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ABSTRACT
A target molecule responsible for cell cycle arrest by metformin was discovered 

using a gene chip array in lung cancer cells and the effect of metformin on E2F8 
was assessed. The siRNA-mediated knockdown of E2F8 significantly suppressed 
G1-S progression while ectopic expression of E2F8 relieved metformin-induced G1 
arrest. The mRNA levels of p21 were found to be inversely related to those of E2F8 
in lung cancer cells while siRNA-mediated knockdown of p21 partly rescued siE2F8-
induced arrest of the cell cycle. Metformin had no effect on degradation of E2F8 mRNA. 
Activation and inhibition of AMPK by AICAR and Dorsomorphin, respectively, did not 
affect E2F8 suppression by metformin. The clinical significance of E2F8 was analyzed 
in The Cancer Genome Atlas (TCGA) data. One hundred six (13%) of 848 TCGA lung 
cancers overexpressed E2F8 mRNA. The overexpression of E2F8 was associated 
with poor overall survival (adjusted hazard ratio = 1.58, 95% confidence interval = 
1.13–2.22; P = 0.008). The present study suggests that metformin may induce cell 
cycle arrest at the G1 phase by suppressing E2F8 expression in lung cancer cells. In 
addition, E2F8 may be associated with poor overall survival in lung cancer patients 
irrespective of histology.

INTRODUCTION

Lung cancer is the leading cause of cancer-related 
death in the world. Despite recent advances in molecular 
target therapy, the cure rate of advanced lung cancer 
remains low. Recently, oral antidiabetic drug metformin 
has emerged as an attractive agent for lung cancer therapy. 
Metformin is associated with improved overall survival 
in patients with diabetes with stage IV non- small cell 
lung cancer (NSCLC) [1]. Combination therapy of 
metformin with anti-IGF1R mAb Figitumumab or an 
epidermal growth factor receptor (EGFR) tyrosine kinase 
inhibitor produces a synergistic effect in small cell lung 
cancer (SCLC) and NSCLC [2–4]. The anticancer effect 
of metformin is thought to be partly due to inhibition 

of cell proliferation [5–7]. Metformin blocks the cell 
cycle in the G1 phase through upregulation of p21 [8] 
or downregulation of cyclin D1 and E2F1 expression in 
prostate, breast, and bladder cancer cells [9–11]. However, 
cyclin D1 expression was not affected by metformin in 
lung cancer cells while E2F1 knockout cells showed 
normal proliferation in a mouse model [12, 13], implying 
that other factors may be involved in metformin-induced 
cell cycle arrest in lung cancer cells. 

The E2F family is a core transcriptional axis crucial 
for cell cycle transitions by regulating gene expression, 
including expression of cyclins and CDKs. Traditionally, 
E2Fs are categorized into three groups based on their 
transcriptional activity: activators (E2F1-E2F3), canonical 
repressors (E2F4-E2F6), and atypical repressors (E2F7-
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E2F8). Upon mitogenic stimulation, activated E2F1-
E2F3 will accumulate in the late G1 phase and initiate 
a transcriptional program that drives cells into S phase. 
The G1/S-specific transcriptome is then attenuated by 
the action of E2F7 and E2F8 [14–16]. However, recent 
studies have revealed that atypical repressors have a role 
in cell cycle promotion. Expression of E2F7 and E2F8 is 
tightly correlated with expression of proliferative marker 
Ki-67 and associated with hepatocyte proliferation [17]. 
Upregulation of E2F8 promotes cell proliferation and 
tumorigenicity in breast, hepatocellular, and lung cancers 
[18–20]. E2F8 accelerates the S-phase transition by 
transcriptionally upregulating cyclin E1 and cyclin E2 in 
breast cancer cells [18] and cyclin D1 in hepatocellular 
cellular carcinoma [19] through interactions with 
regulatory elements in their promoters. E2F7 and E2F8 
form homodimers (E2F7-E2F7 and E2F8-E2F8) or 
heterodimers (E2F7-E2F8) to control transcription of cell 
cycle-related genes [14, 21, 22], and both atypical (E2F7, 
E2F8) and typical (E2F1-E2F3) E2Fs bind to similar DNA 
sequences [23].

In this study, we analyzed global gene expression 
in metformin-treated lung cancer cells and found that 
E2F8 was significantly downregulated by metformin. 
The expression levels of E2F8 were inversely correlated 
to those of p21, and metformin-induced overexpression 
of p21 was independent of p53. In addition, E2F8 
overexpression was found to be significantly associated 
with poor overall survival in lung cancer.

RESULTS

Metformin induces cell cycle arrest at the G1 
phase in lung cancer cells

To investigate the effect of metformin on cell 
proliferation and cell cycle as well as the expression of 
several cell cycle-related genes in lung cancer cells, 
H1299 (Figure 1A) and A549 cells (Supplementary 
Figure 1A) were treated with 5 mM or 10 mM metformin. 
Metformin significantly inhibited cell proliferation in a 
dose-dependent manner and increased the proportion of 
dead cells (Figure 1A, Supplementary Figure 1A). The 
anti-proliferative effect of metformin was apparent at 14 
h after treatment in H1299 (Figure 1A) and A549 cells 
(Supplementary Figure 1A). The induction of cell death by 
metformin was observed at 44 h and 30 h post-treatment in 
H1299 (Figure 1A) and A549 cells (Supplementary Figure 
1A), respectively. Metformin-induced inhibition of cell 
proliferation was measured by MTS assay (Figure 1B). 
Metformin was found to arrest the cell cycle at G1 phase 
in lung cancer cells: the proportion of G0/G1 phase cells 
was increased from 72.3% to 79.5% after treatment with 
metformin (Figure 1C). Cell cycle-related genes such as 
cyclin A1, cyclin A2, cyclin B1, cyclin D3, CDK2, CDK4, 
and CDK6 were downregulated in response to metformin 

while p21 was upregulated by metformin (Figure 1D and 
1E, Supplementary Figure 1B). 

E2F8 mediates metformin-induced cell cycle 
arrest in lung cancer cells 

To find novel targets involved in metformin-induced 
cell cycle arrest in lung cancer cells, we analyzed mRNA 
levels using GeneChipÒ Human Gene ST Arrays in A549 
cells treated with metformin. Genes that were 1.5 fold 
up- or down- regulated compared to the control were 
classified using DAVID (The Database for Annotation, 
Visualization and Integrated Discovery) (Supplementary 
Tables 4–7) [24]. Apoptosis-related genes such as CHAC1, 
DDIT4, TRIB3, TP53INP1, and TP63 were up-regulated 
while cell cycle-related genes such as E2F8, CCNF, 
CCND3, CCNB3 and CDC6 were down-regulated by 
metformin treatment. Among cell cycle-related genes, 
E2F8 was the most prominently down-regulated (Log2 
Ratio = –0.9603) by metformin (Supplementary Table 7). 
Metformin inhibited mRNA expression of E2F8 in various 
lung cancer cell lines (H23, H226, A549, and H1299) 
(Supplementary Figure 2A). The inhibitory effect of 
metformin on E2F8 expression occurred in a dose- and   
time-dependent manner in H1299 cells (Figure 2A and 
2B). E2F8 expression was also inhibited by metformin in 
H1299 cells (Figure 2C). Among the eight members of the 
E2F family, metformin suppressed mRNA expression of 
E2F1, E2F2, E2F7, and E2F8 (Figure 2D, Supplementary 
Figure 2B) while E2F8 was most significantly associated 
with cell proliferation (Figure 2E, Supplementary Figure 
2C). The addition of metformin to E2F8-knockdown 
H1299 cells suppressed E2F8 expression (Figure 2F and 
2G) and inhibited cell proliferation (Figure 2H) and G1/S 
progression (Figure 2I) synergistically. The proportion 
of cells in S phase was decreased from 22.5% to 13.7% 
by siRNA-mediated knockdown of E2F8. It was further 
reduced to 10.3% by addition of metformin (Figure 
2I). These observations suggest that metformin may be 
involved in E2F8 suppression and cell cycle arrest via a 
mechanism that does not involve siRNA. To investigate 
downstream target proteins of E2F8, we knocked it down 
in H1299 cells using siE2F8 and analyzed mRNA levels of 
cell cycle-related genes using qRT-PCR. Cyclin A1, cyclin 
A2, cyclin B1, cyclin D1, CDK4, and CDK6 were down-
regulated while p21 and p27 were up-regulated (Figure 2J). 

E2F8 regulates cell proliferation partly through 
control of p21 expression in lung cancer cells 

To further demonstrate the inhibitory effect of 
metformin on cell proliferation through E2F8 and p21, 
we overexpressed E2F8 in H1299 cells and treated cells 
with metformin. We first analyzed E2F8 expression during 
cell cycle progression. Like other E2F family members, 
E2F8 was principally expressed in the nucleus (Figure 3A) 
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where it exerted its role as a transcription factor. E2F8 
protein levels were low at 6 h, 12 h, and 18 h into the 
cell cycle, with a low G1 phase population. However, they 
were upregulated at 24 h and 30 h with an increase in G1 
phase population, suggesting that E2F8 was activated in 
G1 phase and downregulated in S and G2 phases (Figure 
3B). Overexpression (Figure 3C) of E2F8 by transient 
transfection in H1299 cells increased cell proliferation 
(Figure 3D) and G1-S progression of the cell cycle (Figure 
3E). The addition of metformin to E2F8-overexpressing 
cells resulted in a decrease in cell proliferation and G1-S 
progression (Figure 3E). The proportion of S phase cells, 
which was increased by overexpression of E2F8, was 
decreased from 30.1% to 23.7% following the addition 
of metformin (Figure 3E). Among cell cycle related-

genes such as cyclin A1, cyclin A2, cyclin B1, cyclin 
D1, cyclin D3, and cyclin E1, only p21 was significantly 
downregulated by E2F8 overexpression in H1299 cells. 
The addition of metformin resulted in the recovery of p21 
expression (Figure 3F). To understand the contribution 
of p21 to inhibition of cell proliferation by metformin 
through E2F8 suppression, we analyzed cell proliferation 
in p21-knockdown H1299 cells (Figure 3G and 3H). 
Cell proliferation was increased in H1299 cells treated 
with sip21 but decreased in those treated with 5 mM 
metformin or siE2F8. However, in p21-knockdown 
H1299 cells, the addition of siE2F8 had a minimal effect 
on cell proliferation (Figure 3G). In addition, E2F8 
overexpression increased cell proliferation in H1299 cells. 
However, its effect was minimal in p21-knockdown cells.

Figure 1: Effect of metformin on proliferation of lung cancer cells. (A) H1299 cells were treated with metformin (5 mM or 10 
mM). Upper panels: representative images of cultured H1299 cells. Green indicates dead cells stained with cyanine dye. Middle panel: 
percentage of confluence. The images were obtained every two hours and the percent confluence was calculated. Lower panel: percentage 
of regions displaying cytotoxicity. The cyanine dye was added 16 h after metformin treatment. (B) Cell proliferation was detected by 
MTS assay. Error bars indicate standard deviation (n = 8, *P < 0.05). (C) H1299 cells were treated with BrdU and labeled with a FITC-
conjugated anti-BrdU antibody. Total DNA was stained with 7-AAD and the percentage of cells in each stage of the cell cycle was analyzed. 
This experiment was performed three times and similar results were obtained each time. (D and E) H1299 cells were treated with 5 mM 
metformin for 48 h and the protein (D) and mRNA (E) levels of cell cycle-related genes were measured by western blotting and qRT-
PCR, respectively. Relative mRNA levels indicate fold change in mRNA levels of metformin-treated cells compared to control. Error bars 
indicate standard deviation (n = 3, *P < 0.05). “met.” indicates metformin.
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Metformin-induced E2F8 suppression is not 
dependent on AMPK activation 

To investigate the effect of metformin on E2F8 
mRNA stability, we analyzed the rate of E2F8 mRNA 
degradation in H1299 cells. The mRNA level of E2F8 
was reduced to half within 4–8 hours after inhibition of 
de novo mRNA synthesis by actinomycin D. However, 
no difference in mRNA level of E2F8 was observed 
between control and metformin-treated cells (Figure 4A). 
A previous study has shown that E2F1 binds to the E2F8 
promoter region and controls its mRNA expression [21]. 

Therefore, we analyzed the influence of E2F1, E2F2, 
E2F3, E2F7, and E2F8 on each other’s expression by 
knocking down individual E2Fs using siRNA in H1299 
cells (Supplementary Figure 3). No suppressive effect 
on E2F8 expression was observed (Figure 4B). To 
further understand the underlying mechanism by which 
metformin suppresses E2F8, we searched for transcription 
factors downregulated by metformin in the microarray 
data and found candidate transcription factors, including 
NF-1, E2F, DP1, CDP, PBX1, HMX1, and FAC1 
(Supplementary Table 8). However, siRNA-medicated 
knockdown of these factors did not affect the expression of 

Figure 2: Effect of metformin on E2F8 expression and effect of E2F8 knockdown on proliferation of lung cancer cells. 
(A) H1299 cells were treated with 5 mM metformin and E2F8 mRNA levels were measured by qRT-PCR. RPLP0 was used as an internal 
control. Relative E2F8 mRNA levels were calculated by comparing it to the expression level of the control. Error bars indicate standard 
deviation (n = 3, *P < 0.05). (B) H1299 cells were treated with metformin (1 mM, 5 mM, 10 mM), and E2F8 mRNA levels were measured 
by qRT-PCR (n = 3, *P < 0.05). (C) E2F8 and β-actin protein levels were analyzed by western blot. Experiments were performed three 
times and similar results were obtained each time. (D) The mRNA levels of the eight E2F family members were measured by qRT-PCR 
in H1299 cells exposed to 5 mM metformin for 48 h (n = 3, *P < 0.05). (E) H1299 cells were transfected with the indicated siRNAs and 
cell proliferation was analyzed using MTS assay on the third day after transfection (n = 8). (F) A549 and H1299 cells were transfected 
with an off-target control siRNA (siControl), siE2F8, or siE2F8 plus 5 mM metformin, and relative mRNA levels of E2F8 normalized to 
RPLP0 were measured by qRT-PCR (n = 3, *P < 0.05). (G) E2F8 protein levels in H1299 cells were analyzed using western blot. (H) Cell 
proliferation was measured by MTS assay on the third day after treatment with siE2F8 and/or 5 mM metformin (n = 8). (I) H1299 cells 
were treated with BrdU and labeled with a FITC-conjugated anti-BrdU antibody. Total DNA was stained with 7-AAD. The percentage of 
cells in each stage (G0/G1, S-phase, G2) of the cell cycle was measured after transfecting siE2F8. This experiment was performed three 
times and similar results were obtained each time. (J) The mRNA levels of cell cycle-related genes were measured by qRT-PCR after 
transfection of siE2F8. Values on the y-axis are expressed as fold change in mRNA levels relative to control (n = 3, *P < 0.05). 
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E2F8 (Figure 4C). Metformin is known to exert its actions 
in part through AMPK activation. However, alteration of 
AMPK activity by AICAR or dorsomorphin did not affect 
the mRNA level of E2F8 in H1299 cells (Figure 4D and 
4E), suggesting that metformin-induced E2F8 suppression 
may not be dependent on AMPK activity. Either AICAR 
or Dorsomorphin treatment suppressed A549 and H1299 
cells proliferation (Supplementary Figure 4).

Overexpression of E2F8 is associated with poor 
overall survival in patients with non-small cell 
lung cancer

The effect of E2F8 overexpression on patient 
survival was analyzed using TCGA (The Cancer 
Genome Atlas) lung cancer data. The clinicopathological 

characteristics of 848 participants are described in 
Supplementary Table 9. Overexpression of E2F8 was 
defined as a z-score greater than or equal to one. It was 
found in 58 (12%) of 475 adenocarcinomas and 48 
(13%) of 373 squamous cell carcinomas. Overall survival 
and recurrence-free survival (RFS) were compared 
between patients with and without E2F8 overexpression. 
Recurrence-free survival was not significantly different 
between patients with E2F8 overexpression and those 
without (P = 0.14; Figure 5A), but overall survival was 
poorer in patients with E2F8 overexpression than in 
those without (P = 0.009; Figure 5B). In addition, the 
effect of E2F8 overexpression on overall survival was 
similar in adenocarcinoma (P = 0.05; Figure 5C) and 
squamous cell carcinoma (P = 0.08; Figure 5D). Overall 
survival in patients with E2F8 overexpression was 1.58 

Figure 3: Effect of E2F8 overexpression on proliferation of lung cancer cells. (A) H1299 cells were transfected with the 
pCMV6-Entry vector expressing GFP-tagged human E2F8 and images were obtained by immunofluorescence microscopy. DNA was 
stained with DAPI. (B) After 24 h of hydroxyurea treatment, E2F8 protein levels (upper panel) and cell cycle (lower panel) were analyzed 
using western blotting and FACS with PI staining, respectively, at 6, 12, 18, 24, and 30 h. (C) E2F8 expression was verified using western 
blot analysis in H1299 cells transfected with an E2F8 expression vector. (D–F) A plasmid encoding E2F8 was transfected into H1299 cells 
and incubated with or without 5 mM metformin. Cell proliferation (D) and cell cycle (E) were analyzed using MTS assay and FACS on the 
third day after transfection (n = 8, *P < 0.05). The mRNA levels of cell cycle-related genes (F) were also measured by qRT-PCR (n = 3, *P 
< 0.05). (G and H) H1299 cells were transfected with siRNA directed against p21 or E2F8 as well as with E2F8 expression plasmid. Cell 
proliferation was then analyzed using MTS assay on the third day after transfection (n = 8, *P < 0.05). “Ove” represents overexpression.
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(95% confidence interval = 1.13–2.22, P = 0.008) times 
poorer than that in patients without E2F8 overexpression 
after adjusting for pathologic stage, age, histology, and 
recurrence (Table 1). However, RFS was not associated 
with E2F8 overexpression.

DISCUSSION

Metformin exerts anticancer effects mainly by 
suppressing cell proliferation and inducing cell death 
in lung cancer cells. To understand the molecular 
mechanisms underlying metformin-induced inhibition 
of cell proliferation, we analyzed expression changes in 
mRNA levels using the Affymetrix GeneChip® Human 
Gene 1.0 ST Array. Metformin down-regulated the 
expression of cell cycle-related genes such as E2F8, 
CCNF, CCND3, CCNB3, and CDC6 but up-regulated the 
expression of apoptosis-related genes such as CHAC1, 
DDIT4, TRIB3, TP53INP1, and TP63. Among them, we 
focused on E2F8 because of its dramatic down-regulation 
by metformin. Metformin down-regulated four E2F 
family members, E2F1, E2F2, E2F7, and E2F8 in lung 
cancer cells, with E2F8 being the most prominently down-
regulated one (Supplementary Table 7). In this study, 
siRNA-mediated knockdown of E2F8 in lung cancer 

cells significantly suppressed cell proliferation while 
overexpression of E2F8 recovered metformin-induced 
inhibition of cell proliferation, suggesting that E2F8 may 
be a molecular target for inhibition of proliferation by 
metformin in lung cancer cells.

It is currently unclear what is responsible for the 
extra bands shown in Figure 3. The rabbit polyclonal anti-
E2F8 antibody (Abcam, ab109596) used in this study is 
known to react specifically with mouse and human E2F8. 
This antibody is known to produce only one band in HeLa 
cells. All bands appeared in H1229 cells transfected with 
E2F8 expression plasmid, but not in control cells (Figure 
3C). There is no report about isoforms of E2F8 in human 
cells. One possibility is that E2F8 might have undergone 
posttranslational modification such as phosphorylation 
in H1299 cells. Different intracellular environments of 
HeLa cells and H1229 cells might affect posttranslational 
modification. E2F family members are frequently 
deregulated in lung cancer. E2F1, E2F2, and E2F3 are up-
regulated in non-small cell lung cancer. Overall survival 
in lung cancer patient is known to be poorer in patients 
with over-expression of E2F1 or E2F2 than in those with 
normal expression [25–27]. E2F8 is also up-regulated 
in lung cancer. Its over-expression is associated with 
poor prognosis [20]. The present study also observed 

Figure 4: Effect of transcription factors and AMPK on E2F8 expression. (A) H1299 cells were treated with metformin (5 mM, 
10 mM). After inhibition of de novo mRNA synthesis with actinomycin D, E2F8 mRNA levels were measured by qRT-PCR at indicated 
time points. Error bars indicate one standard deviation (n = 3, *P < 0.05). (B–E) H1299 cells were transfected with the indicated siRNAs 
directed against E2Fs (B) or transcription factors (C) and incubated with AMPK activator AICAR (D) or AMPK inhibitor dorsomorphin 
(Dorso) (E) with or without 5 mM metformin. E2F8 mRNA levels were measured by qRT-PCR (n = 3, *P < 0.05). The values on the y-axis 
represent fold change in E2F8 mRNA level relative to the control (n = 3, *P = 0.05). Error bars indicate one standard deviation in the fold 
change of E2F8 mRNA levels.
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worse overall survival in lung cancer patients with over-
expression of E2F8 than in those with normal E2F8 
expression, irrespective of histology. These observations 
suggest that E2F8, in addition to E2F1 and E2F2, could be 
useful as a prognostic biomarker in lung cancer. 

E2F8 is known as a repressor of E2F activators 
such as E2F1 [28]. During the cell cycle, accumulation of 
newly synthesized E2F1, E2F2, and E2F3 in late G1 phase 
initiates a transcriptional program that drives G1 phase 
cells into the S phase. This G1-S-specific transcriptome 

Table 1: Cox proportional hazards analysis of survival in 848 NSCLCs
E2F8 overexpression HRa 95% CIa P-value

Overall survivalb No 1.00
Yes 1.58 1.13–2.22 0.008

RFSc No 1.00
Yes 1.26 0.92–1.72 0.15

aAbbreviations: HR, hazard ratio; CI, confidence interval; RFS, recurrence-free survival.
bAdjusted for recurrence, pathologic stage, histology, and age.
cAdjusted for histology and pathologic stage.

Figure 5: Effect of E2F8 overexpression on survival of patients with non-small cell lung cancer. (A) Recurrence-free 
survival was not associated with E2F8 overexpression (P = 0.14). (B) The five-year overall survival rate was 34% and 46% in patients with 
and without E2F8 overexpression, respectively. This difference was statistically significant (P = 0.009). (C and D) Data were stratified 
according to histology and overall survival was analyzed in 475 adenocarcinomas (C) and 373 squamous cell carcinomas (D). The P-values 
are based on log-rank test.
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is then attenuated by the action of repressors E2F7 and 
E2F8 [14]. Based on this scenario, suppression of E2F8 
will release a brake on E2F1 and continue the activation 
of E2F1 target genes, resulting in ectopic DNA replication. 
E2F1 overexpression in quiescent fibroblasts leads to 
induction of cellular DNA synthesis and apoptosis [29]. 
Knockdown of E2F8 in lung cancer significantly increases 
the proportion of dead A549 cells in culture [20]. The 
upregulation of E2F1 target genes such as cyclin E1 
(Figure 2J), PCNA, and MCM3 by E2F8 knockdown of 
E2F8 lementary Table S6in this study may support this 
scenario. However, considering the suppression of DNA 
synthesis after E2F8 knockdown observed in this study, 
it is possible that E2F8 may play a role in cell cycle 
progression through other mechanisms in addition to 
E2F1. Park et al. [20] have searched for E2F8-recognizing 
DNA sequences and identified the most highly represented 
motifs recognized by transcription factors such as E2F1, 
E2F4, E2F6, E2F7, NFY, Elk1, Elk4, and Sp1. This 
suggests that transcriptional activities of NFY, Elk1, and 
Sp1 may also be suppressed by E2F8.

The anticancer effect of metformin is known to 
involve up-regulation of p21 [8]. In the present study, p21 
expression was inversely correlated with E2F8 expression, 
suggesting that E2F8 might be a transcriptional 
repressor of p21. It is unlikely that E2F8 decreases p21 
expression by suppressing the transcriptional activity 
of p53 because the E2F8-p21 relationship is detected 
in a p53-null lung cancer cell line, H1299. The p53-
independent transactivation of p21 by activated Ras 
requires transcription factor E2F1 [30] while E2F1 and 
E2F3 strongly activate p21 transcription by binding to 
cis-acting elements of p21 [31], which may suggest that 
E2F8 negatively regulates p21 by suppressing E2F1 or 
E2F3. Many transcription factors such as SP1, SP3, AP2, 
CCAAT/enhancer binding protein-α (C/EBPα), C/EBPβ, 
BETA2 (also known as NEUROD1), GAX (also known 
as MOX2), homeobox A10 (HOXA10), STATs, and 
myoblast determination protein 1 (MYOD1) control p21 
transcription in a p53-independent manner [32]. Therefore, 
negative regulation of p21 expression by E2F8 may be 
accomplished by suppressing these transcription factors. 
Motif analysis has revealed that Sp1 binding site is one of 
the top E2F8 target DNA sequences [20]. Whether E2F8 
directly binds to the p21 promoter region and whether 
transcription factors that induce p21 expression are 
suppressed by E2F8 are topics that require further study. 

The mechanism underlying E2F8 downregulation 
by metformin was investigated in this study. Metformin 
controlled E2F8 expression at the transcription level. 
We investigated some possible TFs such as NF-1, 
E2F1, E2F2, E2F3, E2F7, DP1, CDP, PBX1, HMX1, 
and FAC1. However, none of them was the candidate. 
A previous study has shown that Naphthol AS-TR 
phosphate (NASTRp), an inhibitor of cAMP response 
element-binding protein (CREB) transcriptional activity, 
significantly suppresses E2F8 expression in lung cancer 

[20]. Therefore, it is possible that metformin regulates 
E2F8 through this pathway because metformin has been 
shown to suppress cAMP/CREB signaling through 
phosphorylation of CREB binding protein (CBP) in 
hepatoma cells [33]. Interestingly, in the present study, 
dorsomorphin significantly suppressed E2F8 expression 
and the effect was not AMPK dependent. Dorsomorphin 
has been shown to inhibit BMP-mediated Smad, p38, 
and Akt signaling [34]. We speculate that some of these 
pathways may be critical to the regulation of E2F8 
expression in lung cancer. We are still investigating 
the mechanisms by which metformin modulates E2F8 
expression and its anticancer effects. 

MATERIALS AND METHODS

Cell culture and counting

Lung cancer cell lines H23, H226, H460, A549, 
H1299, and H1650 were obtained from the American 
Type Culture Collection (ATCC). Characterizations of 
these cell lines are available at http://cellbank.snu.ac.kr. 
These cells were cultured in RPMI 1640 medium (Lonza, 
Allendale, NJ) supplemented with 10% fetal bovine serum 
(FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin 
at 37°C in a humidified atmosphere with 5% CO2. Cells 
were treated with different concentrations of metformin 
(1, 5, and 10 mM) (D150959, Sigma) and cell growth was 
measured by a real-time quantitative live-cell analysis 
system, IncuCyte® ZOOM System (Essen BioScience, 
Ann Arbor, MI, USA) [35]. Briefly, cells were seeded into 
a 24-well plate at a density of 1 × 105 cells per well and 
phase-contrast images were obtained at each time point. 
Data were analyzed using the IncuCyte software according 
to the manufacturer’s instructions. Dead cells were 
counted using cyanine dye (G8741, Promega, Madison, 
WI, USA). 

MTS assay

Cells were cultured in 96-well plates (8000 cells/
well) and transfected with siRNA (40 nM) or the 
pCMV6-Entry vector (0.6 μg/ml). Cell proliferation was 
measured using the MTS [3-(4,5-dimethylthiazol-2yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-
tetrazolium] assay on the third day after transfection as 
described previously [36]. CellTiter 96 Aqueous One 
Solution (Promega, Madison, WI) was added to each well 
and cells were incubated for 1 hour in a 37°C incubator 
with 5% CO2. Absorbance was measured at 490 nm using 
a microplate reader (Bio-Rad, Hercules, CA, USA). 

Microarray

A549 cells were cultured in RPMI 1640 medium 
supplemented with 5 mM metformin for 48 h. Total RNA 
was isolated from these cells using the PureLink RNA 



Oncotarget101517www.impactjournals.com/oncotarget

Mini Kit (Invitrogen, Carlsbad, CA, USA). Double-
stranded cDNA was synthesized from total RNA and 
in vitro transcription was performed to produce biotin-
labeled cRNA using GeneChip One-Cycle Target 
Labeling and Control Reagents (Affymetrix, Santa Clara, 
CA, USA) according to the manufacturer’s instructions. 
After fragmentation, the cRNA was hybridized with 
the Affymetrix GeneChip® Human Gene 1.0 ST Array 
(Affymetrix). GeneChips were then scanned in a 
GeneChip Scanner 3000 (Affymetrix). Normalization, 
filtering, and gene expression analysis of the data were 
performed with the Affymetrix GCOS software.  

Small interfering RNA (siRNA)-mediated 
gene silencing and plasmid-mediated gene 
overexpression

To knockdown target genes, cells were transiently 
transfected with 40 nM of gene-specific siRNA (BioNeer, 
DaeJeon, Korea) or non-targeting siRNA (BioNeer) as a 
negative control. The siRNA sequences used for knockdown 
experiment are shown in Supplementary Table 1. 

The pCMV6-Entry vector expressing GFP-tagged 
human E2F8 (OriGene, Rockville, MD, USA) was 
used to analyze gene expression and Lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA) was used to 
transfect siRNA or plasmid into cells according to the 
manufacturer’s protocol. At 48 h post-transfection, gene 
expression was measured using quantitative real-time PCR 
or western blot analysis.

Quantitative real-time PCR

mRNA level was analyzed by quantitative real-time 
PCR. Total RNA was isolated using the PureLink RNA 
Mini Kit (Invitrogen, Carlsbad, CA, USA) and reverse 
transcription was carried out using the SuperScript VILO 
cDNA Synthesis Kit (Invitrogen, Carlsbad, CA, USA). 
Quantitative real-time PCR was performed with SYBR 
green dye (4385614, Applied Biosystems, Foster City, 
CA, USA) using the ABI PRISM 7900HT Sequence 
Detection System (Applied Biosystems) under the 
following conditions: initial denaturation for 5 min at 
95°C, followed by 40 cycles of 5 s at 95°C and 30 s at 
60°C. PCR primers were designed using Primer Express 
3 (Applied Biosystems, Foster City, CA, USA) and their 
specificity was checked by BLAST analysis. PCR primer 
sequences used for qRT-PCR are listed in Supplementary 
Table 2. 

Western blot analysis 

Total proteins were extracted from cultured 
cells using a lysis buffer containing protease inhibitor 
cocktail (Roche Applied Science, Indianapolis, IN, 
USA). Cell lysates were heated at 95°C for 5 min, loaded 

on 10% sodium dodecyl sulfate-polyacrylamide gels, 
and transferred to a PVDF membrane (Immobilon-P, 
Millipore, Medford, MA, USA). After blocking with 
a 3% solution of fetal bovine serum, membranes were 
probed with antibodies (listed in Supplementary Table 3). 
These membranes were then incubated with horseradish 
peroxidase-conjugated secondary antibodies (Cell 
Signaling Technology) and visualized with the Immun-
Star Western Kit (Bio-Rad, Hercules, CA, USA). 

Immunocytochemistry

To observe E2F8 expression in cells, H1299 cells 
were transfected with the pCMV6-Entry vector expressing 
GFP-tagged human E2F8. Cells were fixed with 4% PFA 
and images were obtained by a immunofluorescence 
microscope Zeiss AX10 (Zeiss, Gottingen, Germany). 
DNA in cells was stained with DAPI.

Cell cycle analysis using fluorescence-activated 
cell sorting (FACS)

The cell cycle was analyzed using the FITC BrdU 
Flow Kit (#559619, BD, Franklin Lakes, NJ, USA) or 
propidium iodide (PI) solution (50 μg/mL) according to 
the manufacturer’s protocol. Briefly, cells were cultured 
in 6-well plates and transfected with siRNA or plasmid 
vectors. On the third day post-transfection, cells were 
incubated with 10 μM BrdU for 2 hours before harvest. 
Cells were resuspended, washed twice in phosphate-
buffered saline (PBS), and fixed. DNA was stained with 
7-AAD or PI and then analyzed using a FACS Calibur 
system (BD, Franklin Lakes, NJ, USA) and CELLQuest 
software (version 3.3; Becton Dickinson). 

Transcription factor binding site (TFBS) analysis

The transcription factors (TFs) responsible for 
downregulation of genes (<1.5) by metformin were 
analyzed using TRANSFAC and ExPlain (Qiagen, 
Germany). TRANSFAC and ExPlain use F-Match 
to search for putative TFBSs and TFs by a weight 
matrix-based algorithm through comparing a Yes-set 
(experimental set) to a No-set (control or background set) 
[37]. Promoter regions from -2000 to +100 bp around the 
transcription start site of downregulated genes (Yes-set) 
were selected. The degree of enrichment was calculated 
against a random of housekeeping genes (No-set) using 
a cut-off value to minimize false positives and a p-value 
threshold of > 0.01.

Statistical analysis

The effect of E2F8 overexpression on survival 
was estimated by Kaplan–Meier survival curves and the 
significance of differences in survival between two groups 
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was evaluated by the log-rank test. Cox proportional 
hazards analysis was performed to estimate hazard ratios 
of independent factors for survival after controlling for 
potential confounding factors. All statistical analyses were 
two-sided with a 5% type I error rate.
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PCR: quantitative real-time PCR, E2F8: E2F transcription 
factor 8, AMPK: AMP-activated protein kinase, TFBS: 
transcription factor binding site

Author contributions

Dong Hao Jin performed all experiments and drafted 
the manuscript. Yujin Kim and Bo Bin Lee performed 
imaging analysis. Joungho Han, Hong Kwan Kim, and 
Young Mog Shim participated in the coordination of 
the study. Duk-Hwan Kim conceived, designed and 
coordinated the study, and drafted the manuscript. All 
authors read and approved the final manuscript.

CONFLICTS OF INTEREST

The authors have no conflicts of interest to disclose.

FUNDING

This work was supported by grants from the 
National R&D Program for Cancer Control, Ministry of 
Health & Welfare (1520150) and from the Korea Health 
Industry Development Institute (KHIDI), funded by the 
Ministry of Health & Welfare (HI14C1979), Republic of 
Korea.

REFERENCES 

1. Lin JJ, Gallagher EJ, Sigel K, Mhango G, Galsky MD, Smith 
CB, LeRoith D, Wisnivesky JP. Survival of patients with 
stage IV lung cancer with diabetes treated with metformin. 
Am J Respir Crit Care Med. 2015; 191:448–454.

2. Cao H, Dong W, Shen H, Xu J, Zhu L, Liu Q, Du J. 
Combinational Therapy Enhances the Effects of Anti-IGF-
1R mAb Figitumumab to Target Small Cell Lung Cancer. 
PLoS One. 2015; 10:e0135844.

3. Li L, Han R, Xiao H, Lin C, Wang Y, Liu H, Li K, Chen H, 
Sun F, Yang Z, Jiang J, He Y. Metformin sensitizes EGFR-
TKI-resistant human lung cancer cells in vitro and in vivo 
through inhibition of IL-6 signaling and EMT reversal. Clin 
Cancer Res. 2014; 20:2714–2726.

4. Morgillo F, Sasso FC, Della Corte CM, Vitagliano D, 
D’Aiuto E, Troiani T, Martinelli E, De Vita F, Orditura M, 
De Palma R, Ciardiello F. Synergistic effects of metformin 

treatment in combination with gefitinib, a selective EGFR 
tyrosine kinase inhibitor, in LKB1 wild-type NSCLC cell 
lines. Clin Cancer Res. 2013; 19:3508–3519.

 5. Wang Y, Lin B, Wu J, Zhang H, Wu B. Metformin inhibits 
the proliferation of A549/CDDP cells by activating p38 
mitogen-activated protein kinase. Oncol Lett. 2014; 
8:1269–1274.

 6. Ashinuma H, Takiguchi Y, Kitazono S, Kitazono-Saitoh 
M, Kitamura A, Chiba T, Tada Y, Kurosu K, Sakaida E, 
Sekine I, Tanabe N, Iwama A, Yokosuka O, Tatsumi K. 
Antiproliferative action of metformin in human lung cancer 
cell lines. Oncol Rep. 2012; 28:8–14.

 7. Storozhuk Y, Hopmans SN, Sanli T, Barron C, Tsiani 
E, Cutz JC, Pond G, Wright J, Singh G, Tsakiridis T. 
Metformin inhibits growth and enhances radiation response 
of non-small cell lung cancer (NSCLC) through ATM and 
AMPK. Br J Cancer. 2013; 108:2021–2032.

 8. Cai X, Hu X, Cai B, Wang Q, Li Y, Tan X, Hu H, Chen 
X, Huang J, Cheng J, Jing X. Metformin suppresses 
hepatocellular carcinoma cell growth through induction 
of cell cycle G1/G0 phase arrest and p21CIP and p27KIP 
expression and downregulation of cyclin D1 in vitro and in 
vivo. Oncol Rep. 2013; 30:2449–2457.

 9. Ben Sahra I, Laurent K, Loubat A, Giorgetti-Peraldi S, 
Colosetti P, Auberger P, Tanti JF, Le Marchand-Brustel 
Y, Bost F. The antidiabetic drug metformin exerts an 
antitumoral effect in vitro and in vivo through a decrease of 
cyclin D1 level. Oncogene. 2008; 27:3576–3586.

10. Alimova IN, Liu B, Fan Z, Edgerton SM, Dillon T, Lind 
SE, Thor AD. Metformin inhibits breast cancer cell growth, 
colony formation and induces cell cycle arrest in vitro. Cell 
Cycle. 2009; 8:909–915.

11. Zhang T, Guo P, Zhang Y, Xiong H, Yu X, Xu S, Wang X, 
He D, Jin X. The antidiabetic drug metformin inhibits the 
proliferation of bladder cancer cells in vitro and in vivo. Int 
J Mol Sci. 2013; 14:24603–24618.

12. Kozar K, Ciemerych MA, Rebel VI, Shigematsu H, 
Zagozdzon A, Sicinska E, Geng Y, Yu Q, Bhattacharya S, 
Bronson RT, Akashi K, Sicinski P. Mouse development and 
cell proliferation in the absence of D-cyclins. Cell. 2004; 
118:477–491.

13. Wu L, Timmers C, Maiti B, Saavedra HI, Sang L, Chong 
GT, Nuckolls F, Giangrande P, Wright FA, Field SJ, 
Greenberg ME, Orkin S, Nevins JR, et al. The E2F1-3 
transcription factors are essential for cellular proliferation. 
Nature. 2001; 414:457–462.

14. Chen HZ, Tsai SY, Leone G. Emerging roles of E2Fs in 
cancer: an exit from cell cycle control. Nat Rev Cancer. 
2009; 9:785–797.

15. Lammens T, Li J, Leone G, De Veylder L. Atypical E2Fs: 
new players in the E2F transcription factor family. Trends 
Cell Biol. 2009; 19:111–118.

16. Attwooll C, Lazzerini Denchi E, Helin K. The E2F family: 
specific functions and overlapping interests. EMBO J. 2004; 
23:4709–4716.



Oncotarget101519www.impactjournals.com/oncotarget

17. Kent LN, Rakijas JB, Pandit SK, Westendorp B, Chen HZ, 
Huntington JT, Tang X, Bae S, Srivastava A, Senapati S, 
Koivisto C, Martin CK, Cuitino MC, et al. E2f8 mediates 
tumor suppression in postnatal liver development. J Clin 
Invest. 2016; 126:2955–2969.

18. Ye L, Guo L, He Z, Wang X, Lin C, Zhang X, Wu S, Bao 
Y, Yang Q, Song L, Lin H. Upregulation of E2F8 promotes 
cell proliferation and tumorigenicity in breast cancer by 
modulating G1/S phase transition. Oncotarget. 2016; 
7:23757–23771. https://doi.org/10.18632/oncotarget.8121.

19. Deng Q, Wang Q, Zong WY, Zheng DL, Wen YX, 
Wang KS, Teng XM, Zhang X, Huang J, Han ZG. E2F8 
contributes to human hepatocellular carcinoma via 
regulating cell proliferation. Cancer Res. 2010; 70:782–791.

20. Park SA, Platt J, Lee JW, Lopez-Giraldez F, Herbst RS, Koo 
JS. E2F8 as a Novel Therapeutic Target for Lung Cancer. J 
Natl Cancer Inst. 2015; 107.

21. Christensen J, Cloos P, Toftegaard U, Klinkenberg D, 
Bracken AP, Trinh E, Heeran M, Di Stefano L, Helin K. 
Characterization of E2F8, a novel E2F-like cell-cycle 
regulated repressor of E2F-activated transcription. Nucleic 
Acids Res. 2005; 33:5458–5470.

22. Di Stefano L, Jensen MR, Helin K. E2F7, a novel E2F 
featuring DP-independent repression of a subset of E2F-
regulated genes. EMBO J. 2003; 22:6289–6298.

23. Morgunova E, Yin Y, Jolma A, Dave K, Schmierer B, Popov 
A, Eremina N, Nilsson L, Taipale J. Structural insights into 
the DNA-binding specificity of E2F family transcription 
factors. Nat Commun. 2015; 6:10050.

24. Huang da W, Sherman BT, Lempicki RA. Systematic 
and integrative analysis of large gene lists using DAVID 
bioinformatics resources. Nat Protoc. 2009; 4:44–57.

25. Huang CL, Liu D, Nakano J, Yokomise H, Ueno M, 
Kadota K, Wada H. E2F1 overexpression correlates with 
thymidylate synthase and survivin gene expressions and 
tumor proliferation in non small-cell lung cancer. Clin 
Cancer Res. 2007; 13:6938–6946.

26. Chen L, Yu JH, Lu ZH, Zhang W. E2F2 induction in 
related to cell proliferation and poor prognosis in non-
small cell lung carcinoma. Int J Clin Exp Pathol. 2015; 
8:10545–10554.

27. Cooper CS, Nicholson AG, Foster C, Dodson A, Edwards 
S, Fletcher A, Roe T, Clark J, Joshi A, Norman A, Feber A, 
Lin D, Gao Y, et al. Nuclear overexpression of the E2F3 
transcription factor in human lung cancer. Lung Cancer. 
2006; 54:155–162.

28. Li J, Ran C, Li E, Gordon F, Comstock G, Siddiqui H, 
Cleghorn W, Chen HZ, Kornacker K, Liu CG, Pandit SK, 
Khanizadeh M, Weinstein M, et al. Synergistic function of 
E2F7 and E2F8 is essential for cell survival and embryonic 
development. Dev Cell. 2008; 14:62–75.

29. Kowalik TF, DeGregori J, Schwarz JK, Nevins JR. E2F1 
overexpression in quiescent fibroblasts leads to induction 
of cellular DNA synthesis and apoptosis. J Virol. 1995; 
69:2491–2500.

30. Gartel AL, Najmabadi F, Goufman E, Tyner AL. A role for 
E2F1 in Ras activation of p21(WAF1/CIP1) transcription. 
Oncogene. 2000; 19:961–964.

31. Gartel AL, Goufman E, Tevosian SG, Shih H, Yee AS, 
Tyner AL. Activation and repression of p21(WAF1/CIP1) 
transcription by RB binding proteins. Oncogene. 1998; 
17:3463–3469.

32. Abbas T, Dutta A. p21 in cancer: intricate networks and 
multiple activities. Nat Rev Cancer. 2009; 9:400–414.

33. He L, Sabet A, Djedjos S, Miller R, Sun X, Hussain 
MA, Radovick S, Wondisford FE. Metformin and insulin 
suppress hepatic gluconeogenesis through phosphorylation 
of CREB binding protein. Cell. 2009; 137:635–646.

34. Boergermann JH, Kopf J, Yu PB, Knaus P. Dorsomorphin 
and LDN-193189 inhibit BMP-mediated Smad, p38 and 
Akt signalling in C2C12 cells. Int J Biochem Cell Biol. 
2010; 42:1802–1807.

35. Liu L, Wang YD, Wu J, Cui J, Chen T. Carnitine 
palmitoyltransferase 1A (CPT1A): a transcriptional target 
of PAX3-FKHR and mediates PAX3-FKHR-dependent 
motility in alveolar rhabdomyosarcoma cells. BMC Cancer. 
2012; 12:154.

36. Jin DH, Lee J, Kim KM, Kim S, Kim DH, Park J. 
Overexpression of MAPK15 in gastric cancer is associated 
with copy number gain and contributes to the stability 
of c-Jun. Oncotarget. 2015; 6:20190–20203. https://doi.
org/10.18632/oncotarget.4171.

37. Damrauer SM, Studer P, da Silva CG, Longo CR, Ramsey 
HE, Csizmadia E, Shrikhande GV, Scali ST, Libermann TA, 
Bhasin MK, Ferran C. A20 modulates lipid metabolism and 
energy production to promote liver regeneration. PLoS One. 
2011; 6:e17715.


