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Abstract. Forkhead box M1 (FOXM1) is a typical prolifera-
tion-associated transcription factor, which is overexpressed in 
many types of human cancer. We investigated the expression 
level of FOXM1 in patients with untreated acute leukemia (AL) 
and explored the correlation between expression levels and 
AL type. The relationship between the expression of the genes 
FOXM1 and mammalian target of rapamycin (mTOR) was 
determined after treatment of ML-2 cells with thiostrepton. 
The apoptosis, proliferation and cell-cycle progression of 
ML-2 lines were examined after treatment with metformin. 
We found that FOXM1 is expressed in the majority of AL 
patients and that its expression level was associated with the 
AL type. Thiostrepton is a specific inhibitor of FOXM1, and 
by inhibiting the FOXM1 expression via thiostrepton, we 
observed downregulatiion of mTOR; a significant correla-
tion between FOXM1 and mTOR levels was observed. Thus, 
metformin may be involved in the downregulation of FOXM1. 
In addition, our study demonstrated that metformin promotes 
the apoptosis of ML-2 cells, induces cell-cycle arrest at the 
G0/G1 and G2/M phases, and inhibits proliferation. The 
potential role of FOXM1 in tumorigenesis renders it an 
attractive target for anticancer therapy, and metformin may 
represent a new agent for the treatment of leukemia.

Introduction

Forkhead box M1 (FOXM1) is a typical proliferation-associ-
ated transcription factor that stimulates cell proliferation and 
exhibits a proliferation-specific expression pattern. FOXM1 
is highly expressed in numerous solid tumors, such as lung, 

breast, prostate and pancreatic cancer (1-3). FOXM1 is inti-
mately involved in tumorigenesis, contributing to oncogenic 
transformation and participating in tumor initiation, growth 
and progression. Nakamura et al first reported that FOXM1 is 
overexpressed in acute myeloid leukemia (AML) cells, espe-
cially in cells with high aldehyde dehydrogenase activity (4).

An important aspect of the present study is the detec-
tion of the expression level of FOXM1 in untreated acute 
leukemia (AL) patients, and the analysis of the relationship 
between FOXM1 expression and the expression or the muta-
tional status of other genes, in order to determine its prognostic 
value in AL. Another major aspect of our study is the investi-
gation of the effects of metformin. Epidemiological evidence 
suggests that patients with diabetes have a high incidence of 
cancer. However, the cancer risk is lower in diabetic patients 
who were treated with metformin. A reasonable explanation for 
this finding is that metformin may have antitumor effects (5). 
Previous studies have demonstrated that metformin can 
activate the AMP-activated protein (AMPK) kinase pathway 
and inhibit the mammalian target of rapamycin (mTOR) to 
decrease the expression of Bcl-2 and c-Myc proteins (6,7). 
Metformin also was also shown to accelerate tumor cell apop-
tosis by inhibiting the phosphorylation of the signal transducer 
and activator of transcription (STAT3) (8).

In the current study, the effects of metformin on the 
biological behavior of ML-2 cells were analyzed. We aimed to 
confirm the antitumor function of metformin in AL patients.

Materials and methods

Sample preparation. Bone marrow samples were obtained 
from 134 untreated AL patients. Of these, 107 were diagnosed 
with AML, and 27 with acute lymphoblastic leukemia (ALL). 
Diagnosis was performed at the Tonji Hospital of Tonji Medical 
College (Wuhan, China), based on criteria proposed by the 
French-American-British (FAB) Group. Written informed 
consent was obtained from the subjects. The mononuclear 
cells were separated from the bone marrow and stored at 
-80˚C. The study was approved by the Ethical Committee of 
Tonji Hospital, Tonji Medical College, Huazhong University of 
Science and Technology (Wuhan, China) and was conducted 
according to the principles of the Declaration of Helsinki. The 
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AML cell lines Kassumi, NB-4, THP-1, ML-2, K562, and the 
ALL lines Jurkat, Raji and HUT-78 were purchased from the 
Shanghai Cell Bank (Chinese Academy of Sciences, Shanghai, 
China). The cell lines were maintained in RPMI-1640 medium, 
supplemented with Hyclone™ 10% fetal bovine serum (FBS; 
Thermo Fisher Scientific, Waltham, MA, USA) at 37˚C with 
5% CO2.

Reverse transcription (RT)-semiquantitative and quantita-
tive (q) polymerase chain reaction (PCR). The cells were 
collected after treatment for 16 h with 5, 10 and 20 µmol of 
thiostrepton (Enzo Biochem, New York, NY, USA). RNA was 
extracted from these cells using the RNeasy Mini kit (Qiagen, 
Hilden, Germany), and an aliquot was reverse transcribed into 
cDNA using the RevertAid™ First Strand cDNA Synthesis kit 
(Fermentas, Vilnius, Lithuania). The RT-PCR primers were as 
follows: FOXM1 forward (F), 5'-CGA AAG ATG AGT TCT GAT 
GG-3', and reverse (R), 5'-GAA AGG TTG TGG CGG ATG-3'; 
FMS-like tyrosine kinase 3 internal tandem duplication 
(FLT3/ITD) F, 5'-TGT CGA GCA GTA CTC TAA ACA-3', and R, 
5'-ATC CTA GTA CCT TCC CAA ACTC-3'; GAPDH F, 5'-CCA 
CCC ATG GCA AAT TCC ATG GCA-3' and R, 5'-TCT AGA CGG 
CAG GTC AGG-3'. The qRT-PCR primers were as follows: 
FOXM1 F, 5'-TGC CCA GCA GTC TCT TAC CT-3', and R, 
5'-CTA CCC ACC TTC TGG CAG TC-3'; GAPDH F, 5'-GCA 
CCG TCA AGG CTG AGA AC-3', and R, 5'-TGG TGA AGA CGC 
CAG TGGA-3'; mTOR F, 5'-CGC TGT CAT CCC TTT ATCG-3', 
and R, 5'-ATG CTC AAA CAC CTC CAC C-3'. All primers were 
purchased from Invitrogen Life Technologies (Shanghai, China). 
The RT-PCR reactions for FOXM1 and GAPDH were performed 
in 20-µl volumes. The cycling program consisted of a 5-min 
pre-denaturation at 94˚C, followed by 32 cycles of denaturation 
at 94˚C for 50 sec, annealing at 58˚C for 1 min, and extension at 
72˚C for 30 sec. qRT-PCR of FOXM1, mTOR and GAPDH was 
performed using the SYBR-Green dye Realtime PCR Master 
mix kit; TOYOBO, Osaka, Japan) in 10-µl reaction volumes. 
The cycling program comprised 1 min of pre-denaturation at 
95˚C, followed by 40 cycles of denaturation at 95˚C for 15 sec, 
annealing at 60˚C for 15 sec and extension at 72˚C for 15 sec. 
The fluorescence emitted by SYBR-Green was measured and 
the data analyzed using a StepOne™ Real-Time PCR System 
(Applied Biosystems Life Technologies, Foster City, CA, USA).

Western blot analysis. The cells were collected at 3 days after 
treatment for 72 h with 2, 4 and 8 µmol of metformin (Sigma, 
St. Louis, MO, USA). The cells were lysed in RIPA buffer, 
containing 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium 
deoxycholate, 1% NP-40, 150 mmol/l NaCl, 10 mmol/l 
Tris-HCl, and a cocktail of protease inhibitors by incubation 
for 20min at 4℃. Proteins were then quantified with a BCA 
Protein Assay kit (Beyotime, Shanghai, China). Total protein 
extracts were separated by 10% SDS-PAGE and transferred to 
polyvinylidene difluoride membranes. The membranes were 
incubated with rabbit anti-human poly-clonal primary anti-
body targeting FOXM1 (1:800 dilution; Proteintech Group, 
Chicago, IL, USA) at 4˚C for 12 h. After blocking in 5% fat-free 
milk, the membranes were incubated with horseradish perox-
idase-conjugated goat anti-rabbit poly-clonal IgG secondary 
antibody (1: 2,000; Proteintech Group) at room temperature 
for 2 h. The proteins were visualized using the ECL detection 

system (ECL kit; Beyotime), and data were quantified with 
the Odyssey Infrared Imaging System (LI-COR Biosciences, 
Lincoln, NE, USA).

Apoptosis assay. Following treatment with metformin for 
24 or 48 h, the cells were collected, washed twice with 
phosphate-buffered saline (PBS), and resuspended in 
Annexin binding buffer (Keygen Biotech., Nanjing, China). 
The cells were then incubated with Annexin V-fluorescein 
isothiocyanate (FITC) and propidium iodide (PI) for 15 min 
in the dark using the Annexin V-FITC Apoptosis Detection 
kit (KeyGen Biotech.). The apoptosis rate was measured on a 
FACSCalibur™ flow cytometer (BD Biosciences, San Diego, 
CA, USA), and analyzed with the CellQuest software 
(BD Biosciences, Franklin Lakes, NJ, USA).

Cell cycle analysis. Cell-cycle progression was studied by 
flow cytometry on PI-stained cells. The cells were collected 
and fixed with 70% ethanol at -20˚C for 12 h after treatment 
with metformin for 24 or 48 h. Subsequently, the cells were 
resuspended in PBS and incubated with 10 mg/ml RNase 
(Fermentas, Vilnius, Lithuania) at 37˚C for 30 min, followed 
by incubation with 500 µg/ml PI at room temperature for 
30 min in the dark after two PBS washes. PI-stained cells 
were analyzed by flow cytometry using a FACSCalibur 
cytometer.

Cell proliferation analysis. ML-2 cells were seeded in 
24-well flat-bottom plates at a density of 2x105 cells/well, 

Table I. Expression of the forkhead box M1 gene (FOXM1) 
in acute leukemia patients.

 FOXM1
 -------------------------------------------------------------------------------------------
Type POS NEG Total Positive rate (%)

AML
 M1 9 2 11 81.80
 M2 16 5 21 76.20
 M3 15 2 17 88.20
 M4 5 0 5 100.00
 M5 36 12 48 75.00
 M6 1 3 4 25.00
 M7 1 0 1 100.00
 Total 83 24 107 77.57

ALL
 T cell 11 0 11 100.00
 B cell 15 1 16 93.75
 Total 26 1 27 96.30

Total 109 25 134 81.34

AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; 
POS, positive; NEG, negative. χ2=26.2, P=0.004 for all comparisons 
of positive rate among different AL subtypes. The AML subtypes 
M1-M7 refer to the FAB classification system.
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and 200 µl of RPMI-1640 were added. The subsequent 
analyses were performed in the dark. The cells in each well 
were incubated with 1 µl of 1,000X carboxyfluorescein 
succinimidyl ester (CFSE; Invitrogen Life Technologies) at 
37˚C for 10 min. Subsequently, 400 µl FBS were added to 
stop the reaction. After resuspending in RPMI-1640 medium 
containing 10% FBS, the cells were treated with metformin, 
fixed in 4% paraformaldehyde and washed twice with PBS. 
The cell proliferative ability was then investigated by flow 
cytometry.

Statistical analysis. Quantitative data were expressed as the 
mean ± standard error of the mean of at least three indepen-

dent experiments. Comparisons between two groups were 
analyzed using Chi-square, Spearman correlation and inde-
pendent samples t test. A value of P<0.05 was considered to 
indicate statistically significant differences. Data analysis was 
performed with the SPSS 15.0 software (IBM, New York, NY, 
USA).

Results

Expression of FOXM1 mRNA in mononuclear cells from 
untreated AL patients. The FOXM1 mRNA was detected 
by semiquantitative-PCR in 81.34% of the 134 primary AL 
patients. There was significant difference (P=0.004) between 

Figure 1. Expression of the forkhead box M1 (FOXM1) mRNA in mononu-
clear cells from untreated acute leukemia patients (AL). (A) The white blood 
cell (WBC) count and (B) the bone barrow myeloblast (blast)percentage in 
the peripheral blood of the untreated AL patients, grouped based on their 
FOXM1 expression status.

Table II. The relationship between the expression of the fork-
head box M1 gene (FOXM1) and a mutation in the FMS-like 
tyrosine kinase 3 internal tandem duplication gene (FLT3/ITD) 
gene in acute myeloid leukemia.

 FOXM1
 ------------------------------------------------------------------------------
 FLT3 ITD Positive Negative Τotal

 Positive 27 0 27
 Negative 64 20 84
 Total 91 20 111

χ2=7.841, P=0.030 for the correlation between FOXM1 and FLT3/ITD.

Figure 2. The effect of thiostrepton on forkhead box M1 (FOXM1) mRNA 
expression. (A) Gel image of reverse transcription-semiquantitative poly-
merase chain reaction products, showing that all the leukemia cell lines 
express FOXM1. (B) The expression of FOXM1 and mammalian target of 
rapamycin (mTOR) is decreased after treatment of Jurkat cells with different 
concentrations of thiostrepton for 16 h. Black, non-treated Jurkat cells.

Figure 3. The effect of metformin on forkhead box M1 (FOXM1) protein 
expression. (A) Western blot image, with β-actin used as the loading con-
trol. (B) Metformin significantly decreases the FOXM1 protein level in a 
dose-dependent manner. *P<0.05; black, non-treated Jurkat cells.
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the different subtypes with regards to the FOXM1 expression 
status (Table I). We obtained only partial results from the 
analysis of patients' routine blood and bone marrow cytology 
tests (71/134). The white blood cell (WBC) count in the 
peripheral blood of the FOXM1-positive group was estimated 
at 69.57±110.14x109, whereas in the FOXM1-negative group, 
the count was 121.76±156.66x109. There was no significant 
difference (P=0.202) between the two groups (Fig. 1). 
Regarding the bone barrow myeloblast (also known as blast) 
count, the FOXM1-positive group was not significantly different 
from the -negative group (78.82±18.61% vs. 67.15±24.67%, 
P=0.120). FLT3 is one of the most frequently mutated genes 
in AML, and is associated with poor outcome (9). In our 
experiments, we found that an internal tandem duplication 
(ITD) mutation in FLT3 correlates (P=0.030) to the expression 
of FOXM1 (Table II).

The effect of thiostrepton and metformin on FOXM1 expres-
sion. Thiostrepton is known to directly affect FOXM1 and 

inhibit its binding to target sites (10). In our experiments, 
FOXM1 was detected in all the six leukemia cell lines. 
Thiostrepton treatment for 16 h decreased the expression of 
both FOXM1 and mTOR (Fig. 2). The Spearman correlation 
coefficient was 0.692 (P<0.05), indicating a positive correla-
tion between the expression levels of mTOR and FOXM1.

The protein level of FOXM1 was analyzed after 72 h 
of incubation with metformin. In contrast to the group of 
non-treated cells, the FOXM1 expression levels in the 2-, 
4- and 8-µmol treatment groups were 0.787±0.061 (P<0.05 
compared to the non-treated cells), 0.537±0.081 (P<0.05) 
and 0.287±0.119 (P<0.05), respectively. Thus, treatment with 
metformin significantly decreases the FOXM1 protein level, 
and in a dose-dependent manner (Fig. 3).

The effect of metformin on the biological behavior of ML-2 
cells. Following treatment with metformin for 24 and 48 h, 
the rates of apoptosis of ML-2 cells in the 2-µmol and 8-µmol 
treatment groups increased. However, the 4-µmol group did 

Figure 4. The biological behavior of ML-2 cells following treatment with metformin. (A) The apoptotic rate of ML-2 cells is increased after treatment for 
24 and 48 h. (B) The cell-cycle distribution of ML-2 cells following metformin treatment. FITC, fluorescein isothiocyanate; PI, propidium iodide. (C) The 
proliferative ability of ML-2 cells is significantly reduced, as assessed by the mean carboxyfluorescein succinimidyl ester (CFSE) fluorescence intensities. 
Black, non-treated cells; *P<0.05.
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not show the same trend (Fig. 4). These findings suggest that 
metformin may accelerate the apoptotic rate of ML-2 cells.

The cell-cycle distribution of ML-2 cells was determined 
before and after metformin treatment by Annexin-V-FITC and 
PI labeling, followed by flow cytometry analysis. The results 
indicated that metformin arrests the cell-cycle progression at 
the G2/M phase. However, with the exception of the 4-µmol 
group, the percentage of cells at the G0/G1 and S phases 
decreased after 24 h. Following 48 h of treatment, the cells at 
the G2/M phase increased only in the 4-µmol group (P<0.05).

The proliferation of ML-2 cells was examined by CFSE 
labeling, followed by flow cytometry analysis. The 2-µmol 
and 4-µmol treatment groups showed lower proliferation rates 
after 48 h of treatment. These results indicate that metformin 
inhibits ML-2 cell proliferation.

Discussion

FOXM1 was found to be highly expressed in numerous solid 
tumors, such as pulmonary cancer, breast carcinoma, hepatic 
carcinoma, etc. Increased expression of FOXM1 indicates 
poor prognosis (1). In previous studies, FOXM1 was shown to 
accelerate the cell cycle and interfere with apoptosis (11,12).

In our experiments, the FOXM1 gene was highly expressed 
in untreated AL patients, especially in the AML-M1, 
AML-M4 and T-ALL subtypes (data not shown). There was 
no difference between the FOXM1-positive and -negative 
groups with respect to the WBC of the peripheral blood and 
the bone marrow blast counts. We also found that FOXM1 
expression correlates to the FLT3 ITD mutation. It is known 
that AML patients with this mutation have worse outcomes 
than those who do not bear the mutation (13). However, an 
examination of the two versions of the gene revealed that the 
patients with high levels of FOXM1 are more likely to have 
an FLT3 mutation, which results in a poor prognosis, as the 
mutation confers an increased relapse rate and a reduction in 
overall survival. (13-15).

To further investigate the function of FOXM1, we used 
thiostrepton, which can selectively bind to FOXM1 to inhibit 
its transcription and translation, thereby blocking its transcrip-
tion factor activity (10). To evaluate the effect of thiostrepton, 
we examined the expression of the genes FOXM1 and mTOR; 
the latter is a key regulator in the AMPK/mTOR signaling 
pathway. The downregulation of mTOR causes multi-site 
dephosphorylation of the eukaryotic translation initiation 
factor 4E-binding protein 1 (eIF4E-BP1), a key translational 
regulator, and decreases the transcription of several oncogenes, 
such as c-Myc, cyclin D1 and Bcl-xL (16). The expression of 
the mTOR gene was decreased upon thiostrepton treatment, 
indicating that thiostrepton may exert antitumor activity 
by directly downregulating FOXM1 or by indirectly down-
regulating mTOR. The protein products of the two genes may 
function in the same signaling pathway.

Recently, a number of studies have demonstrated that 
metformin, which is widely used in the treatment of type 2 
diabetes, may exert cancer chemopreventive effects in solid 
tumors. Metformin stimulates signaling pathways, including 
AMPK/mTOR, STAT3 and ERK, and restores the expression of 
the cell-surface major histocompatibility complex class I (16-18). 
Additionally, metformin may selectively target cancer stem cells 

(19). However, the function of metformin in leukemia is unclear. 
In our study, metformin significantly decreased the protein level 
of FOXM1, leading to a series of biological changes.

Similar to other drugs, metformin accelerates the apoptosis 
of ML-2 cells and exerts antitumor activity by reducing the 
tumor burden. However, the exact molecular events of this 
process are not clear. Thus, additional in-depth studies are 
necessary to elucidate the cellular effects of metformin. In this 
study, metformin decreased the number of cells at the S phase 
by arresting the cell cycle at the G0/G1 and G2/M phases. 
However, metformin did not affect the progression from the 
S to the G2 phase. It has been reported that FOXM1 affects 
genes that regulate the cell cycle, such as Cdc25A, Cdc25B, 
cyclin B, cyclin D1 and P21 (20,21), thereby arresting the cell 
cycle at the G0/G1 and G2 phases. mTOR has been shown to 
promote cell-cycle progression from the G1 to the S phase by 
stimulating elF-4E-dependent translation initiation (22). We 
hypothesize that metformin may regulate the cell cycle by 
decreasing the expression of mTOR and FOXM1. It remains to 
be determined whether other genes are involved in this process. 
Detecting the expression of specific cyclins may allow eluci-
dating the mechanism of cell-cycle arrest. Cell proliferation 
was also impaired following metformin treatment in our study. 
Thus, the drug may block tumor progression, and FOXM1 
may be involved in this process. Overall, metformin appears to 
affect the apoptosis, proliferation and cell-cycle progression of 
AL cells, and exert an antitumor effect in vitro. The drug may 
function by directly or indirectly regul ating the expression of 
FOXM1 and mTOR.

Numerous clinical trials exploring the antitumor activity 
and safety of metformin are underway. The maximum tolerated 
dose and the effect of a combination of metformin and other 
chemotherapeutic agents need to be further investigated (23,24). 
Since the working dose of metformin does not harm healthy 
cells, the drug has minimal effects on the physiological metabo-
lism of an organism. The drug reduces the insulin level only in a 
hyperinsulinemic context, and has limited effect on the normal 
insulin level. Based on these advantages, the range of applica-
tions for metformin is expanding.

In summary, the FOXM1 transcription factor is expressed 
in leukemia cell lines. Thiostrepton inhibits the expression of 
FOXM1 and mTOR, and may be a promising antitumor target. 
Metformin decreases the expression of FOXM1 in ML-2 cells. 
This drug accelerates apoptosis and arrests the cell cycle 
at the G0/G1 and G2/M phases, causing a decrease in cell 
prolifer ation. This study revealed that metformin is valuable 
for the treatment of leukemia, and FOXM1 may be one of its 
targets. Further in vivo and clinical trials need to be performed 
to confirm the safety of use of metformin. Use of metformin 
alone or combined with other chemotherapies may contribute 
in the treatment of leukemia.
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