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TFDP3 inhibits E2F1-induced, p53-mediated apoptosis
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Abstract

By dimerizing with E2F proteins, TFDP has profound influence on cellular E2F activities. While TFDP1 and 2 enhance the DNA
binding and the transcriptional activity of E2F, the newly identified member of the DP family, TFDP3 primarily functions as a negative
regulator. To further characterize the inhibitory property of TFDP3, the present study specifically examined the modulatory role of
TFDP3 on E2F1-induced cell death. HEK-293 cells underwent apoptosis following ectopic expression of E2F1. This effect was virtually
abolished by co-transfection with TFDP3. In the meantime, the accumulation of p53 proteins and the increased expression of the pro-
apoptotic molecules, including Bax, Puma, Noxa, and Bid were found to be suppressed. These data suggest a new mechanism for the
regulation of E2F1-induced apoptosis and provide further evidence for the general involvement of TFDP3 in the regulation of E2F
functions.
� 2007 Elsevier Inc. All rights reserved.
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The E2F family of transcription factors is group of
structurally related DNA binding proteins. In mammals,
this family consists of eight members [1,2]. All together,
they constitute a complicated regulatory network with con-
trasting roles in transcriptional activation and repression:
E2F1–3 are potent transactivators, whereas the rest of fam-
ily primarily acts as transcriptional repressors.

E2F factors are involved in the regulation of a number
of important cellular events. The best studied is its role in
the control of cell cycle progression [1,3–5]. Much of our
understanding of the molecular mechanism by which E2F
regulates gene expression comes from these studies. In rest-
ing cells, the activator E2Fs (E2F1–3) are expressed at low
levels and are sequestered by the retinoblastoma (Rb) pro-
tein. Meanwhile, the repressor E2Fs (E2F4 and 5), which
are prevalent, form complexes with Rb-related pocket pro-
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teins, p107 and p130 at most of the E2F-regulated promot-
ers, where they actively repress the transcription by
association with various chromatin–remodeling complexes.
In response to mitogenic signals, pocket proteins are phos-
phorylated by cyclinD/cdk4, 6 and cyclinE/cdk2 and disso-
ciate from E2Fs. The repressor E2Fs are relocated to the
cytoplasm, whereas the activator E2Fs, which are induced
to high levels, bind the vacated promoters and drive the
expression of genes encoding DNA replication proteins
and cell cycle regulators.

In addition to cell proliferation, E2Fs have important
roles in the induction of apoptosis [6,7]. Ectopic expression
of E2F1 leads to apoptosis in tissue culture under a number
of conditions, including serum deprivation, growth factor
withdrawal, c-radiation, and even normal culture condi-
tions [8–12]. Increased cell death is also observed in several
E2F1 transgenic mouse models [13–17]. On the other hand,
mice deficient in E2F1 have an excess of mature T cells due
to an apoptotic defect in developing thymocytes [18].
Moreover, loss of E2F1 can rescue the apoptosis in
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Rb-deficient mouse embryos [19]. Several studies indicate a
similar activity for E2F3: overexpression of E2F3 triggers
apoptosis both in vitro and in vivo [20,21], and loss of
E2F3 suppresses apoptosis that occurs in the absence of
Rb [22]. Notably, the E2F3-induced apoptosis is associated
with increased E2F1 levels and is dependent on E2F1 [21],
supporting the notion that induction of apoptosis is a func-
tion specific for E2F1 [23,24].

Multiple pathways link E2F1 to apoptosis, which are
either dependent or independent of the tumor suppressor
p53. The first p53-dependent mechanism to be recognized
is the transactivation of p14ARF by E2F1. The p14ARF
protein binds to the p53 regulator Mdm2 and inhibits its
ability to target p53 to ubiquitination and subsequent deg-
radation. The p53 protein is therefore found to be accumu-
lated in E2F1-transfected cells [25,26]. In addition to
regulating the level of p53, E2F1 induces the phosphoryla-
tion of p53 via an Atm/Nbs1/Chk2 pathway. The distur-
bance of this pathway impairs E2F1-induced apoptosis
[27,28]. Still another p53-dependent mechanism involves
the enhanced transcription of the pro-apoptotic cofactors
of p53, such as p53-ASPP1, ASpp2, JMY, and TP53INP1
[29]. E2F1-induced apoptosis may also occur indepen-
dently of p53. In this situation, E2F1 directly activates
transcription of the p53 homolog p73 [30,31], Apaf-1
[32,33], caspases [34], and BH3-only proteins [35].

With the exception of E2F7 and E2F8 which contain a
duplicated DNA-binding domain and are organized to
mimic an E2F-DP heterodimer [36,37], E2F factors exist
and function in vivo as heterodimeric complexes formed
with members of the DP family of transcription factors
[38]. TFDP1 and TFDP2 are two well-characterized mem-
bers of this family. Although they themselves demonstrate
little or no DNA binding activity, their association with
E2F enhances both the DNA binding and the transcrip-
tional activity of E2F.

We and others have recently reported the identification
of the third member of the DP family, TFDP3 [39,40]. In
contrast to the enhancing effect of the two known DP pro-
teins, TFDP3 inhibits the DNA binding and transcrip-
tional activities of E2F factors. Moreover, cell
proliferation induced by ectopic expression of E2F is sub-
verted by coexpression of TFDP3. In the present study,
we explored the potential influence of TFDP3 on another
important aspect of E2F function, namely the induction
of apoptosis.
Materials and methods

Expression constructs. The expression plasmid pcDNA3-TFDP3-flag,
pCMV-E2F1-HA, and pEGFP-N1 have been described previously [40].

Cell culture, transfection, and c-irradiation. HEK-293 cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% (vol/vol) new-born calf serum (NCS). For transient transfection,
cells were plated at a density of 50,000 cells per cm2, and the expression
constructs were delivered into the cells on the next day using the standard
calcium phosphate precipitation method. Twenty-four hours after trans-
fection, cells were switched to cultures in DMEM containing 0.1% NCS,
or directly exposed to c-radiation at a dose of 12.5 Gy.

Analysis of cell apoptosis. At various time points after serum starvation
and c-irradiation, HEK-293 transfectants were subjected to analysis for
apoptosis either by staining with Annexin-V and propidium (PI) or by
measuring the DNA content. Annexin-V/PI staining was performed
according to manufacturer’s protocol (Baosai Biotechnology, Beijing).
For the measurement of DNA content, cells were fixed in 75% cold alcohol
for at least 1 h at 4 �C. After washing twice with PBS, cells were resus-
pended in 0.5 ml PBS containing RNaseA (50 lg/ml), and incubated at
37 �C for 30 min. Subsequently, they were stained with PI, and analyzed
on a FACScan cytometer (Becton–Dickinson).

Western blot analysis. HEK-293 transfectants were collected and
counted. For each of 106 cells, 200 ll of lysis buffer [20 mM Tris (pH7.5),
150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 5 lg/ml aprotinin, 5 lg/
ml leupeptin, and 2 mM PMSF] was added. After incubation for 30 min
on ice, the cell lysate was clarified by centrifugation. The protein con-
centration in the supernatant was determined using the Bio-Rad protein
assay kit. Samples were fractionated by electrophoresis in 12.5% sodium
dodecyl sulfate–polyacrylamide gels and then blotted onto nitrocellulose
membranes (Amersham Bioscience). Immunoblotting was performed with
monoclonal antibodies specific for E2F1 (CST), the FLAG tag, p53 (DO-
1; Santa Cruze Biotechnology), or b-actin.

Reverse transcription (RT)-PCR. Total RNA was isolated from HEK-
293 transfectants using Trizol reagent (Invitrogen). The mRNA expression
was determined by RT-PCR using the Promega RT-PCR kit. The primers
used for PCR were as follows: 5 0-TGTAGAGGAGACAG GAATC
CACGG-30 and 5 0-AGGCACCTAATTGGGCTCCATCTC-3 0 for Puma;
5 0-GCAGGCCTACCCTAGAGACA-3 0 and 5 0-GTCCATCCCATTTCT
GGCTA-3 0 for Bid; 5 0-AGATGCCTGGGAAGAAG-30 and 5 0-AGTCC
CCTCATGCAAGT-30 for Noxa; 5 0-ATCCAGGATCGAGCAGGGCG-30

and 5 0-AC TCGCTCAGCTTCTTGGTG-3 0 for Bax; and 5 0-ACCACA
GTCC ATGCCATCAC-30 and 5 0-TCCACCACCCTGTTGCTGTA-3 0

for G3PDH.
Statistical analysis. Statistical analysis was performed using t test.
Results and discussion

Inhibition of E2F1-induced apoptosis by TFDP-3

Our previous experiments have demonstrated that unlike
TFDP1, TFDP3 negatively regulates E2F-driven cell cycle
progression [40]. Similar results were also obtained in a
separate study [39]. To examine the effect of TFDP3 on
E2F1-induced apoptosis, HEK-293 cells were transiently
transfected with E2F1, E2F1 + TFDP3 or empty vectors.
The expression of the exogenous proteins was monitored
by Western blot. As shown in Fig. 1A, E2F1 and TFDP3
had a similar pattern of expression, reaching their highest
level at 24 h post-transfection but decreasing remarkably
afterwards. As cells growing in normal concentrations of
serum (5–10%) were relatively insensitive to E2F1-induced
cell death (9, and data not shown), the cultures were switched
to low-serum media (0.1%) 24 h after transfection to fully
reveal the apoptotic effect. At the time when the cells were
about to be transferred to low-serum cultures, cells were
overall healthy and no obvious difference in morphology
was noted among the three groups. Twenty-four hours after
serum starvation (i.e., 48 h post-transfection), a large num-
ber of refractile-looking cells arose in E2F1-transfected cul-
tures. Hoechst staining showed condensed chromatin and
fragmented nuclei, which was typical of apoptotic cells



Fig. 2. Flow cytometry analysis of cell death in HEK-293 transfectants.
HEK-293 cells were transfected as described in Fig. 1, and switched to
low-serum culture 24 h after transfection. Cells before (bss) and 24 h after
serum starvatios (ass) were stained with Annexin-V/PI and analyzed by
flow cytometry. (A) A typical staining profile of the various transfectants
before and after serum starvation. The number in each quadrant indicates
the percentage of Annexin-V single positive or Annexin-V/PI double
positive cells. (B) The percentage of apoptotic cells (defined as apoptotic
index) in various transfectants before and after serum starvation. The
apoptotic cells included all Annexin-V positive cells. The data were
presented as means ± SD from three independent experiments.

Fig. 1. Overexpression of E2F1/TFDP3 and cell death. HEK-293 cells
were transfected with pCMV-E2F1-HA (2 lg) (E2F1), pCMV-E2F1-HA
(2 lg) plus pcDNA3-DP3-Flag (2 lg) (E2F1 + DP3), or pcDNA3 empty
vector (4 lg) (Mock). In E2F1 transfection, 2 lg of pcDNA3 was added to
compensate for a total of 4 lg plasmid DNA. In addition, 1 lg of pEGFP-
N1 was included in each transfection to monitor transfection efficiency,
which was usually in the range of 50–60%. (A) Protein expression.
HEK293 transfectants were examined for E2F1 and TFDP3 expression at
24 h post-transfection (left panel). A time course of E2F1 and TFDP3
expression was determined in E2F1 and E2F1 + TFDP3 transfectants
(right panel). Each lane was loaded with an equal amount of total cellular
proteins. E2F1 and TFDP3 were detected with antibodies specific for
E2F1 and the Flag tag, respectively. (B) Morphological change of
transfected cells. HEK-293 transfectants were stained with Hoechst 33342
at 24 and 48 h after transfection and examined under fluorescence
microscope. Arrows indicate cells with condensed chromatin and/or
fragmented nuclei.
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(Fig. 1B). In contrast, such cells remained limited both in
mock-transfected and TFDP3-cotransfected cultures.

To more closely follow cell apoptosis under these condi-
tions, we stained the cells with Annexin-V and PI and ana-
lyzed them by flow cytometry. Fig. 2A showed a typical
result of such analysis, whereas the summary of three inde-
pendent experiments is presented in Fig. 2B. The percentage
of positively stained cells was relatively low and consistent
in all three groups until 24 h post-transfection. In the first
24 h in low-serum culture, the staining profile of the
mock-transfected cells remained largely unaltered. In con-
trast, the Annexin-V/PI double positive cells as well as the
Annexin-V single positive cells were almost tripled in
E2F1-transfected cultures. Interestingly, co-transfection
with TFDP3 significantly reduced the percentage of apopto-
tic cells in the culture (P = 0.03), leaving it essentially indis-
tinguishable from the mock control. By 72 h after
transfection, more than half of the cells were found to be
dead in all three cultures probably due to serum deprivation.
The difference between these groups was largely obscured
because of the massive cell death (data not shown).
Although the E2F1-induced apoptosis has been exten-
sively investigated, the function of DP proteins in this pro-
cess has seldom been addressed partly because of the
general belief that the endogenous TFDP1 is always pres-
ent in excess. However, a few studies did reveal a modula-
tory role of TFDP1 in apoptosis. In one study,
simultaneous expression of TFDP1 transgene was shown
to cooperate with the E2F1 transgene in the induction of
testicular atrophy [14]. In another study with an IL-3-
dependent hematopoietic cells line, it was found that co-
transfection of E2F1 and TFDP1 led to rapid cell death
even in the presence of IL-3, whereas E2F1 alone induced
cell death only in the absence of IL-3 [11]. Our study shows
for the first time that the E2F1-induced apoptosis can be
inhibited by a unique member of the DP members, adding
further complexity to the mechanisms regulating this
important function of E2F1.

Several studies using E2F1 mutants have demonstrated
that the transactivation domain is dispensable for E2F1-
induced apoptosis [41,42]. This raises the possibility that
the action of E2F1 in apoptosis may be transcription inde-
pendent. However, our finding that E2F1-induced apop-
tosis can be largely suppressed by TFDP3 argues against
the general importance of transcription-independent
mechanisms.
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Blockage of E2F1-mediated sensitization of cells to

radiation-induced apoptosis by TFDP3

Previous studies have indicated that E2F1 has the prop-
erty to potentiate cell death in response to DNA damage
caused by c-radiation or chemotherapeutic drugs [43,44].
In consideration of its potential implication in chemo-
and radiotherapy of tumors, we sought to determine
whether such a function may be modulated by TFDP3 as
well. To this end, HEK-293 transfectants were exposed to
c-radiation at a dose of 12.5 Gy 24 h after transfection,
and the cell death was analyzed by flow-cytometry after
an additional 24 h of culture. As shown in Fig. 3A, E2F1
transfection resulted in a significant increase in the sensitiv-
ity of HEK-293 cells to c-radiation (P = 0.04). On average,
the percentage of apoptotic cells (defined as apoptotic
index) increased by nearly 50% over that in the mock con-
Fig. 3. Inhibition of E2F1 effect on c-radiation-induced apoptosis by
TFDP3. (A) TFDP3 inhibition of E2F1 potentiation to c-radiation-
induced apoptosis. HEK-293 transfectants as described in Fig. 1 were
c-irradiation (IR) or sham treated 24 h after transfection. Cells were then
analyzed for DNA content using PI staining after an additional 24 h of
culture. The percentage of cells with sub-diploid DNA content was
calculated, and the data from three independent experiments were
presented as means ± SD. (B) Inhibition of endogenous E2F1 by TFDP3
and c-radiation-induced apoptosis. HEK-293 cells were transfected with
pcDNA3-DP3-Flag (TFDP3) or pCDNA3 empty vector (Mock). The
transfectants were c-irradiation 24 h after transfection. Cells before (un-
IR) and 24 h after irradiation (IR) were analyzed for DNA content. A
typical result was shown. The number in the histogram indicates the
percentage of cells with sub-diploid DNA content.
trol. On the other hand, coexpression of TFDP3 almost
abolished the enhancing effect.

Interestingly, DNA damage often results in increased
levels of E2F1 protein or activity, presumably due to pro-
tein stabilization following E2F1 phosphorylation by ATM
and Chk2 kinases [7]. This provides a good model to test
the effect of TFDP3 on the function of ‘‘endogenous’’
E2F1. HEK-293 cells were transfected with TFDP3 or
empty vectors. The transfectants were then analyzed for
radiation-induced apoptosis. The apoptotic cells, as indi-
cated by their sub-diploid DNA content, reached nearly
20% in the mock control 24 h after irradiation, which
was in comparison to 14% in the TFDP3 transfectant
(Fig. 3B). This result indicates that E2F1 may contribute
to radiation-induced apoptosis through a mechanism that
can be blocked by TFDP3.

Role of p53 in the inhibition of E2F1-induced apoptosis by

TFDP3

E2F1-induced apoptosis occurs via both p53-dependent
and p53-independent pathways. The relative importance of
these two pathways presumably varies from one cell type to
another. As p53 is functionally intact in HEK-293 cells, we
focused on the p53-dependent pathway in our analysis of
the molecular mechanisms underlying TFDP3-mediated
inhibition of E2F1-induced cell death. First, the protein
level of p53 was determined in different transfectants using
Western blot analysis (Fig. 4A). Consistent with many
other studies, E2F1 transfection resulted in p53 accumula-
tion in HEK-293 cells. This effect, however, diminished
following co-transfection with TFDP3. In fact, the p53/
b-actin ratio indicated an even lower level in E2F1/TFDP3
transfectants than in mock control.

The role p53 in apoptosis has been well established. Pri-
marily, it functions as a transcriptional regulator, provid-
ing fine control over the expression of a variety of
apoptosis-related genes. On one hand, it suppresses the
expression of anti-apoptotic genes, such as Bcl-2, Bcl-xL,
and survivin. On the other hand, it directly activates a
number of pro-apoptotic genes, including Bax and several
BH3-only members of the Bcl-2 family [45]. In view of the
elevated p53 levels in E2F1-transfected cells, we next exam-
ined the mRNA expression of a select subset of p53 target
genes and observed for any changes resulting from TFDP3
co-transfection. Bax, Puma, Noxa, and Bid were all found
to be up-regulated in cells overexpressing E2F1. Again, co-
transfection with TFDP3 reduced the expression to basic
levels (Fig. 4B).

Increased expression of Puma and Noxa, as well as Bim
and Hrk in E2F1-transfected cells has been previously
reported by Ginsberg’s group [35]. They proposed that
Puma and Noxa were two critical mediators for E2F1-
induced apoptosis on the basis that inhibition of either
Puma or Noxa resulted in significant reduction in cell
death. Our study revealed two additional potential target
molecules, Bax and Bid. Given that the potential targets



Fig. 4. Expression of apoptosis-related molecules in HEK-293 transfec-
tants. (A) Western blot analysis of p53 expression. Total cellular protein
was prepared from HEK-293 transfectants 24 and 48 h after transfection.
The p53 protein was detected by Western blot with specific antibodies. b-
Actin was used as a loading control. (B) RT-PCR analysis of Bax, Noxa,
Puma, and Bid expression. Total RNA was prepared from HEK-293
transfectants 24 and 48 h after transfection. Expression of Bax, Noxa,
Puma, and Bid mRNA was determined using RT-PCR. G3PDH was used
a control for the amount of RNA initially added into the reactions.
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of E2F1 may overlap with that of p53, it remains to be
determined whether their increased transcription is induced
by E2F1 or indirectly by p53.

Bak and Bax are at the center of the intrinsic apoptotic
pathway by permeabilizing the mitochondrial membrane.
Their activity is fine tuned by the BH3-only proteins,
which include Bim, Bad, Bid, Bik, Bmf, Puma, Noxa,
and Hrk. Two basic models have been proposed for
how BH3-only proteins activate Bax and Bak. In the
direct binding model, BH3-only proteins are thought to
trigger activation of Bax and Bak directly. The displace-
ment model, on the other hand, proposes that BH3-only
proteins activate Bax and Bak by displacing them from
the anti-apoptotic proteins [46]. The critical role of Bax,
Bid, Puma, and Noxa in apoptosis suggests that suppres-
sion of their transcription could represent an important
mechanism for TFDP3-mediated inhibition of E2F1-
induced apoptosis.

In conclusion, we have demonstrated that TFDP3 is a
negative regulator of E2F1-induced cell death. Further-
more, we have shown that suppression of the p53 pathway
is at least partly responsible for the inhibitory effect of
TFDP3. These findings should allow better understanding
of inhibitory properties of TFDP3 and the regulation of
E2F1-induced apoptosis. In addition, this study provides
a simple explanation for the differential expression of
TFDP3 in tumor versus normal tissues.
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