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TopBP1 (DNA topoisomerase IIf binding protein I) contains multiple BRCT domains and is involved in
replication and the DNA damage checkpoint. Through its BRCT domain, TopBP1 interacts with and represses
exclusively E2F1 but not other E2F factors. This regulation of E2F1 transcriptional activity is mediated by a
pRb-independent, but Brgl/Brm-dependent mechanism. TopBP1 recruits Brgl/Brm, a central component of the
SWI/SNF chromatin-remodeling complex, to E2F1-responsive promoters and represses the activities of E2F1,
but not E2F2 or E2F3. This regulation is crucial in the control of E2F1-dependent apoptosis during normal cell
growth and DNA damage. Interestingly, TopBP1 is induced by E2F and interacts with E2F1 during G1/S
transition. Thus, TopBP1 functions as a critical modulator and serves as a negative feedback regulator of E2F1
by inhibiting E2F1-dependent apoptosis during G1/S transition as well as DNA damage to promote cell

survival.
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E2F is a family of transcription factors that play an im-
portant role in the regulation of cell cycle progression
(Dyson 1998; Nevins 1998; Trimarchi and Lees 2002). It
regulates a very diverse array of genes, and is also in-
volved in other biological processes in addition to cell
cycle progression (Cam and Dynlacht 2003). Among the
E2F family, E2F1 is unique in its activity to trigger apo-
ptosis (DeGregori et al. 1997; Kowalik et al. 1998; Mo-
roni et al. 2001; Hallstrom and Nevins 2003) and its in-
volvement in the cellular response to DNA damage (Lin
et al. 2001; Pediconi et al. 2003). E2F1 is phosphorylated
by ATM (ataxia telangiectasia mutated; Lin et al. 2001)
and Chk2 (Stevens et al. 2003) during DNA damage.
These phosphorylation events lead to stabilization and
activation of E2F1. ATM and ATR (ATM and Rad3-re-
lated) can phosphorylate E2F1, but not E2F2 and E2F3
(Lin et al. 2001). This specificity accounts for the selec-
tive induction of E2F1 among E2F family during DNA
damage.

The physiologic role for E2F1-mediated apoptosis has
been demonstrated in several contexts, such as thymo-
cyte apoptosis (Field et al. 1996), negative selection of
T-cells (Zhu et al. 1999), and etoposide-induced apopto-
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sis in thymocytes (Lin et al. 2001). Furthermore, E2F1-
induced apoptosis is required to avoid transformation
during oncogenic stress (Pan et al. 1998; Yamasaki et al.
1998). As a result, E2F1~/~ mice are prone to develop a
broad spectrum of tumors (Field et al. 1996; Yamasaki et
al. 1996). On the other hand, E2F1-dependent apoptosis
must be tightly controlled during normal cellular prolif-
eration because the level of E2F1 rises during G1/S tran-
sition and S phase of each cell cycle. How is the control
of different E2Fs’ activities orchestrated during G1/S
transition, such that E2F1-mediated apoptosis is re-
pressed, but other E2F activities are allowed to induce
S-phase entry? E2F1 and E2F3 appear to be differentially
regulated during the cell cycle. Whereas both E2F1 and
E2F3 DNA-binding activities increase as quiescent cells
are stimulated by growth factors to enter the first cell
cycle, only E2F3 activity, but not E2F1 activity, reaccu-
mulates in subsequent G1/S transitions despite reaccu-
mulation of both E2F1 and E2F3 proteins (Leone et al.
1998). However, the nature of this E2F1-specific regula-
tion remains unknown. Recently, it was shown that con-
stitutively active Akt attenuated E2F1-induced apopto-
sis and a phosphoinositide 3-kinase inhibitor abrogated
serum-mediated suppression of E2F1 apoptosis, indicat-
ing a role of the Ras-dependent Akt pathway in suppress-
ing E2F1-induced apoptosis during normal growth (Hall-
strom and Nevins 2003). Nevertheless, the mechanism
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by which E2F1-mediated apoptosis is blocked during
normal cell growth remains to be elucidated.

To identify E2F1-specific regulators, we used an E2F1-
specific fragment (N terminus) as a bait and isolated
DNA topoisomerase-IIg-binding protein I (TopBP1) in a
yeast two-hybrid screen (Liu et al. 2003). TopBP1 con-
tains eight BRCA1 C-terminal (BRCT) motifs and inter-
acts with several other proteins, including human papil-
loma virus type 16 (HPV16) transcription/replication fac-
tor E2 (Boner et al. 2002), DNA polymerase ¢, checkpoint
protein hRad9 (Makiniemi et al. 2001), and Miz-1 (Her-
old et al. 2002). It appears to be involved in DNA repli-
cation because incubation of an antibody against the
sixth BRCT motif of TopBP1 inhibits DNA replication
in an in vitro HeLa nuclei replication assay (Makiniemi
et al. 2001). TopBP1 is induced during DNA damage and
is also involved in DNA damage checkpoint (Yamane et
al. 2002, 2003). Upon «y-irradiation, TopBP1 colocalizes
with Nbsl, BRCA1, and 53BP1 in the ionizing radiation-
induced foci representing stalled replication forks (Ma-
kiniemi et al. 2001; Yamane et al. 2002). In addition to
the control of DNA replication, TopBP1 is also required
for cell survival. Inhibition of TopBP1 expression by an-
tisense Morpholino oligomers induces apoptosis (Ya-
mane et al. 2002). Thus, TopBP1 is involved in several
important aspects of growth control. So far, the detailed
mechanism by which TopBP1 regulates these signaling
events remains poorly understood.

TopBP1 interacts with E2F1 through the sixth BRCT
motif of TopBP1 and the N terminus of E2F1 (Liu et al.
2003). This interaction is induced by ATM-mediated
phosphorylation of E2F1 at Ser 31 during DNA damage.
The interaction between BRCT domains and phospho-
peptides was later found to be a general phenomenon
(Manke et al. 2003; Rodriguez et al. 2003; Yu et al. 2003).
Through this interaction, the transcriptional and apopto-
tic activities of E2F1 are repressed, and E2F1 is recruited
to DNA damage-induced foci (Liu et al. 2003). Moreover,
the interaction between TopBP1 and E2F as well as the
repression of E2F activity are specific to E2F1, but not
seen in E2F2, E2F3, and E2F4, suggesting that TopBP1 is
an E2F1-specific regulator.

In this report, we show that E2F1 is regulated by a
novel Retinoblastoma protein (pRb)-independent mecha-
nism, in which TopBP1 recruits Brgl/Brm, a central sub-
unit of the SWI/SNF chromatin-remodeling complex, to
inhibit E2F1 transcriptional activity. This regulation is
specific for E2F1 and is critical for the control of E2F1-
dependent apoptosis during S phase and DNA damage.
TopBP1 is induced by E2F and interacts with E2F1 dur-
ing G1/S transition. Thus, E2F1 and TopBP1 form a feed-
back regulation to prevent apoptosis during DNA repli-
cation.

Results

Regulation of E2F1 transcriptional activity by TopBP1
requires Brgl/Brm

Modification of chromatin structure is a general mecha-
nism for regulating gene transcription (Felsenfeld 1992;
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Kingston and Narlikar 1999). E2F activity can be inhib-
ited by chromatin-remodeling enzymes, including the
SWI/SNF complex (Trouche et al. 1997; Muchardt and
Yaniv 2001; Wang et al. 2002) and histone deacetylases
(HDACs; Brehm et al. 1998; Luo et al. 1998; Magnaghi-
Jaulin et al. 1998). For example, pRb actively represses
E2F transcriptional activity by recruiting these com-
plexes (Harbour and Dean 2000). TopBP1 does not con-
tain the structures that directly modify chromatin and
regulate transcription. Thus, we hypothesized that
TopBP1 might repress E2F1 activity by recruiting chro-
matin-remodeling enzymes, such as the SWI/SNF com-
plex, which contains either Brgl or Brm as its central
subunit. To test that, we examined the effect of TopBP1
on E2F1 transcriptional activity in C33A cells, which
lack Brgl and Brm. The E2F1 activity was assessed by a
p144RF promoter-luciferase assay (Liu et al. 2003). Al-
though TopBP1 repressed E2F1 activity in multiple cell
lines including 293, 293T, MCF7, primary human fibro-
blasts (Liu et al. 2003), and REF52 without inhibiting
E2F1 expression (Fig. 1A), it failed to suppress E2F1 ac-
tivity in C33A cells (Fig. 1B, @). Strikingly, reconstitu-
tion of Brgl or Brm in C33A cells restored TopBP1-me-
diated repression of E2F1 (Fig. 1B, A). To further test the
role of Brgl/Brm in other cells, we used the dominant-
negative mutants of Brgl and Brm (mutations in ATP-
binding site) to inhibit the function of endogenous Brgl
or Brm in HEK293 cells, T98G human glioblastoma
cells, and NIH3T3 cells, and assessed E2F1 activity in
the presence of TopBP1. Indeed, these mutants signifi-
cantly inhibited the capacity of TopBP1 to repress E2F1
(Fig. 1C,D, A). Together, these results demonstrate that
the regulation of E2F1 by TopBP1 requires Brgl /Brm. It is
also apparent that this mechanism of regulation is gen-
eral to both nontransformed and cancer cells.

Regulation of E2F1 by TopBP1 is independent of pRb

pRbD is the major E2F regulator and also recruits the SWI/
SNF complexes to repress E2F activity (Trouche et al.
1997; Strobeck et al. 2000). To investigate whether the
regulation of E2F1 by TopBP1 was mediated through the
classical Rb pathway, we examined the effect of TopBP1
on E2F1 transcriptional activity in Rb*/* and Rb-null
mouse embryonic fibroblasts (MEFs) as well as Saos-2
cells in which Rb is deficient. TopBP1 effectively re-
pressed E2F1 activity both in Rb*/* and Rb~/~ MEFs (Fig.
1E, right panel). TopBP1 also significantly inhibited E2F1
activity in Saos-2 cells (Fig. 1E, left panel). Thus, we
conclude that pRb is not involved in the TopBP1-medi-
ated regulation of E2F1.

TopBP1 facilitates the association between E2F1
and Brgl/Brm

To examine whether TopBP1 could interact with Brgl/
Brm and recruit the SWI/SNF complex to regulate E2FI,
coimmunoprecipitation of endogenous TopBP1, Brgl,
and E2F1 was performed in HEK293 cells. As shown in
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Figure 1. Regulation of E2F1 transcriptional activity by TopBP1 requires Brgl/Brm. An E2F1-expressing plasmid was cotransfected
with increasing amounts of a TopBP1 plasmid in various cell lines as indicated, and the E2F1 activity was measured with a pl144RF
promoter-luciferase activity assay. Luciferase activity of transfected E2F1 was determined as fold induction relative to that of empty
vector control. Each sample was performed in triplicate, and the experiments were repeated multiple times with consistent results.
(A) TopBP1 represses the transcriptional activity, but not the expression, of E2F1 in REF52 cells. The activity of E2F1 in the presence
of TopBP1 was determined as the percentage relative to that in the absence of TopBP1. The expressional levels of E2F1 and TopBP1
shown in the right panel were determined by immunoblotting. (B) E2F1 activity was assayed in a Brgl/Brm-deficient C33A cell line
with or without reconstitution of Brgl (left) or Brm (right). (C) E2F1 activity was assayed in HEK293 cells with or without cotrans-
fection of dominant-negative (dn) mutants of Brgl (left) or Brm (right). (D) E2F1 activity was assayed in T98G cells (left) or NIH3T3
cells (right) with cotransfection of a dominant-negative (dn) mutant of Brgl. (E) The regulation of E2F1 by TopBP1 is independent of
Rb. E2F1 activity was determined in Saos-2 cells (left) or a pair of mouse embryonic fibroblasts (MEFs) prepared from Rb*/* or Rb~/~
sibling embryos.

GENES & DEVELOPMENT 675



Liu et al.

Figure 2A, TopBP1 interacted with both Brgl and E2F1 in
cells treated with neocarzinostatin (NCS), a radiomi-
metic chemical. In addition, E2F1 interacted with Brgl,
which was further enhanced by overexpression of
TopBP1 (Fig. 2B). We examined the interaction between
Brm and TopBP1 or E2F1 as well. Similarly, transfected
Brm coimmunoprecipitated with TopBP1 in HEK293
cells (Fig. 2C). In addition, Brm associated with E2F1
only in the presence of overexpressed TopBP1 (Fig. 2D).
Interestingly, coexpression of TopBP1 mildly increased
the expression of Brgl or Brm (~1.5-fold); however, the
amplitude of induction in interaction between E2F1 and
Brgl (>5-fold) or Brm (>10-fold) is far greater. Taken to-
gether, the results indicate that TopBP1 interacts with
Brgl/Brm, and facilitates their association with E2F1.

Co-occupancy of TopBP1, E2F1, and Brgl/Brm
on E2F1-responsive promoters

To further explore the mechanism by which TopBP1
regulates E2F1, we performed chromatin immunopre-
cipitation (ChIP) assay to examine the co-occupancy of
TopBP1, E2F1, and Brgl/Brm on E2F1-responsive pro-

A

moters. We examined the occupancy on the E2F1 pro-
moter that is known as a direct E2F1 target (Johnson et
al. 1994) in HEK293 cells. As shown in Figure 3A, E2F1
promoter sequences, but not [-actin promoter se-
quences, were detected in E2F1, Brgl, Brm, and TopBP1
immunoprecipitates, indicating the co-occupancy of
E2F1, Brgl/Brm, and TopBP1 on the E2F1 promoter. Im-
portantly, the occupancy of Brgl and Brm on the E2F1
promoter was induced by overexpression of TopBP1 (Fig.
3A, left panel). Furthermore, the co-occupancy between
E2F1 and TopBP1, Brm, or Brgl was enhanced by NCS
treatment (Fig. 3A, right panels). The promoter co-occu-
pancy is not limited to the E2F1 promoter and can also
be observed in T98G cells. We performed ChIP assay on
several promoters of known E2F1 target genes, including
E2F1, pl4*RF (Bates et al. 1998), thymidine kinase (TK;
Kim and Lee 1992; Tommasi and Pfeifer 1997; Ren et al.
2002), and p73 (Stiewe and Putzer 2000; Pediconi et al.
2003) in T98G cells. As shown in Figure 3B, E2FI,
pl4~RF TK, and p73 promoter sequences, but not B-actin
promoter sequences, were detected individually in E2FI,
TopBP1, Brgl, and Brm immunoprecipitates. Thus,
E2F1, TopBPI1, and Brgl/Brm proteins also co-occupied
on E2FI-responsive promoters in growing T98G cells.

Figure 2. Interaction between TopBP1, E2F1, and
Brgl/Brm. (A) Interaction between endogenous TopBP1
and Brgl. HEK293 cells were untreated or treated with
radio-mimetic agent neocarzinostatin (NCS) at 300 ng/
mL for 3 h. Lysates were immunoprecipitated (IP) with
an anti-TopBP1 antibody or a control mouse IgG anti-
body and immunoblotted (IB) as indicated. (Lower
panel) An aliquot of the cell lysates before immunopre-
cipitation was analyzed by Western blot and probed
with Brgl, TopBP1, and E2F1. (B) E2F1 coimmunopre-
cipitated with Brgl, which was further enhanced by
overexpression of TopBP1. Endogenous E2F1 was im-
munoprecipitated with its specific antibody or a control
mouse IgG antibody, and the immunoblot was probed
with antibodies for Brgl or E2F1. (C) Interaction be-
tween TopBP1 and Brm. HEK293 cells were transfected
with the expression plasmids as indicated. Flag-tagged
TopBP1 was then immunoprecipitated from cell ly-
sates, and the coimmunoprecipitated Brm protein was
detected by immunoblotting. (D) Interaction between
E2F1 and Brm. HEK293 cells were transfected with the
expression plasmids as indicated. HA-tagged E2F1 was
immunoprecipitated from the cell lysates, and the co-
immunoprecipitated Brm and TopBP1 were detected by
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Figure 3. Co-occupancy of TopBP1, E2F1, and Brgl /Brm on E2F1-responsive promoters. (A) HEK293 cells were transfected with an
empty vector or a TopBP1-expressing plasmid. Some empty-vector-transfected cells were treated with NCS (300 ng/mL) for 3 h. A
chromatin immunoprecipitation (ChIP) assay was performed using antibodies against E2F1, TopBP1, Brm, or Brgl, respectively, as
indicated. Mock immunoprecipitations correspond to control reactions lacking antibodies. The IgG lane represents an additional
control reaction using normal mouse IgG for chromatin immunoprecipitation. The precipitated DNA was amplified with two primers
derived from an E2F1 promoter or a B-actin promoter. The input represented 0.5% of total amount of chromatin added to each
immunoprecipitation reaction. (B) T98G cells were transfected with an empty vector or a TopBP1-expressing plasmid. Some empty-
vector-transfected cells were treated with NCS (300 ng/mL) for 3 h. ChIP was performed as above. The precipitated DNA was amplified
with primer pairs derived from each promoter as indicated. A longer exposure of p73 promoter ChIP assay is shown to demonstrate

the occupancy of Brm.

Furthermore, the co-occupancy was enhanced by NCS
treatment or by overexpression of TopBP1 in T98G cells
(Fig. 3B). In conjunction with the coimmunoprecipita-
tion experiments (Fig. 2), these data strongly suggest that
TopBP1 represses E2F1 activity by recruiting Brgl/Brm
to interact with E2F1 on E2F1-responsive promoters. Im-
portantly, TopBP1 also co-occupied with E2F1 in cells
not treated with NCS, implying that TopBP1 regulates
E2F1 even in normally growing cells.

TopBP1 siRNA derepresses the transcriptional activity
of E2F1, but not E2F2 or E2F3

Previous studies have demonstrated that TopBP1 specifi-
cally represses E2F1 activity in an overexpression system
(Liu et al. 2003). To understand the physiological func-
tion of TopBP1 in the regulation of E2F1, the expression
of endogenous TopBP1 was knocked down by a TopBP1-
specific short interfering RNA (siRNA) in HEK293 cells
transfected with pSUPER-siTopBP1. TopBP1 siRNA sig-
nificantly inhibited the expression of cotransfected Flag-
TopBP1 without affecting the protein levels of coex-
pressed GFP (green fluorescence protein; Fig. 4A).
TopBP1 siRNA also selectively inhibited the expression
of endogenous TopBP1, but not E2F1, PCNA (Fig. 4A,

right panel), E2F2, and E2F3 (Fig. 5A, top panel). The
activities of E2F1, E2F2, and E2F3 were assayed in
HEK293 cells transfected with pSUPER-siTopBP1.
TopBP1 siRNA specifically increased the transcriptional
activity of E2F1, but not E2F2 and E2F3 (Fig. 4B). The
increased E2F1 activity observed in TopBP1 siRNA-
transfected cells is not a result of increased E2F1 expres-
sion because the E2F1 protein level was not induced in
siTopBP1-transfected cells (Figs. 4A,C, 5), but rather re-
flects derepression of E2F1 activity. The derepression of
E2F1 activity by TopBP1 siRNA became more signifi-
cant upon NCS treatment when E2F1 protein was in-
duced, indicating significant regulation of E2F1 by
TopBP1 during DNA damage. We further tested the ef-
fect of TopBP1 siRNA on the activity of endogenous
E2F1. As shown in Figure 4C, although there was signifi-
cant induction of E2F1 proteins by NCS treatment, the
activity of E2F1 was only mildly elevated in the vector-
transfected cells. Moreover, E2F1 activity started to de-
cline at 3 h after NCS treatment despite continuous rise
of E2F1 protein. In contrast, E2F1 activity in TopBP1
siRNA-transfected cells was derepressed and allowed to
increase by NCS treatment (Fig. 4C). Interestingly, the
derepression was consistently observed in cells without
NCS treatment (Fig. 4B,C). This correlates with the ob-
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servation of promoter co-occupancy of TopBP1 and E2F1 conditions. Similarly, inhibition of endogenous Brgl/
in normally growing cells. Thus, TopBP1 regulates E2F1 Brm function by dominant-negative mutants of Brgl/
not only during DNA damage, but also in normal growth Brm also derepressed the endogenous E2F1 activity (Fig.
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4D), consistent with their role in the repression of E2F1
activity. We confirmed the TopBP1-mediated regulation
of E2F1 in two additional cell lines, T98G and NIH3TS3,
in which TopBP1 knockdown also specifically dere-
pressed the transcriptional activity of E2F1 (Fig. 4E,F).
The endogenous transcripts of E2F1 target genes were
also examined in TopBP1 siRNA-transfected T98G cells.
TopBP1 knockdown activated the endogenous expres-
sion of E2FI target genes, including cyclin E, p73, and
pl07 as well as TK in growing T98G cells and in T98G
cells treated with NCS or adriamycin (Fig. 4G). These
results provide strong evidence that TopBP1 regulates
E2F1 transcriptional activity during normal growth as
well as during DNA damage.

To rule out the possibility that TopBP1 siRNA could
induce DNA damage and, therefore, activate E2F1, the
activation of several other DNA damage response pro-
teins such as p53, Chkl, and Chk2 was also examined in
TopBP1 siRNA-transfected cells. The induction or acti-
vation of p53, Chkl, and Chk2 was assayed using anti-
bodies against p53, phospho-Serl5 p53, phospho-Ser20
p53, phospho-Ser345 Chk1, and phospho-Thr68 Chk2,
respectively. Neither p53, Chkl, nor Chk2 was induced
or activated in the TopBP1 siRNA-transfected cells (data
not shown), indicating that no DNA damage was asso-
ciated with TopBP1 siRNA transfection.

Taking these data together, we conclude that TopBP1
selectively interacts with E2F1 and represses the tran-
scriptional activity of E2F1 under physiological condi-
tions.

TopBP1 siRNA-induced apoptosis was rescued
by E2F1 siRNA, but not by E2F2 or E2F3 siRNA

Previously it has been shown that inhibition of TopBP1
expression by TopBP1-specific antisense oligomers in-
duces apoptosis (Yamane et al. 2002). Here, we show that
TopBP1 siRNA can derepress E2F1 transcriptional activ-
ity (Fig. 4). Based on these findings, we postulated that
TopBP1 might be required to inhibit E2F1-mediated ap-

TopBP1 regulates E2F1-mediated apoptosis

optosis. To test this hypothesis, we further knocked
down the expression of endogenous E2Fs (E2F1, E2F2,
and E2F3) by individual E2F-specific siRNA and assessed
their effects on TopBP1 knockdown-induced apoptosis.
In this experiment, pEGFP expression vector was tran-
siently cotransfected into HEK293 cells with pSUPER-
siTopBP1 and/or each pSUPER-siE2F expressing E2F-
specific siRNA. As shown in upper panel of Figure 5A,
these siRNAs specifically knocked down the expression
of corresponding endogenous proteins without altering
the expression of other E2Fs. Apoptosis was analyzed by
annexin/7-amino-actinomycin (7-AAD) staining in GFP-
positive cells. Indeed, our results showed that suppres-
sion of endogenous TopBP1 expression in HEK293 cells
significantly induced apoptosis; however, inhibition of
endogenous E2F proteins by E2F-specific siRNA did not
affect cell survival (Fig. 5A, middle panel). Remarkably,
TopBP1 knockdown-induced apoptosis was greatly abro-
gated by E2F1 siRNA, but not E2F2 siRNA or E2F3
siRNA (Fig. 5A, middle panel), suggesting that suppres-
sion of TopBP1 expression specifically derepresses E2F1
activity and therefore induces apoptosis. Figure 5B is a
representative result showing the annexin V-PE/7-AAD
profiles of gated GFP-positive cells. Taken together,
these results reveal a pivotal role for TopBP1 to regulate
E2F1-induced apoptosis.

We also assessed the role of TopBP1 and E2F1 during
DNA damage by examining adriamycin-induced apopto-
sis in HEK293 cells expressing TopBP1 siRNA and/or
E2F siRNA. TopBP1 knockdown potentiated apoptosis
during adriamycin treatment, which was again blocked
by E2F1 siRNA but not E2F2 siRNA or E2F3 siRNA (Fig.
5A, lower panel). To verify the genuine effect of TopBP1
on the functional suppression of E2F1, we used another
TopBP1 siRNA expression vector, pPSUPER-siTopBP1-2,
in similar experiments. This TopBP1 siRNA was di-
rected against different sequences of TopBP1. It also sig-
nificantly induced apoptosis. Likewise, the apoptosis
was inhibited by a siRNA specific to E2F1 (Fig. 5C, right
panel).

Figure 4. Knockdown of TopBP1 derepresses E2F1 transcriptional activity. (A) HEK293 cells were transfected with a Flag-tagged
TopBP1-expressing plasmid, increasing amounts of pSUPER-siTopBP1 and pEGFP (left panel), or with either pPSUPER or pSUPER-
siTopBP1 (right panel). The expression of GFP protein in each transfectant serves as a control. The expression of endogenous TopBP1,
E2F1, and PCNA was analyzed by immunoblotting. (B) E2F transcriptional activities were determined by p14*®F promoter-driven
luciferase assay in HEK293 cells transfected with E2F and TopBPI siRNA expression plasmids. Cells were left untreated or treated
with NCS for 3 h before analysis. (*) p < 0.001 (¢ test) compared with their counterpart control groups. (C) The endogenous E2F1
activity was assayed in HEK293 cells transfected with TopBP1 siRNA expression plasmids. Cells were treated with NCS for different
periods of time before analysis. The expression of endogenous TopBP1 and E2F1 was analyzed by immunoblotting. (*) p < 0.001 (¢ test)
compared with their counterpart control groups. (D) The endogenous E2F1 transcriptional activity was assayed in HEK293 cells
transfected with the expression vectors of dominant-negative mutants of Brgl and Brm. Cells were treated with NCS for different
periods of time as indicated before analysis. The expression of E2F1, Brgl, and Brm in the whole-cell lysates was detected with their
specific antibodies, respectively. (#) p < 0.05 (t test) compared with vector control; (*) p < 0.01 (t test) compared with vector control. (E)
E2F transcriptional activity assay as described in B was performed in T98G cells in the presence of TopBP1 siRNA. The expression of
endogenous TopBP1 was analyzed by immunoblotting. (*) p < 0.001 (t test) compared with their counterpart control groups. (F) E2F
transcriptional activity assay as described in B was performed in NIH3T3 cells in the presence of mTopBP1 siRNA. The expression
of endogenous TopBP1 was analyzed by immunoblotting. (*) p < 0.001 (t test) compared with their counterpart control groups. (G)
TI8G cells were transfected with an empty vector or pSUPER-siTopBP1. Two days later, cells were either left untreated or treated with
NCS (300 ng/mL) or adriamycin (1 uM) for 5 h before harvesting. RNA was then extracted and RT-PCR analysis was performed using
primers specific for selected E2F1 target genes or GAPDH as indicated. Mock RT-PCR represents a control reaction without addition
of RNA.
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Figure 5. TopBP1 siRNA induces E2F1-dependent apoptosis. (A, upper panel) Immunoblotting of endogenous E2F1, E2F2, E2F3, and
TopBP1 in HEK293 cells transfected with corresponding pSUPER-siRNA. The expression of PCNA and B-actin serves as a protein-
loading control. (Middle panel) HEK293 cells were transfected with the plasmids expressing various siRNAs and GFP. Cells were then
stained with annexin V-PE and 7-AAD. GFP-positive cells were gated and analyzed by flow cytometry. The data shown are the
mean = S.E. of three independent experiments. (Lower panel) The siRNA-transfected 293 cells were treated with 1 pM adriamycin for
6 h and analyzed as described above. (*) p < 0.05 (t test) compared with pSUPER vector group; (#) p <0.05 (t test) compared with
siTopBP1 group. (B) A representative profile of apoptosis from 293 cells expressing different siRNAs as shown above. (C) The apoptosis
assay as described above was performed in HEK293 cells transfected with pSUPER-siTopBP1-2 construct. The Western blot analysis
of endogenous TopBP1 is shown in the Ieft panel. (D) Wild-type and E2F1~/~ MEFs were transfected with pEGFP and the TopBP1 siRNA
expression plasmids. Apoptosis was analyzed as described in A. The data shown are the mean = S.E. of four independent experiments.
(Upper panel) A representative immunoblot showing the expression of endogenous TopBP1, E2F1, and B-actin in E2F1*/* or E2F1~/~
MEFs. (*) p < 0.05 (t test) compared with control group. (E) C33A cells were transfected with pEGFP and the TopBP1 siRNA expression
plasmids. Apoptosis was analyzed as described in A. The data shown are the mean =+ S.E. of three independent experiments. (Upper
panel) An immunoblot showing the expression of endogenous TopBP1 in TopBP1-siRNA-transfected C33A cells.

To further verify the physiological function of TopBP1
in regulating E2F1-mediated apoptosis, we assessed
TopBP1 siRNA-induced apoptosis in primary mouse
embryonic fibroblasts (MEFs) derived from wild-type
and E2F1-null sibling embryos. Here pEGFP expres-
sion vector was transiently transfected into MEFs with
either pSUPER empty vector or pSUPER-si-mTopBP1
expressing siRNA against murine TopBPl. Annexin
assay was performed by flow cytometry in GFP-positive
cells. Our results showed that suppression of endog-
enous murine TopBP1 by TopBPl siRNA in E2F1*/*
MEFs induced apoptosis, which was significantly abro-
gated in E2F1~/~ MEFs (Fig. 5D). It should be noted
that the extent of TopBP1 siRNA-mediated knockdown
of endogenous TopBP1 in MEFs would be much greater
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because the best transfection efficiency of MEFs we
could reach was ~50%. To test the dependency of
TopBP1 siRNA-induced apoptosis on Brgl/Brm status,
we performed similar experiments in C33A cells, which
lack Brgl and Brm. In contrast to HEK293 and
MEFs cells, TopBP1 siRNA failed to induce apoptosis
in C33A cells despite almost completely blocking
the expression of TopBP1 (Fig. 5E). This result is con-
sistent with the idea that TopBP1 requires Brgl/Brm
to repress E2F1-mediated apoptosis. Taking all the
data together from the different approaches shown
above, we conclude that TopBP1 plays an essential
role in the inhibition of E2F1-mediated apoptosis during
both DNA damage response and normal cellular prolif-
eration.



Interaction between TopBP1 and E2F1
during G1/S transition

The ChIP assay (Fig. 3) showed that the co-occupancy
of TopBP1 and E2F1 on the E2F1 promoter occurred dur-
ing normal cellular proliferation. In addition, TopBP1
siRNA derepressed E2F1 activity, thereby enhancing
E2F1-dependent apoptosis in the absence of DNA dam-
age (Fig. 5). These results raised the hypothesis that
TopBP1 might regulate E2F1 function during cell growth
through the interaction with E2F1 at a specific phase of
cell cycle. To answer that, we synchronized primary hu-
man foreskin fibroblasts (HFF) by serum starvation in
medium containing 0.1% fetal bovine serum for 48 h,
which was confirmed by propidium iodide staining of
DNA (Fig. 6A). The entry of the cell cycle was then in-
duced with 20% fetal bovine serum, and cells were har-
vested at different time points to analyze the cell cycle
profile and the expressional levels of TopBP1 and E2F1.
As shown in Figure 6B, the expression of TopBP1 was
dramatically induced at G1/S transition and S phase,
which is consistent with previous observation (Makini-
emi et al. 2001). Interestingly, the expressional pattern of

TopBP1 regulates E2F1-mediated apoptosis

TopBP1 during the cell cycle correlates very well with
that of E2F1 (Fig. 6B). We further performed coimmuno-
precipitation of TopBP1 with E2F1 from cell lysates pre-
pared at different time points. As shown in Figure 6C,
TopBP1 was coimmunoprecipitated with E2F1 in cell ly-
sates prepared at 16 h, when cells entered G1/S transi-
tion. Although the expression of both E2F1 and TopBP1
continued to increase at 20 h, when cells were in S phase,
the interaction decreased significantly. This interaction
was not detected in cell lysates prepared at 24 h, when
cells started to enter G2/M, although both TopBP1 and
E2F1 were still expressed. Taken together, our results
indicate that TopBP1 associates with E2F1 during G1/S
transition of cell cycle, thereby regulating E2F1 function
during normal cell cycle progression. More importantly,
TopBP1 inhibits E2F1 apoptosis before the initiation of
DNA replication.

TopBP1 is an E2F target

Many proteins induced in S phase are known to be E2F
target genes. Because the induction of TopBP1 expres-
sion coincided with the surge of E2F1 levels during G1/S
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Figure 6. Interaction between TopBP1 and E2F1 during G1/S transition. (A) Primary human foreskin fibroblasts (HFF) were brought
to quiescence by serum starvation for 48 h and then stimulated by 20% FBS for indicated periods of time. The cells were fixed and
analyzed with propidium iodide staining by flow cytometry. (B) Cell lysates from synchronized HFF were subjected to Western blot
analysis, and the immunoblot was probed with antibodies specific to TopBP1, E2F1, and B-actin, respectively. (Bottom panel) The
fractions of each phase of cell cycle quantitated by FACS analysis. (C) The endogenous E2F1 in the whole-cell lysates of synchronized
HFF was immunoprecipitated with an anti-E2F1 antibody (KH95) or control mouse IgG and resolved by SDS-PAGE; the immuno-
blotting was performed as indicated. (Lower panel) An aliquot of lysates was subjected to Western blot analysis. The immunoblot was
probed with a TopBP1 antibody. (D) TopBP1 is an E2F target. HFF cells were serum-starved for 48 h and then infected with an
adenovirus expressing HA-E2F1 (AdE2F1) or that harboring a CMV empty vector (AdCMV) at a multiplicity of infection of 400 and
1000. Some AdCMV-infected cells were stimulated with 20% serum, and the others remained in 0.1% serum. The cells were harvested
at 21 h after infection. (Left panel) The expression of TopBP1 and E2F1 in the whole-cell lysates was detected with their specific
antibodies. (Right panel) Poly(A) RNA was prepared from infected HFF, and Northern blot analysis was carried out with a TopBP1
c¢DNA probe or GAPDH probe.
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transition (Fig. 6B), we speculated that the expression of
TopBP1 might be induced by E2F. Interestingly, we
found that the human TopBP1 gene derived from the
Celera human genome database contains potential E2F-
binding elements (consensus sequence TTTc/gGCGCc/
g) arranged in an overlapping fashion (TTTCGCGCCA
AC; overlapping E2F-binding sites are indicated by un-
derlines and italics, respectively) at its 5'-flanking re-
gion. This E2F site is followed by two GC boxes. The
organization is very similar to the promoters of several
E2QF target genes. To test whether E2F could transacti-
vate TopBP1, E2F1 was overexpressed in serum-starved
HFF cells by infection with E2F1 adenovirus (AdE2F1).
The expressional levels of TopBP1 protein and RNA
were analyzed by immunoblotting and Northern blot-
ting, respectively. Our results showed that overexpres-
sion of E2F1, indeed, induced the expression of TopBP1
protein (Fig. 6D, left panel) and RNA (Fig. 6D, right
panel) in the absence of serum. These results strongly
suggest that TopBP1 is an E2F target during G1/S tran-
sition and S phase.

Discussion

Many lines of evidence have indicated that E2F activity
is crucial for the G1/S transition and DNA replication,
whereas the pRbD is the primary negative regulator of E2F.
More recently, several new functions of E2F have been
discovered, particularly in DNA damage and repair
checkpoint. The distinct roles for each E2F family mem-
ber are also appreciated. Specifically, the role of E2F1
protein as a signal for apoptosis and the inducer of p73
(Irwin et al. 2000; Lissy et al. 2000; Pediconi et al. 2003),
p53 (Kowalik et al. 1998), caspase (Nahle et al. 2002), and
Apafl (Moroni et al. 2001; Furukawa et al. 2002) has
defined a pathway that links Rb/E2F cell cycle control
with apoptosis. Therefore, new important questions
need to be answered regarding the differential regulation
in controlling different E2F activities, particularly E2F1-
mediated apoptosis. The current work is aimed at ad-
dressing this issue. We have identified a novel regulatory
mechanism specifically controlling E2F1-dependent ap-
optosis during normal growth and DNA damage.
Through the interaction between a BRCT motif of
TopBP1 and the N terminus of E2F1, TopBP1 selectively
regulates E2F1 activity by recruiting Brgl/Brm to E2F1-
responsive promoters and suppresses E2F1-mediated ap-
optosis.

pRb-independent regulation of E2F1 function
by TopBP1

E2F family members, E2F1-E2F5, share the C-terminal
pocket-protein binding domain that binds to the pRb
family. Thus, a regulation specific to E2F1 might involve
an interaction that is unique to E2F1. Although E2Fs
contain several fairly conserved domains, the sequences
in the N terminus of E2F are quite diverse. In addition,
the N terminus of E2F1 is uniquely phosphorylated by
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ATM/ATR (Lin et al. 2001). Therefore, the interaction
mediated by this domain is likely specific to E2F1.

Using Rb-deficient cells (Saos-2 and Rb~/~ MEFs), we
demonstrate that TopBP1-mediated regulation of E2F1
does not require pRb. It is worth noting that the inhibi-
tion of E2F1 activity by TopBP1 is rather specific and is
not due to a general transcriptional repression. TopBP1
does not inhibit the activity of E2F2, E2F3, E2F4, or sev-
eral E2F1 mutants that lose the TopBP1-binding capacity
(Liu et al. 2003). Moreover, expression of TopBP1 in se-
rum-starved REF52 by AdTopBP1 infection inhibits
E2F1-stimulated, but not serum-stimulated BrdU incor-
poration (Liu et al. 2003). Thus, TopBP1 is not a general
cell cycle regulator like the pRb family, but rather an
E2F1-specific modulator. Several features distinguishing
this newly identified regulation from classical Rb/E2F
regulation are: (1) TopBP1 binds specifically to E2F1 and
only controls E2F1; pRb binds and controls E2F1, E2F2,
E2F3, and E2F4. (2) TopBP1 binds to the N terminus of
E2F1 through a BRCT domain; pRb binds to the C ter-
minus of E2F through the pocket domain. (3) E2F1 bind-
ing to TopBP1 is induced by ATM-dependent phosphory-
lation of E2F1; E2F binding to pRb is inhibited by phos-
phorylation of pRb. (4) TopBP1 recruits E2F1 to nuclear
foci during DNA damage (Liu et al. 2003).

Recently, pRb was reported to contain a second E2F-
binding domain in the C terminus (Dick and Dyson
2003). Unlike the previously identified E2F-binding site
that interacts with E2F1-E2F4, this second domain is
specific for E2F1. A mutant pRb, which is defective in
general E2F binding but retains the E2F1-specific binding
domain, can inhibit E2FIl-induced apoptosis. Interest-
ingly, in contrast to the DNA damage-induced interac-
tion between TopBP1 and E2F1, binding of E2F1 to the
E2F1-specific domain of pRb is greatly diminished fol-
lowing etoposide treatment. This further manifests dis-
tinct features between TopBP1/E2F1 and Rb/E2F1 con-
trol. The potential interaction between these two modes
of control for E2F1 is very intriguing. We speculate that
TopBP1 binds to E2F1 and prevents it from further bind-
ing to pRb during DNA damage.

The mechanism by which TopBP1 regulates E2F1
transcriptional activity involves chromatin remodeling

SWI/SNF was originally identified in yeast as a set of
positive regulators of the HO gene (mating type switch,
SWI) and the SUC2 gene (sucrose nonfermenting, SNF;
for review, see Winston and Carlson 1992). The SWI/SNF
complex consists of 10-12 proteins that form a 2-MD
complex. This complex alters nucleosome structure by
disrupting histone-DNA interactions in an ATP-depen-
dent manner. The mammalian SWI/SNF complex con-
tains either Brgl or Brm as its central subunit. Here, we
demonstrate that the mechanism by which TopBP1 re-
presses E2F1 is through recruiting Brgl /Brm. We provide
evidence to support this assertion: (1) TopBP1-mediated
repression of E2F1 is defective in a Brgl/Brm-deficient
cell line, C33A. The repression is restored by reconsti-
tution with Brgl/Brm. (2) Dominant-negative mutants of



Brgl or Brm inhibit TopBP1 to repress E2F1. (3) TopBP1
interacts with Brgl/Brm and facilitates the interaction
between E2F1 and Brgl/Brm. (4) TopBP1 recruits Brgl/
Brm to E2F1-responsive promoters. (5) Dominant-nega-
tive mutants of Brgl /Brm derepress E2F1 activity during
DNA damage. (6) Whereas TopBP1 siRNA induces E2F1-
dependent apoptosis in HEK293 cells and wild-type
MEFs, it fails to induce apoptosis in Brgl/Brm-deficient
C33A cells.

Another E2F regulator that depends on Brgl/Brm is
prohibitin, a potential tumor suppressor in breast cancer
(Wang et al. 2002). However, prohibitin interacts with
the conserved marked-box region of E2F1-E2F5 (Wang et
al. 1999D) as well as all members of the pRb family, and
inhibits the transcriptional activities of all E2F1-E2F5
(Wang et al. 1999a). Moreover, prohibitin-mediated tran-
scriptional repression requires pRb (Wang et al. 2002).
Although Brgl/Brm appears to be a general executor that
represses E2F activity, TopBPl recruits Brgl/Brm to
regulate exclusively E2F1 because of the selective inter-
action between TopBP1 and E2F1, contrary to the gen-
eral repression of E2F by the pRb family or prohibitin.

A critical role for TopBP1 in the control
of E2F1-induced apoptosis during normal cell growth
and DNA damage

TopBP1 is induced upon DNA damage and is involved in
DNA damage checkpoint, but also appears to play a very
important role in the initiation of DNA replication.
TopBP1 is required for DNA replication in an in vitro
HeLa nuclei replication system (Makiniemi et al. 2001).
The Xenopus homolog of TopBP1, Xmus101 or Xenopus
Cutb, is required for the loading of Cdc45 and DNA poly-
merases « and e onto replication origins and is essential
for DNA replication in Xenopus egg extracts (Van Hatten
et al. 2002; Hashimoto and Takisawa 2003). Thus,
TopBP1 appears to be directly involved in controlling
replication initiation. In this regard, its role in repressing
E2F1-mediated apoptosis at the G1/S transition would be
crucial to ensure suppression of apoptosis before initia-
tion of DNA replication. Indeed, the regulation between
TopBP1 and E2F1 forms a feedback control during G1/S
transition. Like other proteins that are directly involved
in DNA replication, TopBP1 is induced by E2F during
G1/S transition. Therefore, TopBP1 acts as a critical co-
ordinator to enforce the execution of S phase. On one
hand, it promotes replication firing; on the other hand, it
inhibits apoptosis (Fig. 7A). The selectivity of TopBP1
toward E2F1, but not E2F2 or E2F3, would allow E2F2
and E2F3 to function (and induce S-phase entry) while
E2F1 apoptosis is inhibited.

Both TopBP1 and BRCA1 control the G2-M cell cycle
checkpoint and are required for activation of Chkl in
response to DNA damage (Yamane et al. 2003). The
Xenopus homolog of TopBP1 is also required for geno-
toxin-induced Chkl activation and is essential for the
binding of ATR, Radl, and DNA polymerase « to dam-
aged chromatin (Parrilla-Castellar and Karnitz 2003).
The loading of these proteins to the stalled replication
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Figure 7. A model for the role of TopBP1 in cell survival during
G1/S transition and DNA damage. (A) TopBP1 is induced during
G1/S transition and participates in the initiation of DNA rep-
lication. It is also required to inhibit E2F1 activity and prevent
E2F1-mediated apoptosis during S-phase entry. (B) TopBP1 re-
cruits checkpoint activation machinery to activate Chkl during
DNA damage. It also inhibits E2F1-mediated apoptosis to allow
completion of DNA repair.

forks, in turn, mediates activation of Chk1 and cell cycle
arrest. Our studies uncover an additional role of TopBP1
for cell survival during DNA damage. Thus, TopBP1
functions as a central modulator during DNA damage to
ensure the execution of damage repair. On one hand, it
recruits key elements of the checkpoint signaling ma-
chinery for cell cycle arrest and damage repair; on the
other hand, it inhibits E2F1-mediated apoptosis to allow
completion of repair (Fig. 7B). Interestingly, TopBP1 also
recruits E2F1 to the BRCAI-containing nuclear foci dur-
ing DNA damage (Liu et al. 2003). The function of E2F1
in these foci remains to be investigated.

The present study defines a novel mechanism that
controls E2F1-mediated apoptosis by TopBP1 during
G1/S transition of the cell cycle, which may bring new
insights for cancer therapy. Because TopBP1 siRNA-in-
duced apoptosis is due to derepression of E2F1 activity,
cells harboring higher E2F1 levels would be more sus-
ceptible to inhibitors of TopBP1. Most cancer cells con-
tain excessive E2F1 activities because of deregulation in
the Rb pathway. Thus, TopBP1 is a potential therapeutic
target to harness E2F1 for cancer treatment.
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Materials and methods

Cell culture and transfection

C33A, HEK293, T98G, Saos-2, NIH3T3, MEFs, REF52, and HFF
(human foreskin fibroblast) cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fe-
tal bovine serum (FBS). Primary MEFs were isolated from 13.5-
d-old embryos by standard methods. A standard calcium phos-
phate method was used for transfection of C33A cells. HEK293
cells were transfected with calcium phosphate method or the
Gene Pulser Xcell electroporation system (Bio-Rad) according to
the manufacturer’s instructions for 293 cells. NIH3T3 cells
were transfected with the Gene Pulser Xcell electroporation
system. Saos-2, T98G, MEFs (Rb*/* and Rb~/~), and REF52 cells
were transfected using Lipofectamine 2000 (Invitrogen).

Luciferase assay

The expression constructs (2 pg for pcDNA3-HA-E2FI,
pcDNA3-HA-E2F2, or pcDNA3-HA-E2F3; 2 or 10 pg for
pcDNA3-TopBP1; 10 pg for Brgl, Brm, and their dominant-
negative mutants expression plasmids; 10 ug for pPSUPER con-
structs expressing siRNA of TopBP1, E2F1, E2F2, and E2F3), the
promoter plasmids (1 ng for pl4 ~RF-Luc), and 1 pg of B-galac-
tosidase plasmid were transfected into HEK293 cells. Cells were
harvested 2 d later. An aliquot of cells was lysed in SDS lysis
buffer for Western blot analysis in some experiments; the other
cell extracts were lysed in reporter lysis buffer (Promega) for
luciferase activity and B-galactosidase activity as described (Liu
et al. 2003). The luciferase activity was normalized against the
B-galactosidase activity. All transient expressions in this assay
were carried out in triplicate.

Immunoprecipitation and Western blot analysis

The transfected cells were harvested 48 h later in TNN buffer,
and immunoprecipitation was carried out as described (Liu et al.
2003). The specific signals were detected with appropriate anti-
bodies. The antibodies specific to E2F1 (C20 and KH95), E2F2
(C20], E2E3 (C18 and N20), Brgl (G7), Brm (E1], Rb (C15), and
PCNA- (PC10) were purchased from Santa Cruz, Inc. The E2F1
(KH20) and B-actin antibodies were purchased from Sigma. The
anti-GFP antibody was purchased from Clontech. The mono-
clonal and polyclonal TopBP1 antibodies were purchased from
BD Transduction Laboratories and Bethyl Laboratories, respec-
tively.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed following the protocol as described
previously (Takahashi et al. 2000). Briefly, 293 cells or T98G
cells grown in 15-cm? dishes were untreated or treated with
NCS for 3 h, and then cross-linked with formaldehyde. Cells
were collected, and chromatin was extracted and sonicated;
0.5% of supernatants was used as input control PCR; the other
chromatin was precleaned with protein G plus/protein A-aga-
rose beads, and then immunoprecipitated with 4 pg of each
antibody (E2F1, KH95; TopBP1, BD Transduction Laboratories;
Brgl, G7; Brm, E1). The antibody-bound complexes were recov-
ered on protein A/G beads. Immunoprecipitates were washed
under stringent conditions, and cross-links of chromatin were
reversed by incubating samples overnight at 65°C. The resulting
DNA was purified and analyzed by PCR. The following pairs of
primers were used for each indicated promoter as follows: E2F1,
5'-AGGAACCGCCGCCGTTGTTCCCGT-3" and 5'-CTGCCT
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GCAAAGTCCCGGCCACTT-3', size 124 bp; pl4ARF, 5'.CCA
GGCGTCCGGCCCCTGGGCCGT-3" and 5'-CACGCGGGAA
GGGCTGCCGGAGGC-3', size 184 bp; TK, 5-"TCCCGGATT
CCTCCCACGAG-3' and 5-TGCGCCTCCGGGAAGTTCAC
-3', size 200 bp; p73, 5'-CTCTGCCGAAGATCGCGGTCGG-3'
and 5'-GGCCGCGTCCAAGTCGGGGTCC-3', size 170 bp;
and B-actin, 5-ACGCCAAAACTCTCCCTCCTCCTC-3' and
5" -CATAAAAGGCAACTTTCGGAACGGC-3', size 166 bp.

RT-PCR

T98G cells were transfected with pSUPER or pSUPER-siTopBP1.
Cells were treated with NCS or adriamycin for 5 h, and RNA was
extracted using TRIzol reagent. RT-PCR was performed using the
following primer pairs: cyclin E, 5'-CTCCAGGAAGAGGAAG
GCAA-3' and 5'-GTAAAAGGTCTCCCTGTGAAG-3’, size 421
bp; p73, 5" TTTAACAGGATTGGGGTGTC-3' and 5'-CGTGA
ACTCCTCCTTGATGG-3/, size 405 bp; pl07, 5-TGGTGTCG
CAAATGATGCTGG-3' and 5'-AGGAGCTGATCCAAATGCC
TG-3', size 362 bp; TK, 5-ATGAGCTGCATTAACCTGCCCA
CT-3" and 5'-ATGTGTGCAGAAGCTGCTGC-3', size 204 bp;
and GAPDH, 5-TGAAGGTCGGAGTCAACGGATTTGGT-3’
and 5'-AAATGAGCCCCAGCCTTCTCCATG-3’, size 325 bp.
We ensured linear amplification in all cases.

Plasmid construction

The pSUPER vector and its derivatives expressing siRNA of
human TopBP1, mouse TopBP1, human E2F1, E2F2, and E2F3
were constructed according to instructions (Brummelkamp et
al. 2002). The 19-nt target sequences for siTopBPl are 5'-
TGATGGGCGGACGAGTATA-3'; for siTopBP1-2, 5'-CCTG
AAGAAACCTATTTTG-3’; for si-mTopBP1 targeting murine
TopBP1, 5-TGATGGGTGGACGAGTATA-3’; for siE2F1, 5'-
TATCTGTACTACGCAGCTG-3’; for siE2F2, 5'-GACTCGG
TATGACACTTCG-3’; and for siE2F3, 5'- CGTCCAATGGAT
GGGCTGC-3'.

Flow cytometry

HEK293 or primary MEFs (E2F1*/* and E2F17/~, passage 3) were
transfected with 2 pg of pcDNA3-GFP, and 20 ng of pSUPER
vector, or siRNA constructs by either a calcium phosphate
method or electroporation system. Cells were untreated or
treated with adriamycin (1 pM) for 6 h before harvest. To assay
apoptosis, cells were stained with annexin V-PE (Pharmigen)
and 7-amino-actinomycin (7-AAD; Pharmingen). At least 5000
GFP-positive cells were gated for each sample, and the annexin/
7-AAD profile of these cells was analyzed by flow cytometry.
Annexin*, 7-AAD", and annexin®, 7-AAD" cells were scored as
apoptotic. The DNA content profiles of the synchronized HFF
were analyzed by propidium iodide staining followed by flow
cytometry as described (Liu et al. 2003).

Adenovirus infection

HFF cells were starved in 0.1% FBS for 2 d and then infected
with AACMV or AdE2F1, which expresses HA-tagged E2F1 (Liu
et al. 2003). Cells were harvested at 21 h after infection for
either Western or Northern blot analysis. Northern blotting was
carried out as described (Lin et al. 2001).
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