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including embryos17,18. E2F3 can also function as tumor 
suppressors and oncogenes. For instance, lacking one or 
two copies of E2F3 (E2F3a and E2F3b) decreased the 
development of pituitary tumors, but the incidence and 
invasion abilities of medullary thyroid carcinomas are 
increased19. Low expression of E2F3a was associated 
with inferior prognosis in childhood acute lymphoblastic 
leukemia14 but was associated with improved progression-
free survival and overall survival of patients with ovarian 
cancer13. Although E2F3a has been widely reported to be 
involved in tumorigenesis, there are few reports on its 
role in gliomagenesis. E2F3a protein expression is more 
upregulated in glioma tissues than in normal brain tis-
sues and is greater in grade III and grade IV than in grade 
II, suggesting an important role of E2F3a in gliomagen-
esis16. In this study, the phenotypic and molecular effects 
of E2F3a knockdown and overexpression on glioma cells 
were characterized.

E2F3a plays an important role in regulating cell pro-
liferation and cell cycle progression. E2F3a functions 
mainly at the G1/S phase transition and is recognized as 
one of the key factors in cell cycle control. Transgenic 
mice expressing E2F3a have a hyperplastic and hyper-
proliferative epidermis and are predisposed to developing 
spontaneous tumors in the skin15. More recently, several 
miRNAs such as miR-34a, miR-20a, miR-125b, and miR- 
200c have been reported to inhibit cell proliferation by 
downregulating E2F3 in tumor cells20,21. On the other 
hand, E2F3a overexpression in hepatocellular carcinoma 
did not lead to alterations in proliferation10. Thus, not all 
tissues respond to deregulated E2F3a expression in the 
same way. In this study, by taking advantage of the level 
of endogenous E2F3a expression in glioma cells, E2F3a 
was silenced in U373 cells and was overexpressed in 
U251 cells. We found that silencing E2F3a results in sig-
nificantly decreased proliferation and percentage of S and 
G2/M phase, and an increase in the percentage of the G0/G1 
phase in U373 cells. In contrast, E2F3a overexpression 
results in increased proliferation in U251 cells. Moreover, 
our in vivo study showed that knockdown of E2F3a in 
U373 cell-injected mice showed decreased tumor growth 
in vivo, evidenced by decreased expression of PCNA and 
Ki-67. This suggests that E2F3a has a major effect on cell 
proliferation and cell cycle of the glioma cells both in 
vitro and in vivo.

Given that E2F3a plays an important role in the G1/S 
transition and cell proliferation, low expression of this 
gene in glioma cells would result in an increase in apopto-
sis. This finding coincided with the results of many stud-
ies. For instance, E2F3a increases the apoptosis of the 
epidermis through the activation of caspase 3 in a trans-
genic mouse model independent of p539. Very recently, 
E2F3a has been shown to mediate DNA damage-induced 
apoptosis22, which is significantly reduced by the absence 

of ataxia telangiectasia mutated (ATM) kinase in trans-
genic mouse tissue and in primary human fibroblasts15. 
Consistent with these results, silencing E2F3a signifi-
cantly increases the apoptotic events in U373 cells and 
decreases apoptotic events in U251 cells, suggesting an 
antiapoptotic role for the E2F3a proteins in glioma cells. 
However, overexpression of E2F3a proteins results in an 
increase in apoptotic events in HepG2 cells10, suggesting 
a contrary role for E2F3a in cell apoptosis between these 
two cancers.

To determine the oncogenic role of E2F3a in glioma 
cells, we detected the cell invasion and migration abili-
ties of U373 and U251 cells with the knockdown or 
overexpression of E2F3a. We found that the invasive and 
migration activities were inhibited by the downregulation 
of E2F3a expression, but were promoted by the upreg-
ulation of E2F3a expression. In line with our findings, 
several miRNAs, such as miR-144, miR-497, miR-874, 
and miR-203, have been reported to inhibit cell migration 
and invasion of tumor cells by targeting E2F323–26, and 
E2F3 mediates neuronal migration in a manner beyond 
cell cycle regulation27.

Many of the genes that are targets of E2F3a are 
involved in apoptosis, transcriptional control, and cell 
cycle regulation10,27. XAF1 and TNFSF10, proapoptotic 
proteins, are the two most prominent genes upregulated 
by E2F3a. In this study, we found four genes associ-
ated with cell apoptosis progression, including Bim, 
Bax, caspase 3, and caspase 9, that were upregulated 
by E2F3a knockdown. Bim may act by directly bind-
ing and activating Bax and Bak28. Also, previous data 
have shown that caspase 9 is a highly specific protease 
that only cleaves a few proteins, whereas caspase 3 and 
caspase 7 contribute to the majority of the cleavage that 
takes place during apoptosis29. Thus, E2F3a may inhibit 
the apoptosis of glioma cells through the Bim, Bax, cas-
pase 3, and caspase 9 pathways. Moreover, four genes 
associated with cell motility, including MMP-2, MMP-3, 
MMP-9, and MMP-13, were downregulated by E2F3a 
knockdown. It has been shown that the enhanced expres-
sion of MMPs might favor adhesion and migration not 
only of glioma-infiltrating microglia but also of glioma 
cells. Expression of the MMP-2 in human glioma tissues 
is upregulated and directly correlated to glioma inva-
siveness and the survival rate of tumor-bearing mice30. A 
recent study showed that MMP-9 may play a special role 
in mediating glioma stem-like cells as its expression is 
induced by TGF-b secreted by glioma-infiltrating mac-
rophages31. One of the main MMPs implicated in tumor 
invasion is the membrane-bound MMP, MMP-14, which 
is important for the glioma-infiltrating macrophage stim-
ulation of GBM invasion32. MMP-19 is highly expressed 
in glioma tumors and enhances their invasive character 
in vitro33.
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In summary, we demonstrated that E2F3a functions  
as an inhibitor of apoptosis and motility in glioma  
cell lines. Western blot identified 10 target genes regu-
lated by E2F3a, which are involved in cell apoptosis,  
migration, and invasion. These results provide significant 
insights into the functions of the E2F3a and the under-
lying molecular mechanisms. Future studies will focus  
on the elucidation of the specific E2F3a target genes 
and their exact roles in mediating apoptosis and motility  
in glioma.
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