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E2F1 is a key positive regulator of human cell proliferation

and its activity is altered in essentially all human cancers.

Deregulation of E2F1 leads to oncogenic DNA damage and

anti-oncogenic apoptosis. The molecular mechanisms by

which E2F1 mediates these two processes are poorly

understood but are important for understanding cancer

progression. During the G1-to-S phase transition, E2F1

associates through a short DHQY sequence with the cell-

cycle regulator HCF-1 together with the mixed-lineage

leukaemia (MLL) family of histone H3 lysine 4 (H3K4)

methyltransferases. We show here that the DHQY HCF-1-

binding sequence permits E2F1 to stimulate both DNA

damage and apoptosis, and that HCF-1 and the MLL family

of H3K4 methyltransferases have important functions

in these processes. Thus, HCF-1 has a broader role in

E2F1 function than appreciated earlier. Indeed, sequence

changes in the E2F1 HCF-1-binding site can modulate both

up and down the ability of E2F1 to induce apoptosis

indicating that HCF-1 association with E2F1 is a regulator

of E2F1-induced apoptosis.

The EMBO Journal (2009) 28, 3185–3195. doi:10.1038/

emboj.2009.258; Published online 17 September 2009

Subject Categories: cell cycle; genome stability & dynamics

Keywords: apoptosis; DNA damage; E2F1; HCF-1; MLL

Introduction

DNA damage and resulting mutations promote tumour pro-

gression (Halazonetis et al, 2008). A key source of DNA

damage is inappropriate DNA replication, often induced by

inactivation of tumour suppressors or activation of onco-

genes. Key regulators of human DNA replication are the

E2F proteins, which comprise both transcriptional activators

(E2F1–3) and repressors (E2F4–5) of genes required for DNA

replication (reviewed by Trimarchi and Lees, 2002; Blais and

Dynlacht, 2007). Under healthy circumstances, the tumour

suppressor pRb associates with and prevents the activator

E2F proteins from stimulating DNA replication at inappropri-

ate times. If, however, pRb is inactivated, as it is in nearly all

human tumours, or activator E2F proteins, particularly E2F1,

are overexpressed, inappropriate DNA replication and sub-

sequent formation of DNA double-stranded breaks (DSBs)

result in DNA damage (Bartkova et al, 2005; Pickering and

Kowalik, 2006).

To suppress the deleterious effects of such oncogene-

induced DNA damage, the cell can in turn induce a DNA-

damage response (DDR) to either arrest the cell cycle and

repair the DNA, or induce apoptosis or senescence and thus

eliminate or inactivate, respectively, the damaged cell (Bartek

et al, 2007; Halazonetis et al, 2008). The function of E2F1 in

the oncogene-induced DDR leading to senescence is not well

understood (Bartkova et al, 2006; Di Micco et al, 2006). In

contrast, E2F1 is well known to support an apoptotic DDR,

through p53-dependent and p53-independent pathways (Bates

et al, 1998; Irwin et al, 2000; Stiewe and Pützer, 2000; Moroni

et al, 2001; Powers et al, 2004; Radhakrishnan et al, 2004;

Rogoff et al, 2004; Frame et al, 2006). Thus, E2F1 can both

stimulate DNA damage by activating DNA replication at

inappropriate times and suppress its ill effects by stimulating

an apoptotic DDR. Understanding how E2F1 stimulates these

oncogenic (DNA damage) and tumour-suppressive (e.g. apop-

tosis) activities is important for understanding cancer progres-

sion. We show here that E2F1 depends on association with the

herpes–simplex virus (HSV) host-cell factor HCF-1 and the

mixed-lineage leukaemia (MLL) family of trithorax-related

histone H3 lysine 4 (H3K4) methyltransferases to stimulate

both DNA damage and apoptosis.

HCF-1, originally discovered as a cellular co-activator of

HSV transcription, has been linked to cell-cycle progression

(Goto et al, 1997; Tyagi et al, 2007), embryonic stem-cell

pluripotency (Dejosez et al, 2008), and poor cancer prognosis

(Glinsky et al, 2005). It is a heterodimeric complex of N- and

C-terminal subunits arising from proteolytic cleavage of a

single precursor protein (see Wysocka and Herr, 2003). The

N-terminal subunit recognizes and binds to a short tetrapep-

tide HCF-1-binding motif (HBM) with numerous transcription

factors, including E2F1, E2F3, and E2F4 involved in cell-cycle

regulation (Knez et al, 2006; Tyagi et al, 2007) and Ronin

involved in the maintenance of embryonic stem-cell pluripo-

tency (Dejosez et al, 2008). HCF-1 also associates with

histone modifying complexes involved in both activation

(e.g. MLL family of H3K4 methyltransferases) and repression

[e.g. Sin3 histone deacetylase (HDAC)] of transcription and

selectively recruits them to sequence-specific activators (e.g.

VP16 and E2F1) or repressors (e.g. E2F4) of transcription,

respectively (Wysocka et al, 2003; Yokoyama et al, 2004;

Tyagi et al, 2007).

Here, we have studied the function of HCF-1 in promoting

the ability of E2F1 to induce apoptosis. Numerous co-regula-

tors of E2F1 have been implicated in its downstream function

of regulating transcription. These include histone acetyltrans-

ferases (Hsu et al, 2001; Lang et al, 2001; Louie et al, 2004; El

Messaoudi et al, 2006) and HCF-1 and the MLL family of
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H3K4 methyltransferases (Tyagi et al, 2007). A different set of

co-regulators (e.g. Jab1, TIP49, MCPH1/BRIT1) has been

implicated in supporting E2F1-induced apoptosis but their

mechanisms of action are generally poorly understood

(Dugan et al, 2002; Hallstrom and Nevins, 2006; Yang et al,

2008). Here, we have taken advantage of the ability of

induced overexpression of E2F1 to produce DNA damage

and apoptosis (Rogoff et al, 2004) to determine whether

HCF-1 and the MLL family of H3K4 methytransferases have

functions as co-regulators of E2F1 induction of DNA damage

and apoptosis.

Results

Disruption of the HCF-1-binding site in E2F1 interferes

with E2F1-induced apoptosis

Figure 1 (adapted from Tyagi et al, 2007) illustrates the structure

of human E2F1 and the conservation of sequences within and

surrounding its HCF-1-binding site, thus highlighting the con-

served HBM (consensus sequence D/EHxY, where x is any

amino acid) (see Wysocka and Herr, 2003) and ‘cyclin A-binding

motif’ (CBM) (consensus sequence RxL) (Lowe et al, 2002). To

study the function of the HBM in E2F1-induced apoptosis, we

prepared three E2F1 mutants: E2F1CBMmut, in which the three

amino-acid CBM has been changed to three alanines;

E2F1HBMmut, in which the four amino-acid HBM has been

changed to four alanines; and E2F1VP16HBM, in which the

E2F1 HBM and flanking sequences have been replaced by the

corresponding HSV VP16 HBM sequence (Figure 1, bottom).

We first examined the function of the E2F1 CBM and HBM

elements in E2F1-mediated apoptosis by transfecting expres-

sion constructs for the E2F1 wild-type protein and the

E2F1CBMmut or E2F1HBMmut alanine substitution mutants

into U2OS cells and measuring apoptosis by the appearance

of a ‘sub-G1’ population of cells 40 h after transfection.

Figure 2A shows that the wild-type and mutant proteins

were synthesized to equivalent levels. Furthermore, as

hypothesized and shown in Figure 2B, HCF-1 immunopreci-

pitation revealed HCF-1 association with the wild-type and

E2F1CBMmut proteins (compare lanes 2 and 5 with 1) but not

effectively with the E2F1HBMmut protein (lane 3).

The sub-G1 analysis showed that both wild-type E2F1 and

E2F1CBMmut overexpression induced significant and equiva-

lent levels of apoptosis (29 and 31%, respectively) compared

with vector alone (4%) (Figure 2C). In contrast, the

E2F1HBMmut mutant was significantly attenuated for apoptosis

(16%). Consistent with the single samples shown in

Figure 2C are the results of multiple samples shown in

Figure 2D. To substantiate these results, the relative apoptotic

activities of wild-type and mutant E2F1 proteins were repro-

duced by TUNEL analysis as shown in Figure 2E. These

results show that the HBM sequence influences the ability

of E2F1 to induce apoptosis and suggest that HCF-1 associa-

tion with E2F1 is important for its full pro-apoptotic activity.

As the HBM lies outside of the C-terminal transactivation

domain (Figure 1), these results are also consistent with the

earlier finding that C-terminal E2F1-truncation mutants can

still stimulate apoptosis (Hsieh et al, 1997).

Replacement of the wild-type E2F1 HBM and flanking

sequences by the equivalent viral VP16 sequences

enhances E2F1 activation of apoptosis in U2OS cells

We have shown earlier that E2F1 displays autoinhibitory

association with HCF-1. For example, full-length wild-type

human E2F1 does not interact with HCF-1 in a yeast two-

hybrid assay but either N- or C-terminal truncations of E2F1

activate the ability of E2F1 to interact with HCF-1 in an HBM-

dependent manner (Tyagi et al, 2007). Furthermore, replace-

ment of the E2F1 HBM and its three flanking amino acids on

each side by the equivalent HSV VP16 sequences likewise

activated E2F1 interaction with HCF-1 in the yeast two-hybrid

assay. These results suggested that the VP16 HBM represents

a more effective HCF-1-binding site in the context of human

E2F1 (Tyagi et al, 2007).
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Figure 1 Schematic structure of E2F1 protein showing conserved HCF-1-binding motif (HBM) and Cyclin-binding motif (CBM) sequences
and E2F1 mutants used in this study. (Top) Amino-acid sequence alignment of E2F1 HBM regions from the species listed are adapted from
Tyagi et al (2007). Dots indicate identity with the human sequence. //denotes amino acids 53–99 of Drosophila E2F1. LZ, Leucine zipper;
MB, marked box. (Bottom) Alanine substitutions made in the E2F1 CBM (E2F1CBMmut) or HBM (E2F1HBMmut) are shown. E2F1VP16HBM

replacement of the E2F1 HBM and surrounding sequence by corresponding HSV-1 VP16 sequences.
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We took advantage of this unusual E2F1 HBM mutant, in

which 8 out of 10 residues within and surrounding the E2F1

HBM are changed, to ask whether the pro-apoptotic activity

of E2F1 might be modulated by the quality of its HBM.

Indeed, while synthesized at similar levels (Figure 2A, lane

4) and as expected maintaining association with HCF-1

(Figure 2B, lane 4), the E2F1VP16HBM mutant displayed en-

hanced induction of apoptosis compared with wild-type E2F1

(45 versus 30%; see also Figure 2D and E). Thus, the wild-

type E2F1 HBM, perhaps owing to some element of auto-

inhibition for HCF-1 association, displays important but not a

maximal potential for sustaining E2F1-induced apoptosis.

Two important conclusions can be made from this experi-

ment. First, because the E2F1VP16HBM mutant maintains HCF-

1 association with E2F1 and yet differs at 8 out of 10 positions

within and surrounding the E2F1 HBM (every possible vari-

able position), it is unlikely that the loss of apoptosis induc-

tion in the E2F1HBMmut is due to disruption of some unrelated

(and unknown) E2F1 protein association. Second, the in-

crease in apoptotic activity of the E2F1VP16HBM mutant, which

mirrors the increased interaction of the E2F1VP16HBM mutant

in the yeast two-hybrid assay, indicates that either the level or

quality of HCF-1 association with E2F1 limits the pro-apop-

totic properties of E2F1.

The E2F1 HBM contributes to induction of apoptosis

in MCF7 and IMR-90tert cells

To determine whether a function for the E2F1 HCF-1-binding

site in induction of apotosis is limited to U2OS cells, we

assayed E2F1-induced apoptosis in p53- and pRb-positive

MCF7 breast carcinoma cells and IMR-90 embryonic lung

cells with telomerase to maintain viability (called IMR-

90tert). As shown in Figure 3, the E2F1HBMmut is unable to

support wild-type levels of apoptosis induction in both cell
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Figure 2 Alterations in the E2F1 HCF-1-binding site can modulate induction of apoptosis. (A) Anti-E2F1 and b-actin immunoblot analysis from
U2OS-cell extracts transfected with empty plasmid (lane 1) or plasmids encoding E2F1 (lane 2) or indicated E2F1 mutants (lanes 3–5) and
harvested 40-h post-transfection. (B) Nuclear extracts of U2OS cells transfected as in (A) were prepared, immunoprecipitated with anti-HCF-1
antisera (bottom panel), and recovered E2F1 proteins were visualized by immunoblot with anti-E2F1antisera. Input (top panel) corresponds to
10% of the nuclear extract used for the immunoprecipitation. (C) U2OS cells were transfected as in (A), stained with propidium iodide, and
analysed for DNA content by flow cytometry. Apoptosis was measured by the sub-G1 DNA content (o2N) population. 2N, G1-phase cells; 4N,
G2/M-phase cells. (D) Transfected cells were analysed for the apoptotic sub-G1 DNA content cell population as in (C) and the averaged data are
derived from three independent experiments. (E) Quantification of cells transfected as in (A), and scored positive for TdT-mediated dUTP nick
end-labelling (TUNEL) assay. The percentage was determined by counting 200 cells per sample in each of two different experiments. Data are
represented as mean±s.d.
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lines. As in U2OS cells, the E2F1VP16HBM displayed higher

activity in the MCF7 cells (Figure 3A), suggesting that here

too HCF-1 interaction with E2F1 can modulate apoptosis

induction. In contrast, the E2F1VP16HBM mutant did not dis-

play enhanced activity in IMR-90tert cells (Figure 3B). This

latter result suggests that the influence of the quality of the

interaction of HCF-1 with E2F1 on apoptosis can be cell-type

specific.

The HCF-1-binding site in E2F1 contributes to

DNA-damage induction

The ability of E2F1 to induce apoptosis has been linked to its

ability to cause DNA damage by DSB accumulation (Rogoff

et al, 2004). To test whether the apoptosis-defective

E2F1HBMmut is also compromised for induction of DNA da-

mage, we prepared cells stably expressing wild-type E2F1

(ER–E2F1) or the E2F1HBMmut mutant (ER–E2F1HBMmut) fused

to the 4-hydroxytamoxifen (OHT)-sensitive estrogen-receptor

ligand-binding domain in U2OS cells. Application of OHT to

these cells permits activation of the recombinant ER–E2F1

protein (Vigo et al, 1999). Immunoblot analysis of our cell

lines with an E2F1 antibody showed that the recombinant

proteins are synthesized to levels equivalent to two-fold

above the endogenous E2F1 protein level (Supplementary

Figure S1A); thus application of innocuous OHT to these cells

will provide a two- to three-fold combined endogenous and

ectopic E2F1 overexpression in an otherwise stable environment.

To monitor ER–E2F1- and ER–E2F1HBMmut-induced DNA

damage on OHT application, we assayed over time the

generation of DSBs and single-stranded DNA by staining for

p53-binding protein 1 (53BP1; Figure 4A and B) (Schultz

et al, 2000) and Replication Protein A (RPA; Figure 4C and D)

(Zou and Elledge, 2003) foci, respectively. In contrast to wild-

type E2F1, in both assays activation of E2F1HBMmut exhibited

little effect, indicating that the E2F1 HBM and HCF-1 associa-

tion have a function in the induction of DNA damage.

E2F1HBMmut is defective for S-phase activation

HCF-1 is important for cell-cycle progression from the G1-to-S

phases (Goto et al, 1997; Julien and Herr, 2003) and has a

function in the activation of E2F1-regulated S-phase promo-

ters (Tyagi et al, 2007). The requirement if any, however, for

the E2F1 HBM in cell-cycle progression is not known. As

E2F1 induction of DNA damage is linked to its ability to

promote DNA replication during the S phase (Bartkova et al,

2005) and the E2F1HBMmut is defective for DNA-damage

induction, we asked whether the E2F1HBMmut is also defective

for promoting G1-to-S phase progression. To answer this

question, we (i) depleted the ER–E2F1 and ER–E2F1HBMmut

cell lines of endogenous E2F1 (Supplementary Figure S1B),

and then (ii) activated the siRNA-resistant ER–E2F1 and ER–

E2F1HBMmut proteins with 24 h OHT treatment in the presence

of BrdU, thus identifying cells that enter S phase during the

24-h period by BrdU incorporation. As the recombinant ER–

E2F1 and ER–E2F1HBMmut proteins are present at similar

levels to the endogenous protein (see Supplementary Figure

S1B), the simultaneous depletion of the endogenous protein

and activation of the recombinant proteins leads to similar

levels of potentially active E2F protein. siRNA-induced deple-

tion of E2F1 in vector control U2OS cells resulted in a

reduction of BrdU incorporation from about 100% (data not

shown) to 14% (Figure 5A) of cells, indicating an effective

cell-cycle arrest owing to the absence of E2F1. Under these

conditions, the wild-type ER–E2F1 cells maintained S-phase

entry in 76% of cells, whereas the E2F1HBMmut cells only

exhibited S-phase entry in 35% of cells, suggesting that the

E2F1 HBM is necessary for full S-phase activation.

One explanation for why the E2F1HBMmut mutant is defec-

tive for activation of DNA replication is that it is unable to

recruit HCF-1 and its associated H3K4 methyltransferases to

activate transcription. To test this hypothesis, we overex-

pressed the E2F1 and E2F1HBMmut proteins in U2OS cells

without altering endogenous HCF-1 and WDR5 (a universal

component of MLL family H3K4 methyltransferases) levels

(Supplementary Figure S2A) and measured HCF-1, MLL, and

WDR5 occupancy, and H3K4 trimethylation at a collection of

S-phase promoters (E2F1, p107, and cyclin A) described

(Takahashi et al, 2000) and used (Tyagi et al, 2007) earlier

by chromatin immunoprecipitation (ChIP; Figure 5B).

Consistent with the aforementioned hypothesis, HCF-1,

MLL, WDR5, and H3K4 trimethylation were all more en-

riched with the wild-type E2F1 as opposed to E2F1HBMmut

mutant sample, suggesting that the E2F1 HBM is directly

responsible for recruiting MLL family methytransferases

through association with HCF-1. We also observed the same

relative effects on the pro-apoptotic promoters described

below (Supplementary Figure S2B). Taken together with the

S-phase progression experiment (see Figure 5A), these HCF-1

promoter recruitment analyses suggest that E2F1–HCF-1

association is a critical element of cell-cycle progression.
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HCF-1 and the H3K4 methytransferase component

WDR5 are required for induction of E2F1-mediated

apoptosis

To elucidate the function of HCF-1 and the MLL family of

H3K4 methyltransferases in E2F1-mediated DNA damage and

apoptosis, we studied the effects of loss by siRNA treatment

of HCF-1 and the global H3K4 methyltransferase complex

component WDR5 on E2F1- and E2F1HBMmut-mediated DNA

damage and apoptosis in the ER–E2F1 and ER–E2F1HBMmut

U2OS cells (Figure 6). siRNA treatment per se (control

sample) did not affect the relative induction of DNA damage

(53BP1 and RPA foci) in the ER–E2F1 and ER–E2F1HBMmut

U2OS cells (compare control 0 h in Figure 6A and B with

Figure 4B and D). HCF-1 and WDR5 siRNA treatment, how-

ever, reduced DNA damage after 20 h OHT treatment of the

ER–E2F1 cells, indicating a function for HCF-1 and the

WDR5 component of MLL-related H3K4 methyltransferases

in E2F1-mediated DNA damage. Consistent with this hypoth-

esis, the activity of E2F1HBMmut for which HCF-1 association

is abrogated is minimally affected by loss of either HCF-1 or

WDR5, indicating that HCF-1 and WDR5 work through

the HBM to stimulate DNA damage. The simplest interpreta-

tion of these results is that, to activate DNA damage,

E2F1 recruits HCF-1 and one or more members of the

MLL family of H3K4 methyltransferases to activate

transcription.

To study the effects of loss of HCF-1 and WDR5

(Supplementary Figure S3A) on E2F1-induced apoptosis,

24 h after initiation of specific or control siRNA treatment,

wild-type ER–E2F1 was induced in the U2OS cells by 24 or

48 h OHT treatment and apoptosis measured by sub-G1-cell

accumulation by flow cytometry (see Supplementary Figure

S3B). Owing to an induction of apoptosis by loss of HCF-1

and WDR5 in the absence of any E2F1 overexpression (see

Figure 6; Supplementary Figure S3C), the samples were

normalized to the corresponding 0 h OHT control. As ex-

pected, the control sample showed an induction of apoptosis

at 24 and 48 h OHT treatment (Figure 6C; Supplementary

Figure S3C). In contrast, ER–E2F1 U2OS cells that had been

depleted of HCF-1 or WDR5 exhibited little response to E2F1

overexpression. These results suggest that both HCF-1 and

the MLL family of H3K4 methyltransferases are necessary for

full E2F1-mediated apoptosis.

HCF-1 activates transcription of pro-apoptotic

E2F-target promoters but not a cell-cycle arrest

promoter after DNA-damage induction

The aforementioned studies indicate that HCF-1 and the MLL

family of H3K4 methyltransferases have a function in E2F1-

mediated DNA damage and subsequent apoptosis but do not

reveal whether the function they have in apoptosis is direct or

simply a reflection of sustaining DNA damage by E2F1. To
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foci. (B, D) Quantification of cells positive for 53BP1-foci (B) or RPA-foci (D) after induction with OHT for the indicated times. The percentage
was determined by counting 200 cells per sample in each of the two different experiments. Data are represented as mean±s.d.
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distinguish between these two possibilities, we studied the

function of HCF-1 and the MLL family of H3K4 methyltrans-

ferases in E2F1-mediated apoptosis in response to DNA

damage induced by the genotoxic drug adriamycin.

To stimulate apoptosis directly, E2F1 activates transcrip-

tion of both p53-dependent (e.g. p14ARF) (Bates et al, 1998)

and -independent (e.g. Apaf1 and p73) (Irwin et al, 2000;

Stiewe and Pützer, 2000; Moroni et al, 2001) pro-apoptotic
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genes. We therefore examined the occupancy of HCF-1, MLL,

WDR5, and trimethylated H3K4 on the E2F1, Apaf1, p73, and

p14ARF promoters in response to adriamycin treatment. For

comparison, we similarly analysed the E2F-responsive p21

promoter (Hiyama et al, 1998), which is involved in cell-cycle

arrest instead of apoptosis in response to DNA damage

(Harper et al, 1993).

Consistent with a function of HCF-1 in E2F1-mediated

apoptosis in response to DNA damage, HCF-1 can associate

with E2F1 after adriamycin treatment (Supplementary Figure

S4A) and like E2F1, on the E2F1, Apaf1, p73, and p14ARF

promoters HCF-1, MLL, WDR5, and trimethylated H3K4 all

increase in promoter occupancy on adriamycin treatment

(Figure 7A). Interestingly, in the case of HCF-1, this increased

recruitment is not due to increased levels of HCF-1 on

adriamycin treatment (Supplementary Figure S4B) and is

promoter selective because, whereas E2F1 can recruit HCF-

1 to the p21 promoter (Supplementary Figure S2B), together

with E2F1, HCF-1 occupancy of the cell-cycle arrest p21

promoter actually decreases on adriamycin treatment

(Figure 7A). These results emphasize the parallel and inti-

mate functions of E2F1 and HCF-1 in induction of apoptosis.

Consistent with this apoptotic versus cell-cycle arrest path-

way selectivity, depletion of HCF-1 by siRNA treatment in the

absence or presence of adriamycin (Figure 7B, left) leads to a

reduction in E2F1, Apaf1, p73, and p14ARF mRNA levels

(Figure 7B, right). In contrast, in the same samples, HCF-1

depletion leads to an increased p21 mRNA level in the

absence of adriamycin and no effect in the presence of

adriamycin, suggesting a repressive function in p21-gene

transcription during proliferation of normal cells and no

p21 regulatory function during a DDR. Thus, together with

E2F1, HCF-1 appears to be selectively involved in the tran-

scriptional activation of pro-apoptotic-genes in a DDR.

HCF-1 and the H3K4 methytransferase component

WDR5 are required for a DDR leading to apoptosis

The aforementioned studies suggest that HCF-1 and H3K4

methytransferases have a function in an E2F1-induced apop-

totic response. To address whether HCF-1 and H3K4 methy-

transferases are important for mediating apoptosis in

response to DNA damage generally, we asked whether they

are required for the induction of apoptosis in response to the

DNA damaging agent adriamycin as shown in Figure 7C and

Supplementary Figure S4C. Indeed, depletion of either HCF-1

or WDR5 results in an attenuated induction of apoptosis in

response to 24 or 48 h adriamycin treatment. Thus, HCF-1

and, as indicated by WDR5 depletion, one or more H3K4

methytransferases have an apparent function in the induction

of apoptosis in response to DNA damage.

Discussion

Cancer is a complex set of diseases in which genetic and

epigenetic alterations of cells have an important part in its

progression. To combat cancer it is important to understand

in molecular detail the effector mechanisms that lead to

activation and inhibition of tumour progression because it

is these interactions that can be potentially exploited for

therapy. We have described here a precise region in E2F1, a

tetrapeptide HBM, by which E2F1 activates DNA damage

and apoptosis, two complementary oncogenic and tumour
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suppressor pathways, and how HCF-1 interaction with this

sequence together with the MLL family H3K4 methyltrans-

ferases has an important function in these two activities.

Indeed, alterations in the E2F1 HBM that can modulate E2F1

interaction with HCF-1 have the potential to correspondingly

modulate E2F1-induced apoptosis, suggesting that HCF-1 in
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its association with E2F1 has a controlling function in these

E2F1 responses. Thus, in contrast to other co-activators of

E2F1-induced apoptosis [i.e. Jab1 (Hallstrom and Nevins,

2006), TIP49 (Dugan et al, 2002), and MCPH1/BRIT1 (Yang

et al, 2008)], the target of E2F1 association (i.e. the HBM) and

mechanism of E2F1 activation (i.e. downstream H3K4 methyla-

tion) by HCF-1 is known in much greater molecular detail.

We have shown earlier that in proliferating HeLa cells,

E2F1 association with HCF-1 is cell-cycle regulated (Tyagi

et al, 2007). Thus, even though HCF-1 is present throughout

the cell cycle and E2F1 increases in abundance during the G1

phase, HCF-1–E2F1 association is relatively low in the G1

phase and yet increases as cells enter the S phase coincident

with activation of S-phase promoters. Therefore, it was not a

priori evident that HCF-1 association with E2F1 would have a

function in induction of DNA damage by E2F1 overexpression

outside of the G1–S phase transition. The finding here that

HCF-1 indeed has a function in DNA damage mediated by

inappropriate E2F1 expression indicates that HCF-1 can func-

tion with E2F1 outside of the G1-to-S phase transition and S

phase itself. This finding suggests that, inside a cancer cell

where E2F1 activities are deregulated, HCF-1 can have a

broad role in its activities.

In addition to E2F1, HCF-1 interacts with the E2F3 and

E2F4 members of the E2F family (Knez et al, 2006; Tyagi et al,

2007) and yet these other E2F members do not have defined

functions in induction of apoptosis. E2F4 inhibits cell-cycle

progression (Trimarchi and Lees, 2002) and E2F3-induced

apoptosis is dependent on the presence of E2F1, suggesting

that it is E2F1 that is the immediate activator of apoptosis

(Lazzerini Denchi and Helin, 2005). What might be special

about HCF-1’s interaction with E2F1 that it would support

induction of apoptosis with E2F1 and not with other E2F

factors? In partial answer, we note interesting differences in

how E2F3 and E2F4 associate with HCF-1. First, E2F3 pos-

sesses a noncanonical HBM with a glycine residue in place

of an aspartic or glutamic acid residue in the first position of

the D/EHxY consensus HBM. We have shown here that the

sequences within and surrounding the E2F1 HBM can modu-

late its ability to induce apoptosis (the E2F1VP16HBM mutant).

Thus, although HCF-1 associates with this noncanonical E2F3

HBM (Tyagi et al, 2007), the noncanonical sequence may

determine different functions for HCF-1 association. Second,

when HCF-1 associates with E2F4 in the early G1 phase

where E2F4 represses cell-cycle progression, there is little

E2F4–HCF-1 association of the MLL family of histone methyl-

transferases but rather a preferential association with the

HCF-1-associated repressive Sin3 HDAC (Tyagi et al, 2007).

These observations suggest that HCF-1 can have differing

functions with individual members of the E2F factor family

and thus be a determinant of the diversity of their functions.

A potential function for HCF-1 in oncogenesis

and tumour suppression

There are two major tumour-suppressive responses to poten-

tially oncogenic DNA damage—one leading to repair and cell

survival and the other leading to cell removal (i.e. apoptosis)

or inactivation (i.e. senescence). The studies described here

implicate HCF-1 in sustaining oncogenic E2F1-induced DNA

damage while at the same time aiding in E2F1 induction of

tumour-suppressive apoptosis in response to DNA damage.

Here, we have focused our studies on the apoptotic pathway

because, unlike the case of oncogene-induced senescence, the

function of E2F1 in induction of apoptosis has been exten-

sively studied and many promoter targets well defined.

HCF-1 and E2F1 appear to discriminate between cell

survival and cell loss by favouring an apoptotic response—

they associate with and HCF-1 activates transcription of

pro-apoptotic E2F1-target genes but not the cell-cycle arrest

promoter p21. For E2F1 and HCF-1 to promote apoptosis

rather than cell survival in response to DNA damage, the lack

of activation of the p21 promoter is probably important for

two reasons: First, p21 is important to inhibit DNA replication

and thus stimulate cell-cycle arrest in response to DNA

damage (Harper et al, 1993) and, second, p21 appears to

have a critical function in inhibiting apoptosis (see Coqueret,

2003).

In addition to implicating HCF-1 in E2F1-mediated DNA

damage and apoptosis, these results described here implicate

the MLL family of H3K4 methyltransferases in tumour sup-

pression. The MLL gene was originally discovered because it

undergoes translocations in MLLs (Hess, 2004). Its relation-

ship to the Drosophila Trithorax regulator of homeo-domain

protein function led to studies of MLL in the regulation of

human homeo-domain gene expression. More recently, it has

been revealed that MLL associates with multiple E2F proteins

and promotes cell-cycle progression (Takeda et al, 2006; Tyagi

et al, 2007). Interestingly, although it interacts with many E2F

proteins directly (Takeda et al, 2006), MLL does not associate

with E2F1 directly but instead is brought to E2F1 in coordina-

tion with HCF-1 (Tyagi et al, 2007). The results provided here

suggest that HCF-1 and the MLL family of H3K4 methytrans-

ferases come together to potentiate the preferential ability of

E2F1 to activate DNA damage and apoptosis.

In conclusion, our studies have identified critical players—

HCF-1 and the MLL family of H3K4 methyltransferases—in

the activation of DNA damage and apoptosis by E2F1.

Although negative regulators of E2F-1 (e.g. pRb) have been

known for many years, an understanding of the proteins

required for E2F1 activation of oncogenic processes (e.g.

DNA damage) has been less evident in part because, unlike

the negative regulators, these are not consistently inactivated

in cancers. Indeed, the discovery of HCF-1 did not result from

studies of cancer but rather of HSV infection. Even though

more difficult to decipher, understanding the mechanism of

activation of an oncoprotein and identifying its co-regulators

are important for cancer therapy because the pharmaco-

logical intervention against these proteins that are still active

in cancers may be key to cancer treatment.

Materials and methods

Cell culture, transfection, and generation of cell lines
U2OS, MCF7, and IMR-90Tert cell lines were used. Cells were
maintained in Dulbecco’s modified Eagle medium (DMEM; GIBCO)
medium with 10% fetal bovine serum (FBS) and, for IMR-90Tert
cells, 0.1 mM of non-essential amino acids. Cells in 10-cm plates
were transfected with 8mg of empty vector, E2F1 or E2F1 mutant
plasmids using Lipofectamine (Invitrogen; or Lipofectamine LTX for
MCF7 cells). After every transfection, protein synthesis was
monitored by immunoblot analysis. Nuclear extracts were prepared
from transfected U2OS cells and immunoprecipitations were
performed using anti-HCF-1 sera as described (Tyagi et al, 2007).

Inducible cell lines were established in U2OS cells by trans-
fection with pBabeHAER–E2F1, pBabeHAER–E2F1HBMmut, or
pCMVHAER–E2F1. Cells were selected in DMEM medium with
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10% FBS, supplemented with Puromycin (0.4 mg/ml, for pBabe)
or G418 (500mg/ml, for pCMV). The cell lines were induced
by addition of 4-OHT (Sigma) to a final concentration of 1 mM.
For induction of DNA damage using adriamycin, cells were treated
with 2 mg/ml (or 5 mg/ml) adriamycin (Doxorubicin, Sigma) for the
indicated times.

Apoptotic cell analysis by flow cytometry
At indicated time points, floating and adherent cells were harvested,
washed in PBS and fixed in 70% methanol at 41C overnight. The
fixed cells were washed in PBS, and incubated with RNAse (50 mg/
ml) and Propidium iodide (50 ng/ml) for 60 min at 371C. The flow
cytometry profiles were acquired on LSRII Becton Dickinson flow
cytometer using BD FACSDiva Software.

Immunoblot analysis
Immunoblots with E2F1 and b-actin antisera were performed for
analysis with an Odyssey Infrared Imager (LI-COR) as described
(Tyagi et al, 2007).

TUNEL assay
Transfected cells were stained using in situ cell death detection kit
(Roche cat no. 11684 795 910) according to the manufacturer’s
protocol.

siRNA transfections
Human HCF-1, control siRNAs (Julien and Herr, 2003), human
WDR5 siRNA SMART pool consisting of four siRNA duplexes
(Wysocka et al, 2005) and human E2F1 siRNA duplexes targeted
against E2F1 mRNA sequence AAGCUUUAAUGGAGCGUUA (nu-
cleotides 1997–2015 in 30UTR) were purchased from Dharmacon.
Double serial transfection was performed for all siRNAs as
described before (Julien and Herr, 2003). Cells were harvested 48
or 72 h after the first transfection and either subjected to RNA
preparation, or fixed for propidium iodide staining, immunostain-
ing, or BrdU incorporation assay. BrdU incorporation assay was
performed on E2F1 siRNA-treated cells as described (Julien and
Herr, 2003).

Immunofluorescence
At indicated time points, cells were fixed in 1% paraformaldehyde
for 15 min followed by extraction on ice for 20 min in 0.2% TritonX-
100/PBS as described (Schultz et al, 2000). Incubations with
primary antibody against 53BP1 (53BP1,1:50) and RPA 70 (RPA 70-
9, 1:100) were conducted at room temperature for 60 min. Images
were acquired on a Confocal Microscope Zeiss LSM 510 Meta
(INVERTED) Scanhead using an EC Plan-NEOFLUAR 40� /1,30 Oil
or Plan-APOCHROMAT 63� /1,40 Oil objective and the Zeiss LSM
software.

ChIP and reverse-transcriptase PCR
ChIP, antibodies used and reverse-transcriptase PCR have been
described earlier (Tyagi et al, 2007). Real-time PCR of ChIP DNAs
was performed in triplicate using a SYBER Green quantitative PCR
kit (Applied Biosystem) and a Rotor-geneTM RG300A Sequence
Detector (Corbett Research) under conditions standardized for each
primer set described in Supplementary data. PCR quantification was
done using Delta Relative CT Quantification, where the values are
calculated relative to input as follows: Delta CT¼CT (input)�CT

(sample); Relative Unit¼ 2Delta CT. 0.3% of total ChIP input DNA
was used in the input amplification. Representative results are
shown in the figures.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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