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The retinoblastoma tumor suppressor protein (pRB) plays

a critical role in the control of cell proliferation and in the

DNA damage checkpoints. pRB inhibits cell cycle progres-

sion through interactions with the E2F family of transcrip-

tion factors. Here, we report that DNA damage induced not

only the dephosphorylation of pRB at Cdk phosphoryla-

tion sites and the binding of pRB to E2F-1, but also the

phosphorylation of pRB at Ser612. Phosphorylation of pRB

at Ser612 enhanced the formation of a complex between

pRB and E2F-1. Substitution of Ser612 with Ala decreased

pRB–E2F-1 binding and the transcriptional repression

activity. Until now, Ser612 of pRB has been thought to be

phosphorylated by Cdk2. However, the phosphorylation of

pRB at Ser612 was conducted by Chk1/2 after DNA da-

mage, and inhibition of ATM-Chk1/2 activity suppressed

the phosphorylation of Ser612 and the binding of pRB to

E2F-1. These results suggest that Ser612 is phosphorylated

by Chk1/2 after DNA damage, leading to the formation of

pRB–E2F-1. This is the first report that pRB is phospho-

rylated in vivo by a kinase other than Cdk.
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Introduction

The DNA damage signaling pathway is a highly conserved

response to genotoxic stress (Zhou and Elledge, 2000). In

mammalian cells, the pathway functions to protect cells from

agents that induce cellular death or transformation, partici-

pating in DNA repair and checkpoint control leading to

survival or apoptosis. Ataxia-telangiectasia mutated (ATM)

kinase and related kinases, which become activated after

DNA damage, transduce signals to downstream targets, in-

cluding p53 and the checkpoint kinases Chk1 and Chk2

(Banin et al, 1998; Canman et al, 1998; Abraham, 2001;

Shiloh, 2001). In turn, checkpoint kinases phosphorylate

key substrates, such as p53, E2F-1, Cdc25A, and Cdc25C, to

facilitate the DNA damage response (Sanchez et al, 1997;

Hirao et al, 2000; Shieh et al, 2000; Falck et al, 2001a; Stevens

et al, 2003).

The retinoblastoma tumor suppressor protein (pRB) is a

negative regulator of cell proliferation (Classon and Harlow,

2002). The antiproliferative activity of pRB is mediated by its

ability to inhibit the transcription of genes that are required

for cell cycle progression. This transcriptional regulatory

function of pRB is achieved through several distinct mechan-

isms, which are best illustrated by its interaction with the E2F

family and the inhibition of E2F-regulated gene expression.

The binding of E2F to pRB requires the large pocket of pRB

(amino acids 379–870).

The ability of pRB to inhibit cellular proliferation is coun-

terbalanced by the action of Cdks (Taya, 1997; Sherr and

Roberts, 1999). pRB is phosphorylated in a cell cycle-depen-

dent manner by Cyclin-dependent kinases (Cdks). In quies-

cent and early G1 cells, pRB exists in a predominantly

unphosphorylated state. As cells progress toward S phase,

pRB becomes phosphorylated. The initial phosphorylation

of pRB is most likely catalyzed by Cdk4–Cyclin D or

Cdk6–Cyclin D complexes. Subsequently, Cdk2–Cyclin E

and Cdk2–Cyclin A phosphorylate pRB (Ortega et al, 2002;

Sherr and McCormick, 2002). During mitosis, pRB is rapidly

dephosphorylated (Ludlow et al, 1993). Sixteen potential

sites for Cdk-mediated phosphorylation (Ser/Thr-Pro motifs)

exist in pRB, and twelve of these sites have been shown to be

phosphorylated in vivo (Knudsen and Wang, 1996;

Zarkowska and Mittnacht, 1997). Inactivation of pRB by

phosphorylation leads to the dissociation and activation of

E2F, allowing the expression of many genes required for cell

cycle progression and S phase entry. We have previously

shown that Cdk4–Cyclin D1, but not Cdk2–Cyclin E, specifi-

cally phosphorylated Ser780 in pRB and that pRB phosphory-

lated at Ser780 cannot bind to E2F-1 (Kitagawa et al, 1996).

Growth arrest induced by DNA damage in mammalian

cells requires the function of pRB (Harrington et al, 1998;

Brugarolas et al, 1999). It has been shown that pRB plays

a role in the activation of p53-dependent (Slebos et al, 1994;

Smith et al, 1994) and -independent (Dou et al, 1995)

checkpoints. pRB-deficient cells are hypersensitive to DNA

damage-induced apoptosis (Almasan et al, 1995; Knudsen

et al, 2000). On the other hand, E2F-1 has a role distinct from

other E2Fs in the regulation of apoptosis (DeGregori et al,

1997). Following DNA damage, E2F-1 is stabilized by ATM

and Chk2 phosphorylation (Lin et al, 2001; Stevens et al,

2003). E2F-1 has been found to induce the expression of

many apoptotic genes (Attwooll et al, 2004).

In this report, we have explored the possibility that pRB is

regulated by the DNA damage signaling pathway, and report

a new pathway through which ATM-Chk1/2 kinase signals to

pRB and promotes the formation of a complex between pRB

and E2F-1.
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Results

DNA damage induces the phosphorylation of pRB at

Ser612

To test whether DNA damage affects the phosphorylation of

several sites on pRB, MCF7 cells that express wild-type pRB

were treated with ionizing radiation (IR) and immunopreci-

pitates obtained with anti-pRB antibody from cell lysates

were immunoblotted with phosphospecific pRB antibodies

generated by us (Kitagawa et al, 1996; Adams et al, 1999;

Brugarolas et al, 1999; Watanabe et al, 1999; Taya et al,

2003). After IR, the dephosphorylation of Thr356 and Ser780

was detected and E2F-1 was co-precipitated with pRB

(Figure 1A). Other Cdk phosphorylation sites (e.g. Ser608,

Thr821) were also dephosphorylated after IR (data not

shown). Until now, Ser612 of pRB has been thought to be

phosphorylated by Cdk. Interestingly, DNA damage enhanced

the phosphorylation rather than dephosphorylation of pRB at

Ser612. The phosphorylation of Ser612 occurs in response

to 10 Gy of IR, non-apoptotic level of IR in MCF7 cells

(Supplementary Figure S1A).

Next, we treated MCF7 cells with other DNA-damaging

agents, actinomycin D (ActD) and ultraviolet radiation (UV),

and investigated the phosphorylation of several sites on pRB.

Both ActD and UV could induce the phosphorylation of

Ser612 and dephosphorylation of other Cdk phosphorylation

sites, similar to the effect of IR (Figure 1B and C). The binding

of pRB to E2F-1 was enhanced after both treatments (Figure

1A–C). Similar results were also observed in HepG2 and

HCT116 cells (data not shown). To investigate whether

Cdks are involved in the phosphorylation of Ser612 after

DNA damage, we carried out an in vitro kinase assay. Cdk2

and Cdk4 proteins were immunoprecipitated from ActD-

treated MCF7 cells and their kinase activities toward pRB

were analyzed (Figure 1D). Cdk2 and Cdk4 activities were

sustained at 4 h and both activities were lost at 8 h after ActD

treatment. However, the phosphorylation of Ser612 was en-

hanced at 8 h after the treatment (Figure 1B). To rule out the

possibility that Cdk2 is responsible for the phosphorylation of

pRB at Ser612 after DNA damage, we tested the effect of the

Cdk inhibitor (GW8510) on the Ser612 phosphorylation level

after DNA damage. The pretreatment of GW8510 did not

affect Ser612 phosphorylation after IR (Supplementary

Figure S1B). Also, it has been reported that PP1 and PP2A

are candidates for pRB phosphatases (Alberts et al, 1993;

Ludlow et al, 1993). We tested the effect of okadaic acid (OA),

a PP1/PP2A phosphatase inhibitor, on the Ser612 phospho-

rylation level after DNA damage. The pretreatment of OA did

not affect Ser612 phosphorylation after IR (Supplementary

Figure S1C). These results showed that all of the agents,

which can induce DNA damage, are probably capable of

inducing phosphorylation of pRB at Ser612, and that Cdk2

and Cdk4 are unlikely to be involved in the phosphorylation

of Ser612 after DNA damage.

Phosphorylation of pRB at Ser612 promotes the

formation of a complex between pRB and E2F-1

We next investigated whether the site-specific phosphoryla-

tion or dephosphorylation of pRB affected the formation of
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Figure 1 DNA damage induces the phosphorylation of pRB at Ser612. (A–C) Ser612 but not other Cdk phosphorylation sites is phosphorylated
after DNA damage. MCF7 cells were exposed to 30 Gy of g irradiation (IR) (A), 10 nM actinomycin D (ActD) (B), or 10 J/m2 of UV radiation (UV)
(C) for the indicated periods. Cell lysates were immunoprecipitated with anti-pRB antibodies and Western blotting was performed. (D) Analysis
of Cdk2 and Cdk4 kinase activities after DNA damage. MCF7 cells were exposed to 10 nM ActD for the indicated periods. Cell lysates were
immunoprecipitated with anti-Cdk2 or anti-Cdk4 antibody, and an in vitro kinase assay was performed by using recombinant pRB as a
substrate. The reaction products were analyzed by immunoblotting using anti-phospho-Thr821 (for Cdk2 activity) or anti-phospho-Ser608 (for
Cdk4 activity) antibodies.
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a complex between pRB and E2F-1. For this purpose, whole-

cell lysate prepared from MCF7 cells after treatment with

adriamycin (ADR) was subjected to two rounds of immuno-

precipitation (IP) with anti-E2F-1 antibody. E2F-1 was almost

completely depleted in the whole-cell lysate. Subsequently,

the residual cell lysate was subjected to IP with anti-pRB

antibody and the pRB unbound to E2F-1 (free pRB) was

collected. Immunoprecipitates were normalized for the

amount of pRB, and equivalent amounts of E2F-1-bound

and unbound pRB were analyzed by Western blotting with

various phospho-specific antibodies for pRB. The treatment

with ADR for 24 h led to dephosphorylation of pRB at Thr356

and Thr821 but not at Ser612 (Supplementary Figure S1D).

However, residual phosphorylated pRB was detected by

Western blotting when lyates prepared from cells after treat-

ment with ADR were immunoprecipitated. As shown in

Figure 2A, Thr356-, Ser612- and Thr821-phosphorylated

pRB were present in E2F-1-bound pRB but not in free pRB.

In contrast, Ser608-, Ser780-, Ser807- and Ser811-phospho-

rylated pRB were present in free pRB but not in E2F-1-bound

pRB.

The Ser608, Ser780 and Ser795 residues on pRB are pre-

ferentially phosphorylated by Cdk4–Cyclin D, whereas

Thr356, Ser612 and Thr821 are preferentially phosphorylated

by Cdk2–CyclinE or Cdk2–Cyclin A (our unpublished data).

Because DNA damage induced the dephosphorylation of pRB

at Thr356 and Thr821 but not at Ser612, phosphorylation of

Ser612 may affect the formation of a complex between pRB

and E2F-1 distinct from the Cdk phosphorylation sites of pRB.

We performed IP with phospho-specific antibodies for pRB

and normalized co-precipitated E2F-1 for the amount of

pRB (Figure 2B). E2F-1 was effectively co-precipitated with

Ser612-phosphorylated pRB compared with pRB precipitated

by ordinary pRB antibody. However, E2F-1 was ineffectively

co-precipitated with Thr821-phosphorylated pRB. We also

confirmed that anti-Ser612-phosphorylated pRB antibody

could not directly immunoprecipitate and recognize E2F-1

(data not shown). These results suggest that phosphorylation

of pRB at Ser612 promotes the binding of pRB to E2F-1.

pRB has been shown to interact with four members of the

E2F family (E2F-1, E2F-2, E2F-3 and E2F-4) in vivo (Attwooll

et al, 2004). Therefore, we investigated whether other family

members were effectively co-precipitated with Ser612-phos-

phorylated pRB. Immunoprecipitates from lysates of prolifer-

ating MOLT-4 cells obtained with anti-E2F family antibodies

were normalized for the amount of pRB and analyzed by

Western blotting (Figure 2C). Co-precipitated pRB with anti-

E2F family antibodies were normalized to the input.

Interestingly, Ser612-phosphorylated pRB was effectively

co-precipitated with E2F-1, E2F-2, and E2F-3. Ser780-phospho-

rylated pRB was not co-precipitated, consistent with previous

reports (Kitagawa et al, 1996). This result suggests that E2F-2

and E2F-3 also effectively bind to Ser612-phosphorylated

pRB.

To confirm that Ser612-phosphorylated pRB forms a com-

plex with E2F-1 in vivo, we purified the E2F-1 complex from

ADR-treated MCF7 cell lysates by superose 6 gel filtration

column chromatography. As shown in Figure 2D, pRB in the

E2F-1 complex was detected in fractions 24–29 (upper pa-

nels). pRB in the E2F-1 complex was concentrated using anti-

pRB antibody to immunoprecipitate pRB from fractions of

a superose 6 gel filtration column. As expected, Ser612-

phosphorylated pRB in the E2F-1 complex was detected

similar to pRB (lower panels). Thus, our data suggest that

pRB phosphorylated at Ser612 prefers to bind E2F-1.

We also investigated whether Ser612-phosphorylated pRB

could be recruited to E2F-binding sites through its interaction

with the E2F-1/DP-1 heterodimer. We incubated ActD-treated

MCF7 cell lysates with biotinylated oligonucleotides harbor-

ing either a wild-type or mutated E2F site (Nicolas et al,

2003). Proteins bound to these oligonucleotides were then

collected by use of streptavidin beads and analyzed by

Western blotting (Figure 2E). Ser612-phosphorylated pRB

was able to bind to the wild-type oligonucleotide but not to

the mutated one (compare lanes 1 and 3). This binding was

enhanced after DNA damage (compare lanes 1 and 2). Taken

together, these results suggest that Ser612-phosphorylated

pRB can be recruited to E2F sites through interaction with

E2F-1/DP-1 in response to DNA damage.

Substitution of Ser612 with Ala decreases pRB–E2F-1

binding and the transcriptional repression

To test the effect of the phosphorylation of Ser612 on the

binding of pRB to E2F-1, we constructed pRB variants in

which Ser612 was changed to alanine (S612A). RB-deficient

SAOS2 cells were transfected with Flag–E2F-1 and myc-RB,

and immunoprecipitates obtained with anti-Flag antibody

from cell lysates were immunoblotted with anti-myc anti-

body. As expected, the S612A mutation decreased the binding

of myc-pRB to Flag–E2F-1 (Figure 3A; compare lanes 2 and

3). Mutations at Ser780 and Ser608, Ser780, and Ser795

slightly enhanced the binding of myc-pRB to Flag–E2F-1

(lanes 4 and 5). Although a mutation to aspartic acid can

sometimes mimic the effect of phosphorylation, we did not

observe increased binding of pRB–E2F-1 on such a mutation

(data not shown). This was not entirely unexpected as

aspartic acid may not always mimic phosphorylation.

During cell cycle progression, E2F activates genes such as

Cyclin E, Dhfr, and Cdc6. In conditions that activate apopto-

sis, such as DNA damage, certain E2F subunits like E2F-1 are

stabilized to induce apoptosis, sometimes through direct

effects on target genes like p73 and Apaf1 (Attwooll et al,

2004). The pRB–E2F complex forms on the promoters of a

multitude of E2F target genes to repress transcription. We

next examined the ability of wild-type pRB or the S612A

mutant to regulate E2F-1’s transcriptional activity toward the

p73 promoter. A reporter assay was performed using MCF7

cells transfected with E2F-1 and DP-1, along with a construct

containing the luciferase gene under the control of the p73

promoter (Figure 3B). The p73 promoter activity was in-

creased by E2F-1 and DP-1, but cotransfection with RB

completely suppressed this activation. The transcriptional

repression by pRB S612A was weaker than that by the wild-

type pRB toward the activation of the p73 promoter induced

by E2F-1 and DP-1, and this result was consistent with the

finding that the mutation S612A decreased the binding of pRB

to E2F-1. Collectively, phosphorylation of pRB at Ser612

promotes this binding (Figure 2) and inhibition of Ser612

phosphorylation decreases it (Figure 3).

Loss of Ser612 phosphorylation reduces antiapoptotic

activity of pRB

Re-expression of pRB in pRB-deficient human osteosarcoma

cell line SAOS2 has become a major model experimental

Phosphorylation of pRB at Ser612 by Chk2 after DNA damage
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Figure 2 pRB phosphorylated at Ser612 prefers to bind to E2F-1. (A) Analysis of phosphorylation profiles in E2F-1-bound pRB and E2F-1
unbound pRB after DNA damage. MCF7 cells were treated with 3 mM adriamycin (ADR) for 24 h. Cell lysates were subjected to two rounds of
immunoprecipitation with anti-E2F-1 antibody (E2F-1-bound pRB). Next, the residual supernatants were subjected to immunoprecipitation
with anti-pRB antibody (free pRB). Immunoprecipitates normalized for the amount of precipitated pRB were subjected to a Western blot
analysis with the indicated antibodies. (B) E2F-1 is effectively co-precipitated with Ser612- but not Thr821-phosphorylated pRB. MCF7 cells
were treated with 3mM ADR for the indicated periods. Cell lysates were subjected to immunoprecipitation with the indicated antibodies.
Immunoprecipitates normalized for the amount of precipitated pRB were subjected to a Western blot analysis with the indicated antibodies.
(C) E2F-2 and E2F-3 effectively bind to Ser612-phosphorylated pRB as well as E2F-1 does. Lysates from MOLT-4 cells were subjecied to
immunoprecipitation with the indicated antibodies. Immunoprecipitates normalized for the amount of precipitated pRB were subjected to a
Western blot analysis with the indicated antibodies. (D) Ser612-phosphorylated pRB forms a complex with E2F-1 in vivo. MCF7 cells were tran-
siently transfected with Flag–E2F-1. Cells were treated with 3mM ADR for 24 h. Cell lysate was immunoprecipitated with anti-Flag antibody-
conjugated beads. Flag–E2F-1 complex was eluted from the beads with Flag peptide and further purified by gel filtration on a column of superose 6.
Upper panels are an immunoblot analysis of gel filtration column fractions using antibodies. pRB in the E2F-1 complex was concentrated using anti-
pRB antibody to immunoprecipitate pRB from fractions of a superose 6 gel filtration column, and Ser612-phosphorylated pRB in the E2F-1 complex
was detected (lower panels). (E) Ser612-phosphorylated pRB can be recruited to E2F binding sites through its interaction with the E2F-1/DP-1
heterodimer. MCF7 cells were exposed to 10nM ActD for 8 h, and then cell extracts were subjected to a pull-down analysis using biotinylated
oligonucleotides harboring either a wild-type E2F site or a mutated site. Bound proteins were then analyzed using the indicated antibodies.
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system to investigate functions of pRB. Therefore, we utilized

SAOS2-derived cell line SRB1, in which wild-type pRB ex-

pression is controlled by a tetracycline-repressable promoter

(Ookawa et al, 1997, 2001; Uchida et al, 2005). We also

established SRBSA1, in which pRB S612A expression is con-

trolled by a tetracycline-repressable promoter. We first con-

firmed that the expression of wild-type pRB and pRB S612A

was induced with similar levels after the withdrawal of

tetracycline (Supplementary Figure S2A). Consistent with

previous result, the mutation of S612A reduced the binding

of pRB to E2F-1 at 24 h post pRB induction (Figure 4A). We

next determined the effects of both isoforms of pRB on the

expression levels of Cyclin A and E2F-1. These proteins are

known to be repressed by pRB in SAOS2 cells (Jiang et al,

2000; Ookawa et al, 2001). As shown in Figure 4B, the

expression levels of Cyclin A and E2F-1 were significantly

repressed by wild-type pRB at 48 h post-induction, whereas

S612A mutant had less activity to repress these target genes.

On the other hand, the expression levels of E2F-4, Cdk4 and

b-actin did not change in both cell lines. Thus, loss of Ser612

phosphorylation reduces the E2F repression activity of pRB.

pRB plays a central role in DNA damage-induced cell cycle

checkpoints and is required for induction of G1 and S phase

arrest following DNA-damaging events (Harrington et al,

1998; Brugarolas et al, 1999). pRB-deficient cells are hyper-

sensitive to DNA damage-induced apoptosis (Almasan et al,

1995; Knudsen et al, 2000). To evaluate the role of Ser612

phosphorylation in response to DNA damage, we compared

the ability of wild-type pRB and pRB S612A to rescue the

survival of SAOS2 cells in response to DNA damage. Wild-

type pRB efficiently blocked VP16- and camptothecin (CPT)-

induced cell death in SAOS2 cells (Figure 4C and

Supplementary Figure S2B). In contrast, cells expressing

pRB S612A remained hypersensitive to DNA damage.

Caspase-3/7 activity and PARP cleavage were inhibited by

re-expression of wild-type pRB but not pRB S612A (Figure 4D

and E). These results suggest that Ser612 phosphorylation of

pRB is essential for cell survival and antiapoptotic activity in

response to DNA damage.

ATM is required for stimulating phosphorylation of pRB

at Ser612

The primary mobilizer of the response to DNA damage is the

nuclear protein kinase ATM (Abraham, 2001; Shiloh, 2001).

Therefore, we tested whether ATM plays a role in regulating

the phosphorylation of pRB at Ser612. MCF7 cells were

treated with caffeine to inhibit ATM/ATR. As shown in

Figure 5A, treatment with caffeine inhibited the phosphor-

ylation of Ser612 induced by IR (lane 3). However, this

treatment did not inhibit the dephosphorylation of pRB at

Ser780. In a time course experiment, treatment with caffeine

blocked the induction of phosphorylation at Ser612 and

binding of pRB–E2F-1 after IR (Supplementary Figure S3A).

Furthermore, pretreatment of cells with KU-55933, a specific

ATM inhibitor (Hickson et al, 2004), blocked Ser612 phos-

phorylation of pRB induced by IR (Figure 5A; compare lanes

6 and 8). A prompt response to genotoxic stress has been

reported to induce stabilization of E2F-1 through its phos-

phorylation by ATM and ATR (Lin et al, 2001). E2F-1 levels

were increased after IR and caffeine, or KU-55933 also

blocked the stabilization of E2F-1. Therefore, we speculate

that the increased binding of pRB to E2F-1 is not only derived

from the phosphorylation of pRB at Ser612, but also derived

from the stabilization of E2F-1 in response to DNA damage.

To further test the role of ATM, its expression in MCF7 cells

was suppressed by siRNA. This reduction in the expression of

ATM completely abolished the phosphorylation at Ser612, but

had no effect on the dephosphorylation of pRB at Ser780

(Figure 5B). Furthermore, the phosphorylation of pRB at

Ser612 and pRB–E2F-1 complex formation were also seen in

human diploid fibroblasts TIG-7 cells but not in A-T fibro-

blasts AT2KY cells subjected to IR treatment (Figure 5C),

even though AT2KY cells were irradiated at high dose

(Supplementary Figure S3B). Although ATM is primarily

activated by DNA double-strand breaks (DSBs) caused by

IR or radiomimeric drugs, ATR responds to replicative stress

and UV irradiation. The phosphorylation of pRB at Ser612

and pRB–E2F-1 complex formation were seen after UV treat-

ment in AT2KY cells (Supplementary Figure S3C). Together,

these results suggest that ATM plays an important role in the

phosphorylation of pRB at Ser612 and the binding of pRB to

E2F-1 after DNA DSBs.

Chk1 and Chk2 phosphorylate Ser612 of pRB

ATM phosphorylates its substrates at serine or threonine

residues, followed by glutamine residues (SQ/TQ motif)

(Abraham, 2001; Shiloh, 2001). Because Ser612 of pRB is

followed by a proline residue, we speculated that Ser612 is

not directly phosphorylated by ATM. Activation of ATM by

DNA damage leads to the phosphorylation and activation of

downstream kinases Chk1, and Chk2. Chk2 is activated after

DNA damage and is thought to function as a signal amplifier

for ATM. To investigate whether Chk2 can phosphorylate

pRB, we performed an in vitro kinase assay. An in vitro

kinase assay was established to monitor the phosphorylation

of recombinant pRB by purified recombinant Chk2. As a

positive control, GST-BRCA1 was used as substrate of Chk2
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pRB to E2F-1 and the transcriptional repression. (A) Substitution of
Ser612 with Ala decreases pRB–E2F-1 binding. SAOS2 cells were
transiently transfected with the indicated constructs. After 40 h, cell
lysates were immunoprecipitated with anti-Flag antibody and im-
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(Lee et al, 2000). Recombinant Chk2 was able to phospho-

rylate pRB and GST-BRCA1 when [g-32P]ATP was added to the

kinase reaction (Figure 6A and Supplementary Figure S4A).

Approximately 1.5 moles of phosphate per mole of protein

were incorporated into the stoichiometric kinase reaction

(Supplementary Figure S4B). Chk2 is a Ser/Thr-specific ki-

nase for which a small number of physiological substrates

have been identified (Sanchez et al, 1997; Hirao et al, 2000;

Lee et al, 2000; Shieh et al, 2000; Falck et al, 2001a; Stevens

et al, 2003). A consensus sequence motif for phosphorylation

has been identified (Figure 6B) (O’Neill et al, 2002). The

amino-acid sequence surrounding Ser612 of pRB closely

resembles this consensus phosphorylaton site, and pRB’s

site is found to be more similar to the site in BRCA1 than

that in Cdc25A, Cdc25C or E2F-1 (Figure 6B). Therefore, we

investigated using a different method whether Chk2 can

phosphorylate pRB at Ser612 in vitro. As a positive control,

purified recombinant Cdk2-Cyclin A or p38a was used.

Thr356, Ser612 and Thr821 residues on pRB are preferentially

phosphorylated by Cdk2-Cyclin A in vitro (our unpublished

data). Also, p38 phosphorylates its substrates at serine or

threonine residues, followed by proline residues (SP/TP

motif) in vitro. Following in vitro phosphorylation, pRB was

probed with phospho-specific antibodies against the sites

Thr356-P, Thr373-P, Ser608-P, Ser612-P, Ser780-P, Ser788-P,

Ser795-P, Ser807-P, Ser811-P, Thr821-P, and Thr826-P

(Figure 6C and Supplementary Figure S5A). As mentioned

above, all sites of pRB were phosphorylated by p38a. Chk2

was able to phosphorylate pRB at Ser612 as efficiently as

Cdk2–Cyclin A or p38a. However, Chk2 could hardly phos-

phorylate other phosphorylation sites of pRB. This result

suggests that Chk2 is able to selectively phosphorylate

Ser612 of pRB in vitro.

Chk1 and Chk2 have a similar substrate specificity but

distinct functions (Ahn et al, 2004). Therefore, we next tested

whether Chk1 can phosphorylate Ser612 of pRB in vitro. Chk1

phosphorylated GST-E2F-1 at Ser364 and GST-BRCA1 at

Ser988 as efficiently as Chk2 (Supplementary Figure S5B).

Although Chk1 was able to phosphorylate Ser612 of pRB

in vitro, its effect was weaker than that of Chk2.
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Figure 4 Loss of Ser612 phosphorylation reduces antiapoptotic activity of pRB. (A) Wild-type pRB (SRB1) and pRB S612A (SRBSA1) were
induced by tetracycline withdrawal for 24 h in a stable, pRB-inducible SAOS2 cell line. Cell lysates were immunoprecipitated with anti-pRB
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Coexpression of wild-type Chk2 and pRB in MCF7 cells

stimulated the phosphorylation of pRB at Ser612 (Figure 6D,

lane 3). However, phosphorylation at Ser608 was decreased

by the expression of wild-type Chk2. Chk2 D347A, a cataly-

tically inactive mutant (Shieh et al, 2000), had little effect on

the phosphorylation of pRB at Ser608 and Ser612. These

results suggest that Chk2 and Chk1 contribute to the phos-

phorylation of pRB at Ser612 after DNA damage.

Chk2 interacts with pRB in vitro and in vivo, and

Chk2–pRB interaction is enhanced in response to

DNA damage

To investigate whether Chk2 interacts with pRB, we per-

formed a GST pull-down assay. Recombinant pRB was able

to bind to GST-Chk2 but not to GST (Supplementary Figure

S5C). pRB also interacted with GST-Chk1 in vitro

(Supplementary Figure S5D). pRB LP (large pocket; amino

acids 379–928) interacted sufficiently with Chk2 in vitro

(Supplementary Figure S5E). These results suggest that

Chk1 and Chk2 directly interact with pRB in vitro.

We next examined by using co-IP whether Chk2 and pRB

interact in vivo. myc-tagged pRB and Xpress-tagged wild-type

Chk2 interacted in MCF7 cells (Figure 6E, lane 2). Although

Chk2 D347A also interacted with pRB, this binding was much

weaker than that of wild-type Chk2 (compare lanes 2 and 3).

Endogenous pRB and Chk2 hardly interacted in MCF7 cells

before DNA damage, but DNA damage enhanced the binding

of these two proteins (Figure 6F). Collectively, Chk2 directly

interacts with pRB in vitro and in vivo, and Chk2–pRB

interaction is enhanced after DNA damage.

Silencing of Chk2 decreases phosphorylation at Ser612

and binding of pRB to E2F-1 after DNA damage

DNA damage leads to phosphorylation and activation of

Chk1 and Chk2 (Figure 7A). To demonstrate that Chk2 is

responsible for the phosphorylation of Ser612 after DNA

damage, we stably knocked down cellular Chk2 using RNA

interference in MCF7 cells. The phosphorylation of pRB at

Ser612 and pRB–E2F-1 complex formation were seen in cells

expressing control short-hairpin RNA (shRNA) after IR. In

contrast, Ser612 phosphorylation and E2F-1 binding severely

decreased in Chk2-depleted cells irradiated by g-ray

(Figure 7B). Reduction of Chk2 by siRNA also decreased

but did not abolish the phosphorylation at Ser612, but had

no effect on the dephosphorylation of pRB at Ser780

(Supplementary Figure S6A). The binding of pRB to E2F-1

in response to DNA damage decreased after the depletion of

Chk2 by siRNA (Supplementary Figure S6B). These results

indicate that Chk2 is a responsible kinase for Ser612 phos-

phorylation to promote the binding affinity of pRB to E2F-1.

HCT15 colon carcinoma cells carry Chk2 bearing a loss-of-

function mutation (R145W) (Lee et al, 2001; Falck et al, 2001b).

As shown in Figure 7C, re-expression of wild-type Chk2 in

HCT15 cells recovered the phosphorylation of pRB at Ser612

and the binding of pRB to E2F-1 in response to VP16 treatment.

In contrast, expression of GFP in HCT15 cells did not recover

Ser612 phosphorylation and the pRB–E2F-1 binding in response

to VP16 treatment. These experiments, together with previous

results, support the idea that Ser612 of pRB is phosphorylated

by the ATM-Chk1/2 pathway in response to DNA damage,

leading to the formation of the complex pRB–E2F-1.

Discussion

In this paper, we report a new pathway through which ATM-

Chk1/2 kinase signals to pRB and promotes the formation of

a complex between pRB and E2F-1. DNA damage induces not

only the dephosphorylation of pRB at Cdk-phosphorylation

sites and the binding of pRB to E2F-1, but also the phosphor-

ylation of pRB at Ser612. The phosphorylation at Ser612 is

induced by ATM-Chk1/2 kinase after DNA damage, leading to

enhancement of the formation of a complex between pRB and

E2F-1. Although it is widely assumed that phosphorylation of

pRB converts it into an inactive form, we demonstrated that

the phosphorylation of pRB at Ser612 in response to DNA

damage represented an activating event.

In addition to its tumor suppressor activity, pRB is a potent

antiapoptotic protein. Loss of pRB in normal fibroblasts

confers sensitivity to DNA-damaging agents (Almasan et al,

1995; Knudsen et al, 2000), and reintroduction of pRB into
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Figure 5 ATM is required for stimulating the phosphorylation of
pRB at Ser612. (A) Effect of the ATM/ATR inhibitor and Chk1
inhibitor on the phosphorylation of pRB at Ser612 after DNA
damage. MCF7 cells were pretreated with caffeine (5 mM),
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pRB-null tumor cells confers resistant to these agents

(Haas-Kogan et al, 1995). As shown in Figure 4C–E, SAOS2

expressing wild-type pRB exhibited increased viability and

decreased apoptosis following treatment of VP16 or CPT.

However, re-expression of pRB S612A did not protect SAOS2

cells from apoptosis. These results suggest that Ser612 phos-

phorylation of pRB is essential for cell survival and anti-

apoptotic activity in response to DNA damage.

Based on our results, we propose the following model. In

asynchronously growing cells, pRB exists in a predominantly

phosphorylated state, which is dissociated from E2F, allowing

E2F-dependent transcription. DNA damage induces dephosphor-

ylation of pRB at Cdk phosphorylation sites, leading to the

complex pRB–E2F-1 being formed. DNA damage also activates

ATM kinase and transduces signals to the checkpoint kinases

Chk1 and Chk2. Activated Chk1 and Chk2 phosphorylate Ser612

of pRB and this phosphorylation enhances the formation of a

complex between pRB and E2F-1, leading to repression of the

transcriptional activity of E2F-1. Consequently, pRB-dependent

cell cycle arrest and repression of apoptosis occur.

We showed in this study that Chk1 and Chk2 are directly

involved in the phosphorylation of pRB at Ser612 after DNA

damage. Because the interaction of Chk2 with pRB is dis-

rupted by Cdk2–Cyclin A-mediated phosphorylation of pRB

in vitro (our unpublished data), we speculate that Chk2

cannot bind to pRB and phosphorylate pRB at Ser612 in

growing cells. Therefore, we think that Chk2 (probably also

Chk1) is specifically involved in the phosphorylation of pRB

at Ser612 after DNA damage.

On the other hand, E2F-1 has been shown to be phos-

phorylated by ATM and Chk2 after DNA damage, resulting in

the protein’s stabilization (Lin et al, 2001; Stevens et al,

2003). Therefore, ATM and Chk2 help to upregulate the

activity of E2F-1. Our results show that ATM and Chk2

promote the repressive activity of pRB. We propose the

following model to explain the paradoxical situation whereby

E2F-1 as well as pRB are targeted for phosphorylation by

Chk2. In the early stages of DNA damage, pRB becomes

active and represses E2F-1 activity, which, in turn provides

a signal for cell cycle arrest. However, if DNA damage is

severe, pRB is cleaved by caspase (Tan et al, 1997) and

becomes inactive, leading to activation of E2F-1. Activated

E2F-1 induces apoptosis through direct effects on target genes

like p73, Arf, Apaf1, and caspases (Attwooll et al, 2004).

The mechanism by which the phosphorylation of pRB at

Ser612 promotes the formation of a complex between pRB

and E2F-1 after DNA damage remains to be further investi-

gated. Ser612 is located in the spacer region (amino acids

573–645) between the A pocket (amino acids 379–572) and B

pocket (amino acids 646–772). According to Lee et al (2002),

E2F binds to the conserved groove at the interface. The

phosphorylation at Ser612 may induce a conformational

change in pRB, leading to promotion of the formation of a

complex between pRB and E2F.

In summary, we have shown that DNA damage induces the

phosphorylation of pRB at Ser612 through an ATM- and

Chk1/2-dependent pathway, resulting in promotion of the

formation of a complex between pRB and E2F-1. Repression

of E2F-1 activity contributes to cell cycle arrest. This is the

first report that pRB is phosphorylated in vivo by a kinase

other than Cdk, and that this novel phosphorylation plays an

important role in response to DNA damage.
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Figure 6 Chk1 and Chk2 phosphorylate Ser612 of pRB. (A) In vitro phosphorylation of pRB by Chk2. Recombinant pRB or GST-BRCA1 were
incubated with Chk2 in the presence of [g-32P]ATP. The reaction products were resolved by SDS–PAGE and detected by autoradiography.
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phosphorylation motif. (C) In vitro phosphorylation of Ser612 by Chk2. Recombinant pRB was incubated with Chk2 or Cdk2–Cyclin A in the
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Materials and methods

Cell lines and plasmids and transfections
MOLT-4 cells and HCT15 cells were cultured in RPMI1640 medium
containing 10% fetal bovine serum (FBS). MCF7 cells and SAOS2
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% FBS. Normal human fibroblast TIG-7 and fibroblast
cell line from A-T patient AT2KY (a gift from Dr S Mizutani, Tokyo
Medical and Dental University, Tokyo, Japan) were grown in DMEM
containing 10% FBS.

The SRB1 cell line, a wild-type pRB-inducible clone of SAOS2
cells regulated by tetracycline (Tet-Off system), and STA-e clone, a
tet repressor herpes simplex virus transactivator protein VP16
fusion protein expression clone of SAOS2, were previously reported
(Ookawa et al, 1997, 2001; Uchida et al, 2005). The SRBSA1 cell, a
stable transfectant with pT2RB(S612A)neo (Ookawa et al, 1997),
was established from STA-e by screening with G418. SRB1 cells and
SRBSA1 cells were grown in DMEM containing 10% FBS, 0.5 mg/ml
of G418, 0.3 mg/ml of hygromycin and 1mg/ml of tetracycline.

pFLAGCMV2-E2F-1, pCMV5-myc-RB, pCDNA4-HisMax-Chk2,
pGEX6P3-E2F-1, and pGEX6P3-BRCA1 (amino acids 758–1064)
were amplified by PCR using mRNA derived from MCF7 cells.
p73-Luc was generated by ligating the human p73 promoter region
(�705 to þ 537) (Stiewe and Putzer, 2000) with pGL4.10. All
constructs were verified by sequencing. MCF7 cells and SAOS2 cells
were transfected by the lipofection method using Lipofectamine
2000 reagent (Invitrogen) as recommended by the manufacturer.
HCT15 cells were transfected by the nucleofection method. Two
million HCT15 cells were resuspended in buffer provided in

Nucleofector kit V (Amaxa), mixed with plasmid DNA (1 mg), and
electroporated with T-16 program of nucleofector (Amaxa) as
suggested by the manufacturer. Transfection efficiency is B80%.

Antibodies
Phospho-specific monoclonal (Thr356-P and Ser807-P) and poly-
clonal (Thr373-P, Ser788-P and Thr826-P) antibodies were raised
against chemically synthesized, KLH-conjugated phosphopeptides
as previously described (Kitagawa et al, 1996; Shieh et al, 1997;
Taya et al, 2003). The sequences of phosphopeptides are;
T356: SFETQRpTPRKSNL, T373: NVIPPHpTPVRTVM, S788:
IPHIPRpSPYKFPS, S807: GGNIYIpSPLKSPYKI, and T826:
PTPTKMpTPRSPRIL. Monoclonal and polyclonal antibodies were
further purified as described previously (Taya et al, 2003). Phospho-
specific monoclonal (Ser612-P and Ser780-P) and polyclonal
(Ser608-P, Ser780-P, Ser795-P, Ser811-P, and Thr821-P) antibodies
have been described (Kitagawa et al, 1996; Adams et al, 1999;
Brugarolas et al, 1999; Watanabe et al, 1999; Taya et al, 2003).

Anti-E2F1 (C-20), anti-E2F2 (C-20), anti-E2F3 (C-18), anti-Cdk2
(M2), anti-Cdk4 (C-22), anti-Chk1 (FL-476), anti-Chk2 (H-300),
anti-pBRCA1 (Ser988), Omni-probe (M-21), and anti-GST (B-14)
were obtained from Santa Cruz; anti-Flag (M2) and anti-b-actin
(AC-15) were from Sigma; anti-myc (9E10) was from Roche; anti-
pChk1 (Ser345), anti-pChk2 (Thr68), and anti-Cleaved PARP were
from Cell Signaling; anti-Cyclin A and anti-Smad2 were from BD
Biosciences; and anti-ATM (2C1) was from GeneTex.

Reporter gene assay and IP and Western blot analysis
See Supplementary data for details.

In vitro kinase assays
Recombinant E2F-1 and BRCA (amino acids 758–1064) proteins
fused with GSTwere produced in BL21. Purified Chk1 (recombinant
protein expressed in Sf21), Chk2 (recombinant protein expressed in
Escherichia coli), and p38a/SAPK2a (recombinant protein expressed
in E. coli) were from Upstate. Recombinant Cdk2–cyclin A was from
NEB. Recombinant full-length pRB was from QED Bioscience. One
microgram of substrate was incubated with purified Chk1 or Chk2 at
301C for 30 min in kinase buffer (50 mM HEPES, pH 7.5, 10 mM
MgCl2, 1 mM DTT, 2.5 mM EGTA, and 200mM ATP) in a final volume
of 20ml. The samples were boiled, fractionated by SDS–PAGE, and
subjected to Western blotting using phospho-specific antibodies.

RNA interference
Double-stranded RNA duplexes corresponding to human ATM (50-
GCGCCTGATTCGAGATCCT-30) (Yoshida et al, 2003) and control
siRNA (50-TTCTCCGAACGTGTCACGT-30) were purchased from
Qiagen. SMARTpool ATM siRNA, SMARTpool Chk2 siRNA, and
negative control siRNA were purchased from Dharmacon.
Cells were transfected with Lipofectamine 2000 according to the
manufacturer’s directions in the presence of siRNAs.

For stable knockdown in MCF7 cells, shRNA against Chk2
(50-gatccccGAACCTGAGGACCAAGAACttcaagagaGTTCTTGGTCCTC
AGGTTCtttttggaaa-30) (Ahn et al, 2003) was expressed in the
retroviral vector pSUPERretro (Oligoengine). The sequence pro-
vided is the primer sequences as cloned into the pSUPERretro
vector, with the uppercase letters representing the sequences
complementary to the target gene. Next, the pSUPERlenti-Chk2
construct was generated by subcloning a ClaI/SpeI insert of
pSUPERretro-Chk2 into ClaI/XbaI of pLenti6/V5-DEST (Invitrogen).
MCF7 cells were infected with the viral particles according to
standards protocols and selected with 8mg/ml blasticidin.

Gel filtration
E2F-1 complex purified using anti-Flag M2 beads (Sigma) was
further purified by gel filtration on a column of superose 6 (1 by
30 cm; Amersham Pharmacia Biotech) that had been equilibrated
with IP buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA,
2.5 mM EGTA, 0.1% Tween-20 and 10% glycerol). Elution was
performed at 0.3 ml/min, and 0.5-ml fractions were collected. The
fractions were immunoprecipitated with anti-pRB antibody.

Cell survival and apoptosis assays
Cells were washed with PBS. Crystal violet was added to stain cells
and the stained cells were lysed in 1% SDS and absorbance was
measured at 595 nm. Caspase-3/7 activity was measured with
Caspase-Glo 3/7 Assay (Promega) according to the instructions.
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WB: α-E2F-1
WB: α-Chk2
WB: α-β-Actin

GFP Chk2
VP16 100 µM (h) 0 6 0 6

WCL

WB: α-S612-P

WB: α-S780-P

WB: α-pRB

WB: α-E2F-1

Control Chk2shRNA
IR 30 Gy (h) 0 2 4 6 0 2 4 6

WB: α-E2F-1

WB: α-Chk2

WB: α-β-Actin

Control Chk2shRNA
IR 30 Gy (h) 0 2 4 6 0 2 4 6

α-pRB IP

WCL

MCF7

HCT15

WB: α-Chk1 S345-P

WB: α-Chk2 T68-P

WB: α-Chk1

WB: α-β-Actin

WB: α-Chk2

IR 30 Gy (h) 0   1 2  4 8

MCF7

WCL

Figure 7 Silencing of Chk2 decreases the phosphorylation at
Ser612 and binding of pRB to E2F-1 after DNA damage. (A)
Kinetics of Chk1 and Chk2 activation after DNA damage. MCF7
cells were exposed to 30 Gy of IR and cell lysates were immuno-
blotted as indicated. (B) Stable knockdown of Chk2 diminishes the
phosphorylation at Ser612 after DNA damage. The shcontrol-MCF7
and shChk2-MCF7 cells were exposed to 30 Gy of IR for the
indicated periods. Cell lysates were immunoprecipitated with anti-
pRB antibody and Western blotting was performed. (C) HCT15 cells
were nucleofected with the indicated constructs. After 24 h, cells
were exposed to 100mM of VP16 for 6 h. Immunoprecipitation and
Western blotting were performed as in (B).
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