molecules responding to hypoxia [8], and play a vital 
role in maintaining oxygen homeostasis in cancer cells [9]. 

HIF-1α, a dominant subunit of HIF-1, has been proved to 
mediate O2-dependent transcriptional responses [10]. When 
oxygen concentrations is below 6%, HIF-1α subunits bind to 
HIF-1β subunits [11], which can regulate the expressions of its 
downstream genes through binding with hypoxia responsive 
elements (HREs) of target genes promoter, thereby involv-
ing in cellular metabolism, tumor survival and metastasis 
[12, 13]. It has been reported that patients with BLBC show 
increased expressions of HIF-1α and its target genes, and 
have more necrosis and aggressive behavior than luminal-
like tumors [14-16]. Previous study has shown that cancer 
malignancy is associated with a shift of cellular metabolism 
from mitochondrial respiration to aerobic glycolysis in the 
presence of abundant oxygen [17]. HIF-1α has proved to be 
a key regulator of the glycolysis process and can contribute 
to gluconeogenesis [18]. Fructose-1, 6-bisphosphatase 1 
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(FBP1) is a  key regulatory enzyme during the process of 
gluconeogenesis [19, 20]. It has been reported that dele-
tion of FBP1 expression is found in liver, gastric and colon 
cancers, which can accelerate glucose uptake and glycolysis 
[21, 22]. Compelling evidence indicates that increased FBP1 
levels predicts a better outcome in various neoplastic disease, 
including kidney carcinoma [23], stomach carcinoma [22], 
lung carcinoma [24], suggesting that FBP1 plays a vital role in 
dominating glucose metabolism in cancers. Li et al. [23] have 
revealed that FBP1 suppresses renal cancer cell proliferation 
and glycolysis by restraining nuclear HIF function. However, 
few studies have investigated the interaction of HIF-1α and 
FBP1 and the role of FBP1 in BLBC.

In the present study, two human breast carcinoma cell lines, 
including luminal-like cell line MCF-7 and basal-like cell line 
MDA-MB-468, were cultured under hypoxia condition. We 
investigated the effects of up-regulated FPB1 on cell growth, 
migration and glucose metabolism, as well as the expressions of 
HIF-1α and its target genes, including pyruvate dehydrogenase 
kinase 1 (PDK1), lactate dehydrogenase A (LDHA), glucose 
transporter 1 (GLUT1) and vascular endothelial growth factor 
(VEGF), aiming to identify whether anticancer property of 
FBP1 was associated with down-regulated HIF-1α in human 
breast cancer cells.

Materials and methods

Cell culture. MCF-7 cells and MDA-MB-468 cells were 
purchased from the Cell Bank of Chinese Academy of Sci-
ences (CAS, Shanghai, China). The MDA-MB cells and the 
MCF-7 cells were maintained in L-15 medium (GIBCO, Grand 
Island, NY, USA) and DMEM medium (GIBCO), respectively, 
containing 10% heat-inactivated fetal bovine serum (GIBCO), 
100 U/mL penicillin and 100 μg/mL streptomycin (Beyotime 
Institute of Biotechnology, Nanjing, China). All cells were cul-
tured at 37°C in a humidified atmosphere containing 5% CO2.

Construction, packaging and infection of lentivirus vec-
tor. Human FBP1 gene was synthesized by Western Biotech 
Co., Ltd. (Shanghai, China) and two restriction sites, NotI 
and NsiI were added at opposite ends of the gene. Then the 
FBP1 gene was cloned into pGLV5-green fluorescent protein 
(GFP) lentiviral vector. Double enzyme digestion (NotI and 
NsiI) and sequence analysis were used to confirm the positive 
recombinant clones of LV5-FBP1. The successfully constructed 
LV5-FBP1 or LV5-GFP empty vector were co-transfected with 
packaging plasmid (mix) into 293T cell using Lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA). Packaging of lentivirus 
and measurement of virus titer were performed following the 
previous study [25]. The titer of the lentivirus LV5-FBP1 and 
LV5-GFP was 7 × 108 TU/ml and 5 × 108 TU/ml, respectively. 
The lentivirus were stored at ‑80 °C for the following experi-
ments. MDA-MB-468 cells were infected with recombinant 
lentivirus LV5-FBP1 or control lentivirus LV5-GFP, with 
a multiplicity of infection (MOI) of 100 and 8 μg/ml polybrene 
(Sigma, St. Louis, MO, USA). MDA-MB-468 cells without 

infection were served as blank group. After transfection for 
72 h, cells were collected for subsequent analysis.

Cell grouping. MCF7 cells, MDA-MB-468 cells, MDA-
MB-468 cells with LV5-FBP1 (FBP1 transfection) and 
MDA-MB-468 cells with LV5-GFP (control lentivirus) were 
cultured under normoxia and hypoxia conditions, respectively. 
Hypoxia was induced by a  stepwise oxygen-deprivation in 
a hypoxia chamber. The cells were kept for 24 h at 21% O2 
and for one day at 0.5% O2 with constant 5% CO2 and the 
remainder being N2.

Western blotting. Cells were collected, then nuclear protein 
and cytosolic protein were extracted using Nuclear/Cytosolic 
Fractionation Kit (Biovision, Palo Alto, CA, USA). Proteins 
were separated using SDS-PAGE, transferred onto PVDF 
membranes (Millipore, Milford, MA, USA), and then blocked 
in 5% nonfat milk. Next, the membranes were immunoblotted 
with mouse anti-human glyceraldehyde-phosphate dehydro-
genase (GAPDH) monoclonal antibody, rabbit anti-human 
FBP1 and HIF-1α polyclonal antibodies (1:500, Abcam, 
Cambridge, MA, USA) overnight at 4°C, and then incubated 
with corresponding second antibody (GenScript, Piscataway, 
NJ, USA) for 1 h at room temperature. Finally, stained bands 
were detected by enhanced chemiluminescence (Thermo, San 
Jose, CA, USA).

Metabolic assays. Glucose uptake and lactate produc-
tion were measured by commercial kits (Nanjing Jiancheng 
Bioengineering Institute, Jiangsu, China) following the 
standard protocol. The glucose and lactate concentrations 
were measured according to the OD values at 505 nm and 
530 nm, respectively, using a microplate reader (Molecular 
Devices, USA).

MTT assay. The 1 × 105 cells were seeded into each well of 
a 96-well plate. The second day, the MDA-MB-468 cells were 
infected with lentivirus LV5-FBP1 or LV5-GFP, respectively, 
and then the cells were incubated for 48 h under normoxia 
or hypoxia conditions. MTT (10 μl, 5 mg/mL) (Sigma) was 
added into each well at the same time every day and then the 
cells were incubated for 4 hours. Dimethyl sulfoxide (DMSO, 
100 μl, Amresco, Solon, OH, USA) was later added into each 
well to solubilize the formazan crystals. MDA-MB-468 cells 
without lentivirus was served as control group. The absorb-
ances were read at 490 nm using a microplate reader.

Migration assays. Migration of cells was detected using 
Transwell system with 8-µm pores of inserts (Corning Cos-
tar, Lowell, MA, USA). The cells were plated onto control or 
Matrigel-coated membrane inserts. After treatment for 24 h, 
cells were detached using cotton-tipped swabs. The migrated 
cells were fixed in methanol, and then 0.5% crystal violet 
was used to stain cells. Lastly, cell were counted under the 
microscope.

Real-time quantitative polymerase chain reaction (RT-
qPCR). The cells were collected and total RNA was isolated 
using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Primers 
for PDK1, LDHA, GLUT-1, VEGF, and β-actin are shown in 
Table 1. PCR amplification was carried out on a  SmartCy-
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cler (Western Biotechnology) using a  SYBR Green reverse 
transcription–polymerase chain reaction kit (Western Bio-
technology). Data were normalized with β-actin gene. Relative 
quantification and calculations were done with the compara-
tive threshold (Ct) cycle method (2–ΔΔCt).

Chromatin immunoprecipitation (ChIP) assay. ChIP 
assays were carried out using QuikChIP kit (Imgenex, San 
Diego, CA, USA). Briefly, protein–chromatin cross-linking of 
cells was induced using 1% formaldehyde for 10 min at 37°C 
and quenched by glycine. Then cells were lysed in lysis buffer 
and chromatin DNA from cell lysates were sonicated into 
fragments. Next, chromatin DNA fragments were subjected 
to immunoprecipitation with FBP1 antibody. After reverse 
cross-linking, DNA fragments were purified and then detected 
by RT-qPCR.

Statistical analysis. Statistical analysis software (SPSS 
12.0, SPSS Inc., Chicago, IL, USA) was used in this study. 
Data were expressed as mean ± SD. The student’s t-test was 
used to analyze the data. A value of p < 0.05 was considered 
highly significant.

Results

Effect of FBP1 on HIF-1α expression in MCF-7 and 
MDA-MB-468 cells under normoxia and hypoxia condi-
tions. First, we detected the expression of FBP1 in MCF-7 
and MDA-MB-468 cells, respectively, under normoxia (21%) 
and hypoxia (0.5%) conditions. Western blotting results 
showed that FBP1 protein levels between normoxia (21%) 
and hypoxia (0.5%) conditions were similar in cell nucleus 
and cytoplasm of MDA-MB-468 cells lines, respectively, and 
a similar trend was observed in MCF-7 cells (Figure 1A). In 
addition, compared with MDA-MB-468 cells, MCF-7 cells 
showed the increased basal level of FBP1 expression, and FBP1 
expression in cytoplasm was higher than that in cell nucleus 
in both MDA-MB-468 and MCF-7 cells (Figure 1A). Thus, 
MDA-MB-468 cells were selected to be transfected with LV5-
FBP1 in the following experiments. The results revealed that 
both cell lines showed certain degree of induction of HIF-1α 

Figure 1. The protein expressions of FBP1 and HIF 1α in MCF-7 and MDA-
MB-468 cell lines. A, western blotting of FBP1 expression under normoxia 
and hypoxia conditions in breast cancer cell nucleus and cytoplasm. B, 
western blotting of HIF-1α expression under normoxia and hypoxia condi-
tions in breast cancer cell nucleus and cytoplasm.
FBP1, fructose-1, 6-bisphosphatase 1; HIF-1α, hypoxia-inducible factor 1α

Table 1. Primer sequence of PDK1, LDHA, GLUT-1, VEGF, and β-actin

Gene Primer sequence Product 
size (bp)

PDK1 sense 5‘-GACTGTGAAGATGAGTGACCGAG-3‘ 146
PDK1 antisense 5‘-TGGGCAATCCATAACCAAAAC-3‘
LDHA sense 5‘-AAAACCGTGTTATTGGAAGCG-3‘ 150
LDHA antisense 5‘-TCATTCCACTCCATACAGGCAC-3‘
GLUT-1 sense 5‘-GCTCATCAACCGCAACGAG-3‘ 131
GLUT-1 antisense 5‘-TGACCTTCTTCTCCCGCATC- 3‘
VEGF sense 5‘-AATCGAGACCCTGGTGGACA-3‘ 143
VEGF antisense 5‘-TGTTGGACTCCTCAGTGGGC-3‘
β-actin sense 5‘-TGACGTGGACATCCGCAAAG-3‘ 205
β-actin antisense 5‘-CTGGAAGGTGGACAGCGAGG-3‘
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under hypoxia condition compared with normoxia condition 
in cell nucleus but not in cytoplasm (Figure 1B). In nucleus, 
MCF-7 cells showed the reduced HIF-1α expression under 
hypoxia condition and increased HIF-1α expression under 
normoxia condition compared with MDA-MB-468 cells, 
indicating MCF-7 showed an increased ability to respond to 
hypoxia (Figure 1B). Moreover, MDA-MB-468 cells with FBP1 
transfection showed lower HIF-1α protein level than MDA-
MB-468 cells alone and MDA-MB-468 cells with LV5-GFP 
under normoxia condition (Figure 1B), which suggested the 
opposite expressions of FBP1 and HIF-1α in human breast 
cancer cell lines.

Effect of up-regulated FBP1 on glucose uptake and 
lactate production in MDA-MB-468 cells under normoxia 
and hypoxia conditions. Metabolic assays found that glu-
cose uptake was lower, while lactate production was higher 
in MDA-MB-468 cells under hypoxia condition than those 
under normoxia condition (Fig. 2). In addition, compared 
with MDA-MB-468 cells alone and MDA-MB-468 cells with 
LV5-GFP, MDA-MB-468 cells with FBP1 transfection showed 
significantly increased glucose uptake and decreased lactate 
production under either normoxia or hypoxia condition (all 
p < 0.05, Figure 2).

Effect of up-regulated FBP1 on cell growth and migra-
tion in MDA-MB-468 cells under normoxia and hypoxia 
conditions. MTT assay showed that cell viability was higher 
in MDA-MB-468 cells under hypoxia condition than those 
under normoxia condition (Fig. 3A). Also, cell viability was 
reduced in MDA-MB-468 cells with FBP1 transfection com-
pared with MDA-MB-468 cells with LV5-GFP (Fig. 3A) at 12, 
24, 48, 72 and 96 h, and cell viability was increased in a time-
dependent manner. In addition, MDA-MB-468 cells with 
FBP1 transfection showed reduced cell migration compared 
with MDA-MB-468 cells alone and MDA-MB-468 cells with 
LV5-GFP both under normoxia and hypoxia conditions (all 
p < 0.01, Figure 3B). Meanwhile, cells under hypoxia condi-
tion had increased cell migration compared with normoxia 
condition (p < 0.01, Figure 3B).

Effect of up-regulated FBP1 on HIF-1α-target genes 
levels in MDA-MB-468 cells under hypoxia condition. To 
further investigate the relationship of FBP1 and HIF-1α in 
human breast cancer cell lines, we detected the mRNA levels 
of HIF-1α-target genes, including PDK1, LDHA, GLUT1 
and VEGF. RT-qPCR results showed that the mRNA levels 
of PDK1, LDHA, GLUT1 and VEGF were significantly lower 
in MDA-MB-468 cells with FBP1 transfection than those 
in MDA-MB-468 cells alone and MDA-MB-468 cells with 
LV5-GFP under hypoxia conditions (all p < 0.05, Figure 4A). 
Furthermore, ChIP assays revealed that FBP1 was enriched 
at the HRE of PDK1 promoter, but not the HREs of LDHA, 
GLUT1 and VEGF promoters (Figure 4B), indicating the 
concrete connection of FBP1 and PDK1.

Discussion

Hypoxic conditions are frequently present in breast car-
cinoma and are associated with poor prognosis [26]. The 
present study showed that overexpressed FBP1 significantly 
increased glucose uptake and decreased lactate production, 
as well as inhibited cell growth and migration under either 
normoxia or hypoxia condition. Furthermore, we found that 
overexpressed FBP1 inhibited HIF-1α protein expression and 
the mRNA levels of PDK1, LDHA, GLUT1 and VEGF under 
hypoxia condition. Also, FBP1 was revealed to have a concrete 
connection with PDK1.

Although central to the hypoxic condition was the tran-
scription factor HIF, HIF-1α stabilization was imperative for 
the activation of HIF in solid tumors [27, 28]. The nuclear 
expression of HIF-α had been proved to be associated with 
poor prognosis in many cancers [29]. Consistently, our study 
found that both MCF-7 and MDA-MB-468 cells showed the 
induction of HIF-1α under hypoxia condition compared 
in cell nucleus but not cytoplasm. In addition, this study 
found the opposite expressions of FBP1 and HIF-1α in 
human breast cancer cell lines, which was consistent with 
the previous study [23]. It had been reported that HIF-1α 

Figure 2. Glucose uptake and lactate production in MDA-MB-468 cells alone, MDA-MB-468 cells with LV5-GFP, and MDA-MB-468 cells with FBP1 
transfection under normoxia and hypoxia conditions.
*P < 0.05 versus MDA and MDA-vector
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Figure 3. Overexpressed FBP1 reduced cell growth and migration under normoxia and hypoxia conditions. A, MTT assay showed the cell growth at 12, 24, 
48, 72 and 96 h in MDA-MB-468 cells alone, MDA-MB-468 cells with LV5-GFP, and MDA-MB-468 cells with FBP1 transfection. B, Transwell assay showed 
the cell migration in MDA-MB-468 cells alone, MDA-MB-468 cells with LV5-GFP, and MDA-MB-468 cells with FBP1 transfection (magnifi cation 100x).
A, *P < 0.05 versus MDA-vector; B, *P < 0.05 versus normoxia, #P < 0.05 versus MDA and MDA-vector.
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was overexpressed in common human cancers [27] and the 
inhibition of HIF-1α might be an anti-cancer methods by 
regulating cell growth, invasion and migration [30, 3]. This 
study also found that overexpressed FBP1 inhibited cell 
growth and migration. In addition, we found that overex-
pressed FBP1 increased glucose uptake and decreased lactate 
production. Tumor glucose metabolism had been reported to 
be directly regulated by the related enzymes and transporters, 
which was also related to the suppression of HIF-1α [32]. 
Notably, HIF-1 inhibition could result in increased glucose 
uptake and decreased lactate production in vitro [33]. All 
these results indicated that overexpressed FBP1 might have 
an anti-cancer effect in breast cancer, which might be as-
sociated with HIF-1α.

To further investigate the mechanism of anti-cancer 
property of FBP1 and the relationship of FBP1 and HIF-
1α, we detected the expressions of HIF-1α target genes. 
The results showed that overexpressed FBP1 inhibited the 
mRNA levels of PDK1, LDHA, GLUT1 and VEGF under 
hypoxia condition. Similar to FBP1, PDK1, LDHA and 
GLUT1, regulated by HIF-1α, were key proteins related to 
cellular glucose metabolism. The activation of PDK and 
LDHA both could contribute to the conversion of glucose 
to lactate [34, 35]. When tumors were inhibited, the levels 
of PDK and LDHA were decreased in tumors [36]. GLUT1, 
a key protein to responsible for elevated glucose transport, 
was overexpressed under hypoxia condition in cancer cells 
[37]. In addition, VEGF was considered as an another tar-
get gene of HIF-1α [38]. It was well-known that VEGF was 
overexpressed in tumors and involved in tumor angiogenesis 
and migration [39]. Furthermore, we found the concrete 
connection of FBP1 and PDK1. All these results indicated 
that the anti-cancer property of FBP1 might be regulated 
by reduced expressions of these glucose metabolic pathway 
related genes via inhibiting HIF-1α level. Unfortunately, 
a limitation of this study was that the additions of one more 

luminal-like, basal-like cell lines and non-cancer cells in this 
study might enhance the clinical significance of our find-
ing, and the further mechanisms of FBP1 in breast cancers 
should be investigated in more cell lines in the following 
study. This study reveal that overexpressed FBP1 may re-
press tumor growth, migration and glycolysis via targeting 
HIF-1α in BLBC.
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