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Abstract: The oncogenic transcription factor forkhead box protein M1 (FOXM1) plays critical roles in gastric can-
cer (GC) development and progression. However, the underlying mechanisms has not fully demonstrated. Lactate 
dehydrogenase A (LDHA) is widely overexpressed in a series of cancers and is one of the two subunits of Lactate 
dehydrogenase (LDH), which is the key glycolytic enzyme and catalyzes the interconversion of pyruvate and lactate. 
In this study, we characterized the regulation of aerobic glycolysis by FOXM1 via transactivation of LDHA in GC. We 
found that LDHA was overexpressed GC cells, and the expression of LDHA was transcriptionally regulated by FOXM1. 
Furthermore, FOXM1 regulated GC cells glycolytic phenotype, proliferation, migration and invasion via LDHA. Thus, 
FOXM1-LDHA signaling functioned as a stimulator of glycolysis and promoted GC progression.
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Introduction

Although the incidence of gastric cancer (GC) is 
decreasing worldwide, it is still relatively high in 
Eastern-Asia area, particularly in China and 
Japan. GC remains the fourth most frequently 
diagnosed malignant cancer in the world and 
ranks the third most common causes of can-
cer-related deaths [1]. In China, GC was predict-
ed to rank as the second most common cancer, 
with 0.3 million deaths and 0.4 million new 
cases reported [2]. Thus, a better understand-
ing of the molecular mechanisms which pro-
mote the pathogenesis of GC is urgently 
needed.

A lot of researches have demonstrated that 
development and progression of tumors 
depends on glycolysis even under normal oxy-
gen concentrations, and this phenotype has 
been defined as “Warburg effect” or “aerobic 
glycolysis” [3]. Recently, studies have revealed 
that “Warburg effect” might result from genetic 
or epigenetic changes of oncogenes, as most 
glycolytic enzymes are regulated by oncogenes 
such as hypoxia inducible factor (HIF), Ras, 
Myc, and etc [4]. Lactate dehydrogenase (LDH) 

is the key glycolytic enzyme and catalyzes the 
interconversion of pyruvate and lactate. LDH is 
composed of two types of subunits LDHA (mus-
cle-type, M subunit) and LDHB (heart-type, H 
subunit), and results in five isozymes: LDH5 
(A4), LDH4 (A3B1), LDH3 (A2B2), LDH2 (A1B3), 
and LDH1 (B4) [5]. It has been published that 
LDHA is overexpressed in a series of cancers, 
including GC, and high expression of LDHA in 
GC was associated with shorter overall survival 
(OS) [6-10]. However, the mechanism of 
increased expression of LDHA in GC is not dem-
onstrated. It has been reported in pancreatic 
cancer that Forkhead box protein M1 (FOXM1) 
transcriptionally upregulated LDHA and promot-
ed pancreatic cancer growth and metastasis. 

FOXM1, an oncogenic transcription factor, 
shares the winged-helix DNA-binding domain 
and belongs to Forkhead transcription factors 
superfamily. FOXM1 plays critical roles in regu-
lating cancer cell proliferation, angiogenesis, 
invasion and metastasis by transcriptionally 
regulating its downstream target genes and 
networking with other factors [11]. It has been 
reported that FOXM1 is overexpressed in GC 
and promotes GC formation, proliferation, 
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angiogenesis, epithelial-mesenchymal transi-
tion (EMT), metastasis and chemo-resistance 
[12-17]. Previously, it has been reported that 
FOXM1 promoted pancreatic cancer progres-
sion via increasing glycolytic phenotype [18]. 
However, the roles and mechanism of FOXM1 in 
regulating glycolysis in GC has not been 
demonstrated.

In this study, we sought to determine the role 
and mechanism of the increased expression of 
LDHA in GC. We discovered that LDHA was tran-
scriptionally regulated by FOXM1 (FOXM1B) and 
FOXM1-LDHA signaling promoted glycolytic 
phenotype (increased lactate production and 
glucose utilization) and progression of GC. 

Materials and methods 

Cell lines and reagents 

The human GC cell lines NCI-N87, AGS, HTB135, 
SNU1 cells were purchased from the American 
Type Culture Collection. The SK-GT15 cell line 
was obtained from Gary K. Schwartz (Memorial 
Sloan-Kettering Cancer Center, New York, NY), 
and the TMK-1 cell lines was obtain from 
Masashi Kanai (Kyoto University, Kyoto, Japan). 
All of these cell lines were maintained in plastic 
flasks as adherent monolayers in Eagle’s mini-
mal essential medium supplemented with 10% 
fetal bovine serum, sodium pyruvate, nones-
sential amino acids, L-glutamine, and a vitamin 
solution (Flow Laboratories). The cell lines were 
obtained directly from ATCC that performs cell 
line characterizations or authentication by the 
short tandem repeat profiling and passaged in 
our laboratory for fewer than 6 months after 
receipt. A competitive LDHA inhibitor oxamate 
sodium was purchased from Sigma-Aldrich 
Corp. (St. Louis, MO, US) [19].

Plasmids and small interfering RNAs 

The plasmids pcDNA3.1-FOXM1 (pFOXM1B) 
and control vector pcDNA3.1 were described 
previously [20]. The pLuc-LDHA-1480, pLuc-
LDHA-1031 and pLuc-LDHA-493 of LDHA pro-
moter reporter plasmids were reported previ-
ously [18]. The small interfering RNA (siRNA) 
targeting FOXM1 (siFOXM1) was a pool of 3 
target-specific 20-25nt siRNAs designed to 
knock down FOXM1 expression (Santa Cruz 
Biotechnology).

Transient transfection 

Transfection of plasmids and siRNAs into GC 
cells was performed using Lipofectamine LTX 
and Lipofectamine 2000 CD (Invitrogen, Grand 
Island, NY, US) transfection reagents, respec-
tively. For transient transfection, cells were 
transfected with plasmids or siRNA at different 
doses as indicated for 48 hours before the per-
formance of functional assays. GC cells treated 
with transfection reagent alone were included 
as mock controls. 

Western blot analysis

Standard Western blot was carried out using 
whole-cell protein lysates and primary antibod-
ies against FOXM1 and LDHA (Santa Cruz 
Biotechnology); and a secondary antibody (anti-
rabbit IgG or anti-mouse IgG; Santa Cruz 
Biotechnology). Equal protein sample loading 
was monitored using an anti-α-tublin antibody 
(Oncogene, Rockville, MD, US).

LDH activity, lactate production and glucose 
utilization assay 

Tumor cells were transfected with plasmids and 
siRNAs, 1 × 106 cells were prepared for LDH 
activity and lactate production assay with the 
Lactate Dehydrogenase Activity Assay Kit and 
Lactate Assay Kit (Sigma, Louis, MO, US) 
according to the manufacturer’s protocol. For 
glucose utilization assay, tumor cells were 
transfected with plasmids and siRNAs, and the 
cultures were incubated for 24 hours. The 
media were replaced with phenol-red free RPMI 
with 1% FBS or phenol-red free RPMI with 1% 
FBS and 20 mmol/L oxamate to continuous cul-
ture for 3 days. Glucose concentrations in 
media were measured using a colorimetric glu-
cose assay kit (Biovision, US) and normalized 
with cell number [21]. 

Promoter reporter and dual luciferase assay

GC cells were transfected with the indicated 
LDHA promoter reporters, FOXM1 siRNA or 
expression plasmid. The LDHA promoter activi-
ty was normalized by cotransfecting a β-actin/
Renilla luciferase reporter containing a full-
length Renilla luciferase gene [22]. The lucifer-
ase activity in the cells was quantified using a 
dual luciferase assay system (Promega) 24 
hours after transfection.
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Colony-formation assay

Two hundred cells from each group as indicated 
were plated in 24-well plates and allowed to 
grow for 14 days in culture medium; the medi-
um was changed twice a week. Cells were then 
fixed with 4% paraformaldehyde and stained 
with 0.1% crystal violet solution for 10 minutes. 
Colonies (> 20 cells) were counted using an 
inverted microscope at 40× magnification. The 
results were calculated as the percentage of 
proper control. All experiments were performed 
in triplicate and repeated twice.

Tumor-cell migration/invasion assay

NCI-N87 cells were transfected for 6 hours with 
different reagents respective to different 
groups (control or pFOXM1). Cells in each group 
were trysinized and 2 × 104 to 5 × 104 cells in a 
300l volume of serum-free medium were in 
each group were placed in the upper parts of 
modified Boyden chambers with a Matrigel-
coated/uncoated membrane (Millipore). DMEM 
with 10% FBS or with 10% FBS and 20 mmol/L 
oxamate were used as chemoattractant. 500 
ml of respective conditioned media was added 

Figure 1. Regulation of LDHA expression by FOXM1 in GC. A. Western blot analysis of FOXM1 and LDHA expression 
in GC cell lines. B. Regulation of LDHA expression by FOXM1. SK-GT5 and SNU1 cells were transfected with siFOXM1 
or control siRNA, and AGS and NCI-N87 cells were transfected with pFOXM1 or control vector. The culture were 
incubated for 48 hours. Total protein lysates were harvested to measure the FOXM1 and LDHA expression using 
western blot.

Figure 2. Transcriptional regulation of LDHA by FOXM1 in GC. Measurement of the LDHA promoters activity. SK-GT5 
cells were co-transfected with 0.2 μg of the LDHA promoter-luciferase construct pLuc-LDHA-493, pLuc-LDHA-1031 
or pLuc-LDHA-1480, and 0, 25, and 50 nmol/L siFOXM1or control siRNA. Promoter activity was examined using a 
dual luciferase assay kit. NCI-N87 cells were co-transfected with 0.2 μg of the LDHA promoter-luciferase constructs 
pLuc-LDHAs and 0, 0.3, and 0.6 μg of pFOXM1 or control vector. Promoter activity was examined using a dual lucif-
erase assay kit (*, P < 0.01).
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to the lower chamber. After 24 hours of incuba-
tion, invasive/migrated cells were fixed, stained 
and counted under a microscope in five ran-
domly selected fields at a magnification of 
200×.

Statistical analysis 

The significance of the data was determined 
using the Student t test (two-tailed) or one way 
ANOVA. In all of the tests, P values less than 
0.05 were considered statistically significant. 
The SPSS software program (version 13.0; 

Transcriptional activation of LDHA by FOXM1 
in GC cells

The above results revealed that FOXM1 regu-
lated the expression of LDHA. We then further 
analyzed the effect of FOXM1 on LDHA promot-
er activity by dual luciferase assay. The three 
promoter reporters of LDHA were previously 
reported [23]. pLcu-LDHA-1480 contains 4 
potential FOXM1-binding sites, pLuc-LDHA- 
1031 contains 2 potential FOXM1-binding sites, 
and pLcu-LDHA-493 does not contain potential 
FOXM1-binding sites. Transfection of GC cells 

Figure 3. Regulation of LDH activity, glucose utilization and lactate produc-
tion by FOXM1-LDHA signaling. SK-GT5 cells were transfected with siFOXM1 
or control siRNA (A), and NCI-N87 cells were transfected with control vector, 
pFOXM1 or pFOXM1 and treated with 20 mmol/L oxamate sodium (B). The 
cultures were incubated for 48 hours. An LDH Activity Assay Kit was used to 
analyze the LDH activity (upper panels), a Glucose Utilization Assay Kit was 
used to analyze the use of glucose (middle panels), and a Lactate Assay Kit 
was used to analyze the lactate production (lower panels).

SPSS Inc, New York, US) was 
used for statistical analysis.

Result

Association of elevated ex-
pression of FOXM1 with LDHA 
overexpression in GC

It has reported that the ex- 
pression of LDHA and FOXM1 
were both elevated in GC tis-
sues and LDHA was transcrip-
tionally regulated by FOXM1 in 
pancreatic cancer [18]. We 
then evaluated the relation-
ship between FOXM1 and 
LDHA expression in GC. First, 
we analyzed the expression of 
FOXM1 and LDHA in GC can-
cer cell lines. The result show- 
ed that the expression of 
FOXM1 was positively associ-
ated with LDHA in GC cell lines 
(Figure 1A). Then the impact 
of altered expression of FOX- 
M1 on LDHA expression was 
further investigated. We kno- 
ckdown FOXM1 in SK-GT5 and 
SNU1 cells which expre- 
ssed relatively higher levels of 
FOXM1 and LDHA, whereas 
overexpressed FOXM1 in AGS 
and NCI-N87 cells which has 
lower levels of FOXM1 and 
LDHA. The result revealed 
that knockdown of FOXM1 led 
to decreased expression of 
LDHA, but overexpression of 
FOXM1 resulted in increased 
expression of LDHA (Figure 
1B). 
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with FOXM1 siRNA significantly decreased the 
promoter activity of LDHA (pLcu-LDHA-1480 
and pLuc-LDHA-1031), whereas overexpres-
sion of FOXM1 increased this activity. However, 
altered expression of FOXM1 had little effect 
on pLcu-LDHA-493 (Figure 2). These result indi-
cated that the FOXM1-binding sites were posi-
tive regulatory elements in the LDHA promoter 
and FOXM1 regulated the expression of LDHA 
on transcriptional level.

FOXM1 promotion of the Warburg effect in GC 
cells via LDHA

Given that FOXM1 regulated the expression of 
LDHA which was a key enzyme of aerobic gly-
colysis (Warburg effect), we then investigated 
the role of FOXM1 in regulating aerobic glycoly-
sis via LDHA by analysis the correlation of 

altered the expression of FOXM1 with LDH 
activity, glucose utilization, and lactate produc-
tion. We found that knockdown of FOXM1 in 
SK-GT5 significantly decreased LDH activity, 
glucose utilization, and lactate production 
(Figure 3A). In comparison, overexpression of 
FOXM1 in NCI-N87 increased the LDH activity, 
glucose utilization, and lactate production 
(Figure 3B). Furthermore, elevated LDH activi-
ty, glucose utilization, and lactate production 
induced by FOXM1 were dependent on LDHA, 
as specific inhibition of LDHA activity by oxam-
ate sodium attenuated the increasing effect of 
FOXM1 on LDH activity, glucose utilization, and 
lactate production. These data indicated that 
FOXM1 affected LDH activity, glucose utiliza-
tion, and lactate production, which were the 
main features of Warburg effect, via transcrip-
tionally regulating the expression of LDHA.

Figure 4. FOXM1-LDHA signaling promoted GC cells proliferation, migration and invasion. NCI-N87 cells were trans-
fected with control vector, pFOXM1, or pFOXM1 and treated with 20 mmol/L oxamate sodium. A, B. Colony formation 
assay was performed in 24-well plates and numbers of colonies were counted 14 days after retroviral infection. C. 
The migration and invasion of NCI-N87 cells were determined as described in Materials and Methods. Representa-
tive tumor cell migrated or invaded were photographed, data represent mean ± SD of triplicates. (*, P < 0.05, a 
comparison of the pFOXM1 groups with the control groups; #, P < 0.05, a comparison of the pFOXM1 + Oxa groups 
with the pFOXM1 groups). 
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Direct impact of altered FOXM1-LDHA signal-
ing on GC cell proliferation, migration and 
invasion

To investigate the role of altered FOXM1-LDHA 
signaling on GC biology, we overexpressed 
FOXM1 in NCI-N87 cells and evaluated the pro-
liferation, migration and invasion of the cells. 
The colony-formation assay results revealed 
that overexpression of FOXM1 led to increased 
colony formation via LDHA, as oxamate sodium 
attenuated the increasing effect of FOXM1 
(Figure 4A and 4B). Furthermore, elevated 
expression of FOXM1 resulted in increased cell 
migration and invasion, but inhibited LDHA by 
oxamate sodium decreased the promoting 
effect of FOXM1 on cell migration and invasion. 
These result demonstrated that FOXM1 pro-
moted GC growth and metastasis at least part-
ly through transcriptionally regulating the 
expression of LDHA.

Discussion

In the present study, we determined the critical 
roles of FOXM1-LDHA signaling in regulating 
aerobic glycolysis in GC for the first time, dem-
onstrated the underlying mechanism. We 
revealed that increased FOXM1-LDHA signaling 
promoted GC cells proliferation, migration and 
invasion.

FOXM1, an oncogenic transcription factor, has 
reported to be overexpressed in many kinds of 
cancer cells, including GC, and is associated 
with tumor growth, angiogenesis, EMT and 
metastasis [14, 20, 24-26]. Recently, it has 
been reported to regulate Warburg effect in 
pancreatic cancer. However, the regulating role 
of FOXM1 in the Warburg effect of GC has not 
been reported. In this study, we showed that 
knocking down the expression of FOXM1 
decreased LDH activity, glucose utilization, and 
lactate production, whereas overexpression of 
FOXM1 increased LDH activity, glucose utiliza-
tion, and lactate production via transcriptional-
ly regulating the expression of LDHA which is 
the key enzyme of glycolysis.

LDHA is a major subunit of LDH, which is com-
prised of the subunits A and B [18]. Studies 
have demonstrated that LDHA favored cataly-
sis of the conversion of pyruvate to lactate, but 
LDHB preferred converting lactate to pyruvate, 
and the shift from LDH1 to LDH5 promoted 

cancer progression [9, 27, 28]. LDHA has been 
reported to overexpress in a series of cancer, 
including GC, and promoted cancer develop-
ment and progression [6, 8, 9]. However, the 
mechanism of elevated expression of LDHA in 
GC has not been demonstrated. In the present 
study, we found that the expression of LDHA 
was positively correlated with FOXM1 in GC cell 
lines. We then investigated the effect of altered 
FOXM1 expression on LDHA and found that 
FOXM1 overexpression led to increased LDHA 
expression, whereas knockdown of FOXM1 
expression did the opposite. Furthermore, 
altered the expression of FOXM1 resulted in 
changed LDHA promoter activity. These data 
revealed that FOXM1 transcriptionlly regulated 
the expression of LDHA. 

FOXM1-LDHA signaling played important roles 
in GC aerobic glycolysis which was one of the 
hallmarks of cancer, we then further deter-
mined the impact of FOXM1-LDHA signaling on 
GC biology [29]. We found that elevated FOXM1-
LDHA signaling promoted GC cells proliferation, 
migration and invasion. And LDHA played criti-
cal roles in mediating the effect of FOXM1 in GC 
biology, as inhibited LDHA attenuated the 
increasing effect of FOXM1 on cancer cells pro-
liferation, migration and invasion.

In summary, this study identified the roles of 
FOXM1 in GC metabolism for the first time. Four 
lines of evidence were provided to support the 
role for FOXM1 in GC glycolysis via transcrip-
tionally regulating LDHA. Firstly, FOXM1 and 
LDHA were concomitantly overexpressed in GC 
cell lines. Secondly, the expression of LDHA 
was regulated by FOXM1. Furthermore, FOXM1 
regulated the transcriptional activity of LDHA 
promoters. Thirdly, altered expression of 
FOXM1 affected the LDH activity, lactate pro-
duction and glucose utilization. Fourthly, 
increased FOXM1-LDHA signaling promoted GC 
cells proliferation, migration and invasion. 
Collectively, these findings not only revealed 
the critical roles of FOXM1 in GC metabolism, 
but also indicated that FOXM1-LDHA signaling 
might be a new therapeutic target of GC, which 
required further studies.
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