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Transcription factor E1AF plays critical roles in neuronal development and tumour
metastasis and is regulated by a number of signalling cascades, including the
mitogen-activated protein kinase pathways. Accumulated evidence indicted that
E1AF might contribute to cell survival in response to environment factors. Here, we
provided evidence the cell cycle and apoptosis regulator E2F1 induces E1AF
expression at the transcriptional level. DNA damage by etoposide causes E2F1-
dependent induction of E1AF expression at transcriptional level. Furthermore,
disruption of E1AF expression by E1AF RNAi decreased E2F1-induced apoptosis in
response to etoposide. Thus, we conclude that activation of E1AF provides a means
for E2F1 to induce cell apoptosis in response to DNA damage.
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Abbreviations: EMSA, electrophoretic mobility shift assay; GAPDH, glyceraldehyde-3-phosphate dehydro-
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E1AF, a member of a subfamily of Ets domain tran-
scription factors, was first identified as a transcription
factor that binds to enhancer motifs of the adenovirus
E1A gene (1). It is capable of regulating transcription by
binding to the Ets binding site in the promoter of its
target genes, and is involved in a number of processes
including neuronal path finding (2), mammary gland
development and male sexual function (3–5).

Pathologically, E1AF plays an important role in mam-
mary oncogenesis and cancer invasiveness and metasta-
sis via directly binding to the promoters of genes
involved tumour growth, migration and invasion (6–18),
indicating the contribution of E1AF in various malignant
phenotypes of cancers cells. Recent study revealed that
E1AF was up-regulated by DNA-damaging agent cispla-
tin and could activate the promoter of cell cycle
inhibitory factor p21waf1/cip1 and Bax (5, 19). In addi-
tion, the expression of E1AF was induced by anti-tumour
agent orlistat and inhibitor of fatty acid synthase
(20, 21). Consistently, we have reported that E1AF was
induced by anti-tumour agent Mithramycin A and con-
tributed to Mithramycin A-induced Huh-7 cell apoptosis
(22). These data suggested that E1AF might contribute
to cell survival in response to environment factors.

DNA damaging agents, such as g-irradiation or che-
motherapeutic drugs, could cause cell cycle arrest as well
as apoptosis (23, 24). Accumulated reports have described
an increase in E2F1 protein, resulting from stabilization
of the E2F1 protein, following the treatment of a variety
of tumour cells with DNA damaging agents (25). The E2F1

transcription factor plays a major role in regulating
a diverse array of cellular functions including prolifera-
tion, differentiation and apoptosis (26–30). E2F1 stimu-
lates the transcription of several genes in the apoptotic
pathway, including p53, p73, p27 and Apaf-1 (31–34).
Overexpression of E2F1 induces premature S-phase entry
and often results in apoptosis (26). In addition, E2F1-
deficient mice exhibit a defect in thymocyte apoptosis as
well as in negative election demonstrating the role of E2F1
during the physiological apoptotic processes (35, 36). The
induction of apoptosis by E2F1 may involve the activation
of target genes, such as arf, and subsequent signalling of
apoptosis through the p53 pathway (37). Alternatively, the
transcriptional activation of p53 family members, such
as the p73 gene, and the Apaf1 gene may contribute
to E2F1-mediated apoptosis (32). However, the mechan-
isms of E2F1-mediated apoptosis needed further
investigation.

Here, we reported for the first time that the cell cycle
and apoptosis regulator E2F1 induces E1AF expression
at the transcriptional level. DNA damage by etoposide
causes E2F1-dependent induction of E1AF expression
and disruption of E1AF expression decreased E2F1-
induced apoptosis. Collectively, these data suggested
that activation of E1AF provides a means for E2F1 to
induce cell apoptosis in response to DNA damage.

MATERIALS AND METHODS

Cell Lines, Plasmids and Antibodies—H1299 cells were
cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin
and 50 mg/ml streptomycin at 378C in a humidified CO2

incubator (5% CO2, 95% air). Cell transfection was
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performed with Lipofectamine (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions.
Expression constructs for pSilencer-2.0, myc-tagged E1AF,
pcDNA3.1-myc, E1AF RNAi and pGL3Basic have been
described previously (15, 16, 38). E1AF promoter plasmid
was constructed as previously described (15, 39). Human
Bax promoter plasmid containing the 370 bp fragment
from the Bax promoter was constructed as previously con-
structed (40). Expression constructs for E2F1 and SiE2F1
were generous gifts from Prof. Cress Doug. Expression
constructs for E2F2, E2F3, E2F4, E2F5 and E2F6 were
generous gifts from Prof. Deling Lu. Anti-human-E1AF Ab,
anti-human-E2F1 Ab, anti-mouse-HRP secondary Ab and
anti-rabbit-HRP secondary Ab were purchased from
Santa Cruz Biotechnology, California, USA. Anti-myc
and anti-GAPDH antibodies were purchased from
Oncogene. Anti-human-cleavage PARP cleavage Ab, anti-
human-Bcl-2 Ab, anti-human-Bcl-xL Ab, anti-human-Bax
Ab, anti-human-Bid Ab, anti-human-Bad Ab, anti-human-
Caspase 3 Ab and anti-human-Caspase-9 Ab was pur-
chased from Cell Signaling, Danvers, MA, USA.

Analysis of Nuclear Morphology by Fluorescence
Staining—Cells grown on the glass coverslips were
fixed with 4% paraformaldehyde/phosphate-buffered
saline (PBS) for 30 min, washed for 15 min in 0.1%
Triton X-100/PBS and incubated in dark with Hoechst
33258 (10 mg/ml) for 15 min. After the coverslips were
washed in PBS, positive nuclei were counted. Normal
nuclei and apoptotic nuclei (condensed new moon-type or
fragmented chromatin) were easily distinguished.

Analysis of Apoptosis by Flow Cytometry—Adherent
and non-adherent cells were collected, washed twice in
PBS, and fixed with ice-cold 70% ethanol for at least 1 h.
The fixed cells were washed and stained with propidium
iodide mixture (50 mg/ml propidium iodide, 0.05% Triton
X-100, 37 mg/ml EDTA and 100 U/ml ribonuclease in
PBS). After incubation for 45 min at 378C, the DNA
content was determined by quantitative flow cytometry
with standard optics of FACScan flow cytometer (Becton–
Dickinson FACStar). The percentage of apoptosis was
quantitated from sub-G1 events.

Western Blot Analysis—Equal amounts of protein were
separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE) and then transferred onto a
PVDF membrane. The membrane was blocked for 2 h in
a non-fat dried milk solution (5% in Tris–buffered saline)
containing 0.5% Tween-20. The membrane was then
incubated for 2 h at room temperature with primary
antibody, followed by incubation with a HRP-coupled
secondary antibody diluted 1:2000 for 1–2 h. Membrane-
bound horseradish peroxidase-labelled protein bands
were monitored with enhanced chemiluminescent
reagents and chemiluminescent signals were detected
using X-ray film.

Gel Shift Assay—Gel mobility shift assay was carried
out using Gel Shift Assay System (Promega, Wisconsin,
USA) as follows. The double-stranded oligonucleotides
were annealed, end-labelled with 32P using T4 polynu-
cleotide kinase, and purified using Sephadex G-25
quick spin columns (Roche Molecular Biochemicals,
Indianapolis, Ind., USA). Nuclear proteins were pre-
incubated for 10 min with 9ml of electrophoretic mobility

shift assay (EMSA) buffer. Then the 32P-end-labelled
duplex oligonucleotide (1ml, 10 fmol) was added, and the
reaction was incubated for 20 min on ice. For competition
experiments, unlabelled DNA probes were included at
50- to 100-fold molar excess over the 32P-labelled DNA
probe. For supershift experiments, 2 mg of rabbit anti-
E2F1 polyclonal antibody or control IgG was added to the
reaction mixtures and incubated for 30 min prior to
addition of the 32P-labelled DNA probe. DNA–protein
complexes were separated on 5% non-denaturing poly-
acrylamide gels in 0.5�Tris borate/EDTA (pH 8.4) at
48C and 35 mA. The gels were dried, and the DNA–
protein complexes were visualized by autoradiography.

Reverse Transcriptase–Polymerase Chain Reaction—
Total RNA (1 mg) were used as a template for cDNA
synthesis. cDNA was prepared by use of a TaKaRa RNA
PCR Kit. Primers used for PCR were as follows: E1AF
forward 50-ATGGAGCGGAGGATG-30, reverse 50-CTGGG
GGCTAGTAAGAG-30; Bax forward, 50-CTGCAGAGGAT
GATTGCCG-30, reverse 50-TGCCACTCGGAAAAAGACC
T-30. Amplification was carried out for 22–27 cycles
under saturation, each at 948C, 45 s; 608C, 45 s; 728C,
1 min in a 50 ml reaction mixture containing 2ml each
cDNA, 0.2mM each primer, 0.2 mM dNTP and 2.5 U of
Taq DNA polymerase. After amplification, 10 ml of each
reaction mixture was analysed by 1% agarose gel
electrophoresis, and the bands were then visualized by
ethidium bromide staining.

RESULTS

Identification of E1AF as a Target Gene of E2F1
Transcription Factor—When H1299 cells were transien-
tly transfected with E2F1 expression construct, increased
E1AF expression was observed. Other known E2F1
targets (Apaf-1, p27Kip1 and DHFR) were also induced
(Fig. 1A). Consistent with this, E1AF mRNA expression
was also induced by E2F1 in a dose-dependent manner
as measured by semi-quantitative reverse transcriptase–
polymerase chain reaction (RT–PCR) (Fig. 1B), suggest-
ing that E2F1 induces E1AF expression at transcrip-
tional level. Transfection of a 2.1 kb human E1AF
promoter with E2F1 expression construct in H1299
cells resulted in 25-fold activation (Fig. 1C). To test
whether the E1AF promoter could be regulated by other
E2F proteins in addition to E2F1, E1AF promoter
luciferase construct was transiently co-transfected into
H1299 cells with expression constructs for E2F1, E2F2,
E2F3, E2F4, E2F5, E2F6 or E2F7. As shown in Fig. 1D,
the highest activation of the E1AF promoter was
obtained by E2F1. These data suggested that E2F1
regulates E1AF expression at transcriptional level.

Deletion analysis was then performed to define func-
tionally important cis-elements in this 2100 nt region
of E1AF promoter. Luciferase assays showed that a
deletion from + 40 to + 83 relative to transcription start
resulted in a drastic decrease in the promoter activity and
loss of E2F1 activation as compared with that of control
construct (data not shown). Inspection of this 44 nt region
revealed one potential E2F1 protein binding site (Fig. 1E).
EMSA was performed to determine whether E2F1 recog-
nized this region of E1AF promoter. Incubation of the
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double-stranded oligo probe between nucleotides + 40
and + 83 with H1299 nuclear extracts formed specific
protein–DNA complex (Fig. 1F, lane 2), which was
markedly disrupted by incubation with the unlabelled
E2F1-consensus oligonucleotides in a dose-dependent
manner (Fig. 1F, lanes 4 and 5). To identify specific
proteins that bind to this region, we used antibody
against E2F1. It was found that antibody against E2F1
supershifted protein–DNA complexes (Fig. 1F, lane 7),
indicating the binding of E2F1 to E1AF promoter.
To further determine whether this potential E2F1 binding
site was necessary for E1AF transcription, we introduced

site-directed mutagenesis into this E2F1 binding site (+55
to +60). Mutation of the E2F1 binding site deprived E2F1
responsiveness (Fig. 1G). Correctively, these data identi-
fied E1AF as a direct target gene of E2F1 transcription
factor.

E2F1 Contributed to Etoposide-induced E1AF
Expression—DNA damage induces E2F1 stabilization
and activation of a subset of E2F1 targets (25, 37). We
examined the effect of DNA damage agents on E1AF
expression. Consistent with pro-apoptotic protein E2F1,
the expression of E1AF protein was markedly up-
regulated in H1299 cells treated with cisplatin, etoposide

Fig. 1. Induction of E1AF expression by E2F1. (A) Western
blot analysis of E1AF expression in H1299 cells transiently
transfected with E2F1 plasmid or empty control using anti-E1AF
antibody. GAPDH expression served as loading controls. (B) RT–
PCR analysis of E1AF expression in H1299 cells transfected with
control or E2F1 plasmid. The expression of b-actin served as
loading controls. (C) Increasing amounts of E2F1 expression
plasmids were transiently co-transfected into H1299 cells with
E1AF promoter construct pGL3(�2000/+100). Normalized lucifer-
ase activity was standardized to pGL3(�2000/+100) with vector
alone. Each value is the mean � SD of at least three independent
experiments. (D) E1AF promoter construct pGL3(�2000/+100)
was transiently co-transfected into H1299 cells with control or
E2F family expression construct. Luciferase activities were
measured as described above. (E) Two oligo sequences

corresponding to E2F1 binding consensus and the probes
containing human E1AF promoter sequence +40 to +83 used in
the following EMSA studies were listed and the potential E2F1
binding site was shown in black frame. (F) Nuclear extracts from
H1299 cells were incubated with 32P-labelled probes of E2F1
binding consensus sequence or E1AF promoter sequence +40 to
+83 untreated or treated with the indicated cold competitors
stranded oligonucleotides or an antibody specific to E2F1 or
control IgG. (G) Site-directed mutation analyses of E1AF
promoter. E1AF promoter construct pGL3(�2000/+100) (WT)
and mutated promoter construct MUT were transfected into
H1299 cells, together with or without E2F1 expression vector.
Normalized luciferase activity was standardized to pGL3(�2000/
+100) with vector alone. Each value is the mean � SD of at least
three independent experiments

Identification of E1AF as a Target Gene of E2F1 541

Vol. 144, No. 4, 2008

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


or adriamycin (Fig. 2A). Consistent with this, E1AF
mRNA expression was significantly induced in response
to the treatment with cisplatin, etoposide or adriamycin
(Fig. 2B). To determine whether E2F1 was necessary for
DNA-damage induction of E1AF, H1299 cells treated
with etoposide were prior transiently transfected with
E2F1 RNAi. Interference of E2F1 expression reduced the
protein and mRNA expression of E1AF and inhibited the
induction of E1AF after etoposide treatment (Fig. 2C and
D). Transfection of E1AF promoter construct into H1299
cells, followed by treatment with etoposide, resulted in
5-fold increase in promoter activity (Fig. 2E).
Interference of E2F1 expression reduced the activity of
E1AF promoter and inhibited the induction of E1AF
promoter activity after etoposide treatment (Fig. 2E).
These results suggested that E2F1 mediates etoposide-
induced E1AF expression.

E1AF Regulates Etoposide-induced Cell Apoptosis—
The effect of etoposide on E1AF expression motivated us
to investigate the contribution of E1AF in etoposide-
induced apoptosis. Myc-tagged E1AF expression vector
was constructed and transiently transfected into H1299
cells. And, we investigated the effect of E1AF over-
expression on apoptosis after etoposide treatment for
24 h. As shown in Fig. 3A, the percentage of apoptotic
cells in E1AF-overexpressed H1299 cells was markedly
increased, compared to that of the controls by fragmen-
ted and condensed nuclei, indicating the pro-apoptotic
role of E1AF in H1299 cells. Consistent with this, the

percentage of apoptotic cells in E1AF overexpression cells
was markedly increased compared to that of the controls
by FACS assay (Fig. 3B). Furthermore, E1AF over-
expression markedly increased etoposide-induced cleav-
age of PARP, Caspase-3 and Caspase-9 (Fig. 3C), which
have been implicated in the apoptosis process in
numerous cells induced by DNA-damaging agents (41).
Furthermore, E1AF overexpression obviously induced
the protein and mRNA expression of pro-apoptotic
protein Bax (Fig. 3C and D), and induced the activity
of Bax promoter in a dose-dependent manner (Fig. 3E).
These data suggested that E1AF functions as pro-
apoptotic role in etoposide-induced cell apoptosis.

Interference of E1AF Expression could Protect Cells
from E2F1-induced Apoptosis in Response to Etoposide—
The E2F1 transcription factor plays a major role in cell
apoptosis in response to DNA damage (26). To clarify the
role of E1AF in E2F1-mediated apoptosis, siRNA tar-
geted to E1AF was constructed as reported in our
previous study (15), and transiently transfected into
H1299 cells alone or with E2F1 expression vector,
following etoposide treatment. Hochest 33258 staining
and flow cytometry analysis showed that the interference
of E1AF expression by transfection with E1AF RNAi
could protect cells from E2F1-induced apoptosis (Fig. 4A
and B), indicating the contribution of E1AF in E2F1-
mediated apoptosis. The interference of E1AF expression
by transfection with E1AF RNAi could inhibit E2F1-
meidated cell apoptosis by MTT assay, and reduced the

Fig. 2. E2F1 contributes to etoposide-induced E1AF
expression. (A) H1299 cells were treated with control, adriamy-
cin, cisplatin (5 mg/ml) or etoposide (10mM) for 24 h and cell
extracts were analysed by western blot with anti-E1AF, anti-
E2F1 antibodies. GAPDH served as a loading control. (B) RT–
PCR analysis of E1AF mRNA expression in H1299 cells treated
with control, adriamycin, cisplatin (5 mg/ml) or etoposide (10mM)
for 24 h. GAPDH mRNA expression served as a loading control.
(C) H1299 cells were transiently transfected with control or E2F1
RNAi. Twenty-four hours after transfection, cells were treated
with control or etoposide (10 mM) for 24 hours and cell extracts

were analysed by western blot using anti-E1AF or anti-E2F1
antibody. GAPDH served as a loading control. (D) RT–PCR
analysis of E1AF mRNA expression in H1299 cells transiently
transfected with control or E2F1 RNAi were treated with or
without etoposide (10 mM) for 24 h. GAPDH mRNA expression
served as a loading control. (E) E1AF promoter construct
pGL3(�2000/+100) was transiently co-transfected into H1299
cells with control or E2F1 RNAi. Twenty-four hours after
transfection, cells were treated with control or etoposide
(10mM) for 24 h and luciferase activities were measured as
described above.
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cleavage of PARP induced by E2F1 overexpression in
etoposide-induced apoptosis (Fig. 4C and D). Taken
together, these data suggested that E2F1 increases
etoposide-induced apoptosis, at least, partly through up-
regulation of E1AF transcription.

DISCUSSION

Apoptosis, or programmed cell death, is a mechanism by
which cells undergo death or control cell proliferation in
response to DNA damage (23). The understanding of
apoptosis has provided the basis for novel targeted
therapies that can induce death in cancer cells or
sensitize them to established cytotoxic agents and
radiation therapy. Results from previous studies have

demonstrated that E1AF plays an important role in
tumour biology, including growth, invasiveness and
migration (1, 9, 10, 42, 43). In this study, we explored
the relationship between E1AF and the sensitivity of
cancer cells to etoposide-induced apoptosis. As shown
here, morphological and nuclear changes were inhibited,
the loss of cell viability was prevented and the cells in
sub-G1 were reduced when E1AF was down-regulated in
etoposide-treated H1299 cells, indicating that E1AF
might serve as a positive regulator in the apoptotic
response of cancer cell to etoposide.

The activation of caspases plays a critical role in
apoptosis (44), and two main pathways have been
identified to lead to it: one is the extrinsic pathway
initiated by death receptor activation and the other is the

Fig. 3. The contribution of E1AF in etoposide-induced
cell apoptosis. (A) Hoechst 33258 staining of nuclei from cells
transiently transfected with the empty vector or E1AF in the
absence or presence of etoposide (10 mM) for 24 h (left panel).
Quantification of apoptotic cells. At least 300 cells were counted
from three different microscope fields and each value was the
mean�SD of three independent experiments (right panel).
(B) Cells transiently transfected with the empty vector or E1AF
were harvested after the treatment of etoposide (10 mM) for 24 h,
fixed in ethanol, and stained with propidium iodide.
The apoptotic rates were counted by flow cytometry analysis.
(C) Cells transfected with the empty vector or E1AF in the

presence of etoposide (10 mM) for 24 h were harvested. The
cell extracts were analysed by western blot using the indicated
antibodies. GAPDH served as a loading control. (D) RT–PCR
analysis of Bax and E1AF mRNA expression in H1299
cells transiently transfected with control or E1AF-myc plasmid.
(E) Increasing amounts of E1AF expression plasmids were
transiently co-transfected into H1299 cells with
Bax promoter construct. Normalized luciferase activity was
standardized to that of Bax promoter construct with vector
alone. Each value is the mean�SD of at least three independent
experiments.
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intrinsic pathway triggered by various stress signals
including DNA damage and acting through mitochondria
(45). Cross-talk can occur between these two pathways,
resulting in the amplification of mitochondrial release of
cytochrome c, which in turn leads to enhanced activation
of Caspase-9 and downstream executioner caspases that
are responsible for the cleavage of specific cellular
substrates (45). To investigate the mechanism by which
E1AF affected etoposide-induced apoptosis, we examined
the potential influence of E1AF on the caspases activity.
As expected, H1299 cells transfected with E1AF displayed
an enhanced activation of Caspase-9, indicating that
E1AF overexpression might sensitize H1299 cells to
etoposide-induced apoptosis via augmenting the transduc-
tion of signals leading to the sequential activation of
Caspase-9. This hypothesis was supported by our observa-
tions that the expression and promoter activity of Bax, a
pro-apoptotic Bcl-2-like protein reported to be essential for
mitochondrial dysfunction in response to diverse apoptotic
stimuli (46, 47), was significantly increased in E1AF-
transfected H1299 cells. In this background, our observa-
tions suggest that E1AF overexpression may complement
and reinforce the apoptotic effect of etoposide on cancer
cells via augmenting the signal transduction in intrinsic
pathways, leading to enhanced activation of caspases. The
mechanism(s) of E1AF-induced Bax transcription need
further investigation.

Another important finding is that E1AF is a target
gene of cell cycle and apoptosis regulator E2F1. This is

based on the following observations: (i) E2F1 overexpres-
sion induced E1AF expression at transcriptional level;
(ii) EMSA showed that the E2F1 protein interacted
directly with the E1AF promoter; (iii) interference of
endogenous E2F1 expression reduced E1AF expression at
protein level and transcriptional level; and (iv) interfer-
ence of E2F1 expression significantly reduced etoposide-
induced E1AF expression. E2F1 is an important mediator
of apoptotic response to DNA damage. Here, we identified
E1AF as a target gene of E2F1-induced cell apoptosis.
Interference of E1AF expression significantly reduced
E2F1-induced cell apoptosis by Hochest33258 staining,
FACS assay and MTT assay. These data suggested E2F1-
induced apoptosis in response to DNA damage was, at least
partly via up-regulation of E1AF transcription factor.

In conclusion, these data demonstrated a novel
mechanism of apoptosis in which an increase in E1AF
levels induced by E2F1 results in activation of Caspase-9.
Because both of E2F1 and E1AF are frequently deregu-
lated in various pathologic conditions, this finding may
contribute to a better understanding of the pathophysiol-
ogy of many diseases.
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