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SUMMARY

Biochemical evidence implicates the death-domain
(DD) protein PIDD as a molecular switch capable
of signaling cell survival or death in response to gen-
otoxic stress. PIDD activity is determined by binding-
partner selection at its DD: whereas recruitment of
RIP1 triggers prosurvival NF-kB signaling, recruit-
ment of RAIDD activates proapoptotic caspase-2
via PIDDosome formation. However, it remains
unclear how interactor selection, and thus fate
decision, is regulated at the PIDD platform. We
show that the PIDDosome functions in the ‘‘Chk1-
suppressed’’ apoptotic response to DNA damage,
a conserved ATM/ATR-caspase-2 pathway antago-
nized by Chk1. In this pathway, ATM phosphorylates
PIDD on Thr788 within the DD. This phosphorylation
is necessary and sufficient for RAIDD binding and
caspase-2 activation. Conversely, nonphosphorylat-
able PIDD fails to bind RAIDD or activate caspase-2,
and engages prosurvival RIP1 instead. Thus, ATM
phosphorylation of the PIDD DD enables a binary
switch through which cells elect to survive or die
upon DNA injury.

INTRODUCTION

In response to DNA damage, cells can either repair and survive

the lesions or remove the damaged genome altogether through

apoptotic cell death. An incorrect decision and genomic insta-

bility can ensue, stimulating cancer development (Ciccia and

Elledge, 2010; Lowe et al., 2004). Despite the radical nature

and significance of fate choice after DNA damage, the mecha-

nisms by which cells elect to survive or die upon DNA injury

remain unclear.

PIDD (p53-inducible protein with a death domain; LRDD) is

a scaffold protein that interacts with prosurvival and prodeath
Molecu
signaling factors after DNA damage (Lin et al., 2000; Telliez

et al., 2000). PIDD is composed of seven N-terminal leucine-

rich repeats (LRRs), two ZO-1 and Unc5-like (ZU-5) domains,

a putative oligomerization domain (UPA; uncharacterized protein

domain in UNC5, PIDD, and Ankyrin), and a C-terminal DD. The

ZU-5 domains bind PCNA after UV irradiation, implicating PIDD

in polh-mediated translesion synthesis (Logette et al., 2011). The

PIDD DD serves as a docking site for other DD-containing

proteins, including the caspase-2 adaptor protein RAIDD (RIP-

associated Ich-1/CED homologous protein with death domain;

CRADD) (Duan and Dixit, 1997). Recruitment of RAIDD to

PIDD results in the assembly of a PIDD-RAIDD-caspase-2

complex designated PIDDosome (Tinel and Tschopp, 2004),

reminiscent of the apoptosome (cyt-c-APAF1-caspase-9) and

death-inducing signaling complex (DISC; FAS-FADD-caspase-

8). Indeed, the PIDDosome acts as a caspase-2 activation

platform in vitro or when overexpressed in vivo, by enabling

autocatalytic caspase-2 activation through induced proximity

(Berube et al., 2005; Bouchier-Hayes et al., 2009; Tinel and

Tschopp, 2004).

PIDD can also participate in a prosurvival signaling complex

by recruiting receptor-interacting protein kinase 1 (RIP1) in

place of RAIDD (Janssens et al., 2005). Docking of RIP1 onto

the PIDD DD mobilizes an alternative PIDDosome comprising

PIDD, RIP1, and NEMO (NF-kB essential modulator; IKK-g).

Formation of this complex triggers NEMO sumoylation, which

leads to NEMO-induced phosphorylation and degradation of

IkB, release of NF-kB into the nucleus, and transcription of

prosurvival NF-kB target genes (Hayden and Ghosh, 2008;

Janssens et al., 2005). Thus, two distinct PIDDosomes can be

assembled from PIDD, PIDD-RAIDD-caspase-2, and PIDD-

RIP1-NEMO, with opposing effects on cell fate.

Both PIDDosomes have been implicated in the DNA damage

response. Topoisomerase II inhibitors readily stimulate recruit-

ment of RIP1 to PIDD, and PIDD is necessary for etoposide-

induced NF-kB activation (Janssens et al., 2005). In addition,

enforced assembly of the PIDD-RAIDD-caspase-2 complex via

overexpression sensitizes cells to genotoxic stress-induced

apoptosis (Tinel and Tschopp, 2004). These observations have

led to the ‘‘switch hitter’’ model for PIDD function, whereby
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PIDD acts upon DNA damage to dictate cell survival or death by

mobilizing antagonistic PIDDosomes (Janssens et al., 2005; Ti-

nel et al., 2007; Wu et al., 2005).

Thus, a key question with regard to PIDD switch function is

the mechanism by which PIDD discriminates between prodeath

RAIDD and prosurvival RIP1 after DNA damage. The full-length

PIDD protein (100 kDa) is autoproteolytically processed in cells

to generate three fragments: PIDD-N (48 kDa), which contains

the N-terminal LRRs and the proximal ZU-5 domain; PIDD-C

(51 kDa), which comprises the distal ZU-5 domain, UPA, and

DD; and PIDD-CC (37 kDa), which lacks the ZU-5 domain but

retains an intact UPA and DD (Tinel et al., 2007). Interestingly,

whereas PIDD-C preferentially binds RIP1, PIDD-CC primarily

interacts with RAIDD. Furthermore, the relative abundances of

PIDD-C and PIDD-CC can be influenced by DNA damage,

with increasing doses favoring PIDD-CC maturation (Tinel

et al., 2007). Thus the selection of RAIDD or RIP1 by PIDD

might occur as a function of DNA damage severity. However,

endogenous PIDD-FL is often constitutively processed into

PIDD-C and PIDD-CC in cells (Logette et al., 2011; Manzl

et al., 2009; Tinel et al., 2007), suggesting additional regulatory

mechanisms.

Efforts to elucidate the physiologic role of PIDD after DNA

damage have yielded conflicting findings (Baptiste-Okoh et al.,

2008; Kim et al., 2009; Lin et al., 2000; Manzl et al., 2009; Manzl

et al., 2012; Vakifahmetoglu et al., 2006). A caveat has been

the lack of a clearly defined experimental setting for endogenous

PIDDosome assembly and caspase-2 function after DNA

damage (Kitevska et al., 2009; Kumar, 2009; Vakifahmetoglu-

Norberg and Zhivotovsky, 2010).

We have recently shown that caspase-2 plays an essential and

evolutionarily conserved role in g-irradiation (IR)-induced

apoptosis in zebrafish and human cells and that this role can

be uncovered upon concurrent inhibition of checkpoint kinase

1 (Chk1) (Sidi et al., 2008). In this ‘‘Chk1-suppressed’’ (CS)

pathway of apoptotic cell death, caspase-2 becomes activated

downstream of ATM and ATR through an as yet unknown

mechanism. The selective activation and essential role of

caspase-2 in the CS pathway have been further documented

in human cancer cells and Caspase-2�/� mouse embryonic

fibroblasts (MEFs), respectively (Ho et al., 2009; Myers et al.,

2009; Pan et al., 2009).

Here we show that PIDD and RAIDD are responsible for

caspase-2 activation in the CS pathway, via PIDDosome

formation. We then identify the mechanism by which PIDD

discriminates between RAIDD and RIP1 to decide cell fate after

DNA damage.

RESULTS

Caspase-2 Processing in the CS Pathway Requires PIDD
and RAIDD, but Not Apaf-1 or FADD
Three major protein complexes have been implicated in cas-

pase-2 activation. The Apaf-1-based apoptosome and FADD-

based DISC can indirectly promote caspase-2 processing

via the caspase-9/caspase-8–caspase-3/caspase-6/caspase-7

amplification cascade (Inoue et al., 2009; Lavrik et al., 2006;

Manzl et al., 2009; Olsson et al., 2009). In contrast, the PIDD
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and RAIDD-based PIDDosome can directly activate caspase-2

in vitro or upon overexpression in vivo (Park et al., 2007; Tinel

and Tschopp, 2004).

To test the endogenous contributions of these platforms to

caspase-2 activation during CS apoptosis, we depleted their

core components by RNA interference (RNAi) and assessed

the effects on caspase-2 processing 24 hr after initiating the

CS pathway by combined exposure of HeLa cells to IR and the

Chk1 inhibitor, Gö6976 (Figures 1A–1E, and Figures S1A and

S1B available online) (Sidi et al., 2008). Whereas small interfering

RNAs (siRNAs) againstAPAF1 or FADD had no effect (Figures 1B

and 1C), siRNAs to PIDD or RAIDD blocked caspase-2 pro-

cessing in the CS pathway (Figures 1D and 1E). This was also

observed in p53–/– HCT116 cells (Figure S1B). Consistent with

the noninvolvement of Apaf-1 or FADD, depletions of CASP9,

CASP8, or all downstream executioner caspase activity in

CASP3;CASP6;CASP7 triple-knockdown cells, had no effect

on caspase-2 cleavage (Figures 1G and 1H). This also alleviated

concerns that caspase-2 cleavage reflects a byproduct of DNA

damage-induced caspase cascades, a common caveat in the

field (Inoue et al., 2009; Manzl et al., 2009).

Further depletions of PIDD or RAIDD by short hairpin RNAs

(shRNAs) in stably transduced cell lines also blocked caspase-

2 activation after IR+Chk1 inhibitor (Figure 2B,C) or IR+Chk1

siRNA (Figure 1F), but not after heat shock (Figure S1C) (Bouch-

ier-Hayes et al., 2009; Tu et al., 2006). Finally, Pidd�/� and

Raidd�/� MEFs (Berube et al., 2005; Manzl et al., 2009) also

failed to trigger caspase-2 processing after IR+Chk1 inhibition

(Chk1i) (Figures 1I and S1D). Thus PIDD and RAIDD, but not

the apoptosome or DISC, are specifically required for caspase-

2 activation during CS apoptosis. Additionally, PIDD and

RAIDD can be placed between ATM/ATR and caspase-2 in the

CS pathway, because none of the PIDD or RAIDD hairpins

affected ATM activation, as assessed by ATM autophosphoryla-

tion on Ser1981, and with the exception of shPIDD#5 (which

presumably mediated off-target effects), none of the shRNAs

affected ATR activity, as assessed by Chk1 phosphorylation

on Ser345 (Figure 2C).

PIDD and RAIDD Are Required for CS Apoptosis
Depletions of PIDD or RAIDD markedly impaired CS pathway-

induced apoptosis, as demonstrated by 65%–85% reductions

in TUNEL staining 48 hr after IR+Chk1i (Figure 2D). These pheno-

typeswere similar to those observed in shCASP2 cells (Sidi et al.,

2008) or Caspase-2�/� MEFs (Ho et al., 2009). Consistent with

these observations, depletions of CASP2 or RAIDD protected

against the long-term cytotoxic effects of IR+Chk1i, with

a 2-fold increase in colony survival 14 days after treatment

compared to control cells (Figures 2E and 2F). While PIDD

knockdown failed to phenocopy CASP2 or RAIDD depletion in

the long-term assay, this is likely due to removal of the prosur-

vival functions of PIDD mediated by PIDD-RIP1-NEMO–NF-kB

and/or PIDD-PCNA–polh pathways (Janssens et al., 2005;

Logette et al., 2011). Indeed, shPIDD cells, but not shCASP2

or shRAIDD cells, failed to trigger IkBa degradation after

IR+Chk1i (Figure S2), consistent with previous results with

doxorubicin (Janssens et al., 2005). Despite differential

effects on NF-kB signaling and 14-day colony survival, PIDD
Inc.



Figure 1. PIDD and RAIDD Are Required for Caspase-2 Activation in the CS Pathway

(A) Diagram of the CS pathway. Pathway activation after IR is restrained by Chk1. Combined delivery of IR and Chk1 inhibitor (Gö6976) or siRNA activates the

pathway. IR and Chk1 inhibition are individually insufficient for pathway activation (Sidi et al., 2008).

(B–E) HeLa cells transfected with the indicated siRNAs were treated with Gö6976 (1 mM) with or without IR (10 Gy) and harvested 24 hr after IR. Lysates were

analyzed bywestern blot. pro-C2, procaspase-2; cl-C2 (p19), cleaved caspase-2, p19 fragment (mature cleavage product). cl-C2 images are longer exposures of

the same membrane.

(F) HeLa cells stably expressing the indicated shRNAs were transfected with CHK1 siRNA (+) or LACZ siRNA (–), treated with or without IR (10 Gy) 16 hr after

transfection, and harvested 16 hr after IR. Lysates were analyzed by western blot.

(G) HeLa cells transfected with the indicated siRNAs were treated with Gö6976 (1 mM) with or without IR (10 Gy) and harvested 24 hr after IR. Lysates were

analyzed by western blot. C8, caspase-8; C9, caspase-9.

(H) HeLa cells stably expressing the indicated shRNAs and transfected with the indicated siRNAs were treated with Gö6976 (1 mM) with or without IR (10 Gy) and

harvested 24 hr after IR. Lysates were analyzed by western blot. C3, caspase-3; C6, caspase-6; C7, caspase-7.

(I) SV40-transformedMEFs of indicated genotypeswere treated with Gö6976 (1 mM)with or without IR (10Gy) and harvested 24 hr after IR. Lysates were analyzed

by western blot.

See also Figure S1.
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deficiency nevertheless removes caspase-2 processing and

TUNEL reactivity after IR+Chk1i (Figures 1D, 1F, 1I, 2C, 2D,

S1A, S1B, and S1D), demonstrating that PIDD, like RAIDD and

caspase-2, is critical for CS apoptotic signaling.

CS Apoptosis Requires PIDDosome Assembly
The genetic requirement for PIDD and RAIDD indicated that

the CS pathway likely operates through the PIDDosome. Thus

far, however, there has been no published account of

PIDDosome assembly from endogenous components that

results in caspase-2 activation after DNA damage. Starting our

analyses with tagged PIDD and RAIDD constructs, we observed

that PIDD and RAIDD weakly interacted in unstimulated cells or
Molecu
in cells treated with IR or Chk1i alone. However, the interaction

was substantially enhanced in double-treated cells (Figure 3A).

This provided initial support for PIDDosome formation during

CS apoptosis.

We then investigated complex assembly at the endogenous

level. Both PIDD-CC and caspase-2 (p35 subunit) were

successfully detected in RAIDD immunoprecipitates from

IR+Chk1i-treated cells, but not unstimulated or single-treated

cells (Figure 3B). Reciprocally, both RAIDD and caspase-2

(full-length and p35 subunit) were readily detected in PIDD

immunoprecipitates from cells undergoing CS apoptosis but

not control cells (Figure 3C). Furthermore, size-exclusion chro-

matography demonstrated the recruitment of PIDD (C and CC
lar Cell 47, 681–693, September 14, 2012 ª2012 Elsevier Inc. 683



Figure 2. PIDD and RAIDD Are Required for CS Apoptosis

(A) Schematic diagram of PIDD maturation. Autoproteolytic cleavage sites are indicated (arrows).

(B) HeLa cells stably expressing the indicated shRNAs were analyzed by western blot. PIDD-32/30 doublet: PIDD specific bands running at�30 kDa, presumably

resulting from autoproteolysis of shorter PIDD isoforms (Cuenin et al., 2008).

(C) HeLa cells stably expressing the indicated shRNAs were treated with Gö6976 (1 mM) with or without IR (10 Gy) and harvested 24 hr after IR. Lysates were

analyzed by western blot.

(D) HeLa cells stably expressing the indicated shRNAs were treated with 10 Gy IR with or without Gö6976 (1 mM) (black and white bars, respectively), and were

analyzed by TUNEL staining at 48 hr after IR. Data are means ± SEM. **p < 0.01, ***p < 0.001, two-tailed Student’s t test.

(E) HeLa cells stably expressing the indicated shRNAs were treated with Gö6976 (1 mM) and IR (5 Gy), and colony numbers were recorded 14 days after IR. Data

are means ± SEM. *p < 0.05, **p < 0.01, two-tailed Student’s t test.

(F) Representative images of a clonogenic assay. HeLa cells stably expressing the indicated shRNAs were treated with or without Gö6976 (1 mM) or IR (2 Gy) and

stained with crystal violet 14 days after IR.

See also Figure S2.
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fragments), RAIDD, and caspase-2 to a large molecular

complex in cells undergoing CS apoptosis, but not control cells

(Figure 3D). PIDD-CC, RAIDD, and procaspase-2 consistently

coeluted in high-molecular-weight fractions, and, notably, frac-

tions 49–53 also contained both caspase-2 cleavage products,

altogether indicative of bona fide functional PIDDosomes.
684 Molecular Cell 47, 681–693, September 14, 2012 ª2012 Elsevier
Finally, the physical interaction between PIDD and RAIDD is

essential for caspase-2 activation in the CS pathway (see Fig-

ure 5 below). Collectively, the genetic and biochemical data

show that both caspase-2 cleavage and apoptotic signaling

through the CS pathway require PIDDosome assembly and

function.
Inc.



Figure 3. The CS Pathway Triggers

PIDDosome Assembly

(A) HeLa cells transfected with the indicated

constructs were treated with or without Gö6976

(1 mM) or 10 Gy IR and harvested 24 hr after IR.

Anti-Flag immunoprecipitates were analyzed by

western blot. PIDD-FL is constitutively autopro-

cessed in cells into -C and -CC fragments (Tinel

et al., 2007).

(B) HeLa cells treated with or without IR (10 Gy) or

Gö6976 (1 mM) were harvested 24 hr after IR.

Lysates were immunoprecipated with anti-RAIDD

antibody and analyzed by western blot.

(C) HeLa cells treated with or without IR (10 Gy) or

Gö6976 (1 mM) were harvested 24 hr after IR.

Lysates were immunoprecipated with anti-PIDD

antibody and analyzed by western blot.

(D) HeLa cells treated with or without IR (10 Gy)

and Gö6976 (1 mM) were lysed 24 hr after IR and

loaded on a S400 HiPrep 16/60 Sephacryl column

(1 ml/min). An aliquot of each fraction was

analyzed by SDS-PAGE with the indicated anti-

bodies. Empty arrowheads indicate nonspecific

bands.

See also Figure S3.
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PIDDosome Formation in the CS Pathway Does Not
Correlate with an Increase in PIDD-CC Maturation
We next sought to determine the mechanism of PIDDosome

assembly in the CS pathway. PIDD interacts with RAIDD

primarily through the PIDD-CC fragment (Tinel et al., 2007).

PIDD-CC accumulates in cells exposed to IR (Cuenin et al.,

2008; Tinel et al., 2007) (Figures S3 and 4J [lanes 1–4]). Because

initiation of the CS pathway via IR+Chk1i leads to yet greater

levels of DNA damage than that seen after IR alone (Sidi et al.,

2008), a rise in PIDD-CC might account for the enhanced

RAIDD recruitment and caspase-2 activation observed in this

context. However, we did not detect any evident increase,

whether net, relative, nuclear, or cytoplasmic, in PIDD-CC

levels after IR+Chk1i compared to that observed after IR
Molecular Cell 47, 681–693, Se
alone, whether in MEFs or HeLa cells

(Figures S3, 4J [lanes 1–4], and 4K).

These results pointed to a different

mechanism of PIDDosome assembly

after DNA damage.

PIDD Interacts with ATM through
the LRR Domain
The fact that PIDD acts downstream of

ATM and ATR in the CS pathway (Fig-

ure 2C) suggested that ATM and/or ATR

might engage PIDD directly, plausibly

through phosphorylation. This might in

turn serve as the trigger for the PIDD-

RAIDD interaction shown in Figure 3.

We first asked whether ATM and ATR

are PIDD interactors. Flag-PIDD immuno-

precipitated from transiently transfected

HeLa cells was found to associate with
ATM, but not ATR (Figure 4A). Reciprocally, Flag-ATM interacted

with PIDD-FL, but not FADD (Figure 4B). As shown in Figure 4C,

ATM bound PIDD-N, but not PIDD-C or PIDD-CC. A construct

comprising solely the LRR domain interacted with ATM with

similar affinity as PIDD-N (Figure 4C). These results indicated

that ATM binds PIDD on the LRR domain.

At the endogenous level, ATM barely interacted with PIDD

in untreated cells. By contrast, initiation of the CS pathway via

IR+Chk1i triggered a robust interaction between both mole-

cules (Figure 4D). Therefore, ATM recruits PIDD during CS

apoptosis, correlating with PIDDosome assembly. Intriguingly,

ATM also interacted with PIDD after IR alone (Figure S4A). This

contrasts with the PIDD-RAIDD interaction, which occurs

specifically after IR+Chk1i (Figures 3A and 3B). Therefore,
ptember 14, 2012 ª2012 Elsevier Inc. 685



Figure 4. ATM Phosphorylates PIDD on T788 during CS Apoptosis

(A) HeLa cells transfected with Flag-tagged PIDD were lysed, immunoprecipitated with anti-Flag antibodies, and analyzed by western blot.

(B) HeLa cells transfected with Flag-ATM were lysed, immunoprecipitated with anti-Flag antibodies, and analyzed by western blot.

(C) HeLa cells transfected with the indicated Flag-tagged PIDD deletion constructs were lysed 24 hr after transfection, immunoprecipitated with anti-Flag

antibodies, and analyzed by western blot.

(D) HeLa cells either untreated or treated with IR (10 Gy) and Gö6976 (1 mM) were harvested 24 hr after IR. Nuclear extracts were immunoprecipated with an

anti-PIDD antibody targeted to the PIDD N terminus. Immunoprecipitates were analyzed by western blot.
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Chk1 must antagonize PIDDosome assembly downstream of

the ATM-PIDD interaction but upstream of the PIDD-RAIDD

interaction. This positions Chk1 antagonism of CS apoptosis at

the level of the PIDD platform (see the Discussion).

ATM Phosphorylates PIDD on T788 within the DD
The interaction between ATM and PIDD suggested that ATM

might play a direct role in PIDDosome assembly during CS

apoptosis. A Scansite (http://scansite.mit.edu) analysis of

PIDD-FL identified three candidate ATM phosphorylation sites:

SQ(202/203), located in the fourth LRR; SQ(521/522), located

in the distal ZU-5 domain; and TQ(788/789), located in the DD

(Figure 4E). Because the DD, but not the LRRs or ZU-5 domains,

provides the docking site for RAIDD (Tinel and Tschopp, 2004),

we focused on T788.

Sequence alignments revealed that the TQ(788/789) motif is

conserved in vertebrates (Figure 4E). In addition, Flag-PIDD

immunoprecipitated from cells undergoing CS apoptosis, but

not control cells, was reactive to antibodies raised against

phosphorylated ATM/ATR substrate peptides (phospho-SQ/TQ

antibodies). The RAIDD-interacting PIDD-CC fragment, which

contains TQ(788/789) but not SQ(202/203) or SQ(521/522),

became reactive to phospho-SQ/TQ antibodies shortly after

IR+Chk1i (Figure 4F). These observations indicated that PIDD

might indeed be an ATM substrate.

To test this directly, we first performed kinase assays. A re-

combinant GST-PIDD-CC substrate incubated with wild-type

ATM, but not kinase-dead ATM, showed a marked increase in

phospho-SQ/TQ immunoreactivity (Figure 4G). This increase

was dependent on an intact T788 residue, because a nonphos-

phorylatable GST-PIDD-CCT788A substrate was significantly

less phosphorylated than wild-type GST-PIDD-CC (Figure 4H).

These results showed that ATM can phosphorylate PIDD on

T788 in vitro.

To test whether ATM phosphorylates endogenous PIDD

during CS apoptosis, we generated an antibody against PIDD

phosphorylated on T788 [a-pPIDD (pT788); see the Supple-
(E) Diagram of PIDD-FL highlighting three candidate ATM phosphorylation sites

sequences of PIDD proteins from the indicated species. Mm, Mus musculus; Rn

rerio (zebrafish). The predicted full ATM target sequence (box) and the target TQ

(F) HeLa cells transfected with empty vector or C-terminally Flag-tagged PIDD w

indicated time points after IR. Protein extracts were immunoprecipitated with an

(G) Recombinant GST-PIDD-CC proteins were incubated with wild-type (WT) or

analyzed by Coomassie staining and western blot.

(H) Recombinant wild-type (WT) or T788A mutant (T/A) GST-PIDD-CC protein

Coomassie staining and western blot. Residual pSQ/TQ immunoreactivity in the T

occurring in the reaction.

(I) SV40MEFs of indicated genotypes were treated with IR (10 Gy) and Gö6976 (1

by western blot. p-CC, phospho-PIDD-CC; upper arrowhead marks p-CC ha

nonspecific bands.

(J) SV40WTMEFs treatedwith or without IR (10Gy) or Gö6976 (1 mM)were additio

each) at 8 hpIR. Cells were harvested at 24 hpIR and analyzed by western blot.

(K) HeLa cells transfectedwith CHK1 siRNA (+) or LACZ siRNA (–) were treated wit

and analyzed by western blot.

(L) HeLa cells stably expressing the indicated shRNAs were transfected with the

posttransfection. Cells were harvested at the indicated time points after IR and a

(M) SV40 WT MEFs treated with IR (10 Gy) and Gö6976 (1 mM) were exposed to A

Cells were harvested at 24 hr after IR+Gö6976 treatment and analyzed by weste

See also Figure S4.
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mental Experimental Procedures]. The target epitope,

ETGFLpT788QSNLL, is identical in humans and mice (Figure 4E).

This enabled us to demonstrate the specificity of the antibody

in both shPIDD cells and Pidd�/� MEFs (see Figures 4I and 4L

below). In WT MEFs treated with IR+Chk1i, the antibody de-

tected phospho-PIDD-CC (p-CC) as a band running �1–2 kDa

above native PIDD-CC (38/39 kDa versus 37 kDa, respectively),

whose intensity peaked at 24 hr poststimulus, and was absent

in Pidd�/� lysates (Figure 4I). The antibody did not recognize

native PIDD-CC but detected an additional, weaker band

running �5 kDa above p-CC (Figures 4I and S4B). Because

this band was also undetectable in Pidd�/� lysates (Figure 4I),

it likely reflects a phosphorylation-dependent secondary modifi-

cation of PIDD-CC.

p-CC was first detectable 8–16 hr after IR+Chk1i and peaked

at 24 hr (lanes 1–4 in Figure 4I; Figures S3A and S4B), correlating

with the kinetics of caspase-2 activation during CS apoptosis

(Figures S3B, S3C, 4K, and S4B). In contrast, p-CC was barely

detectable after IR or Chk1i alone (Figures 4J [lanes 1–4], 4K,

and S3A), or during heat shock-induced caspase-2 activation

(Figure S1C). These observations indicate that PIDD phosphory-

lation is specific to CS apoptosis. Most importantly, inhibition or

depletion of ATM, but not ATR or DNA-PK, blocked endogenous

PIDD phosphorylation during CS apoptosis in both MEFs

(Figures 4J and 4M) and HeLa cells (Figure 4L). In summary,

ATM (1) interacts with PIDD via the LRR domain, (2) phosphory-

lates PIDD directly on T788 in vitro, and (3) is required for phos-

phorylation of this residue in live cells treated with IR+Chk1i.

These observations show that ATM phosphorylates PIDD on

T788 during CS apoptosis.

T788 Phosphorylation Triggers RAIDD Recruitment
and Caspase-2 Activation
We next sought to determine the functional consequences

of PIDD phosphorylation by ATM. As shown earlier (Figures 1F

and 2C), PIDD-depleted cells fail to cleave caspase-2 after

IR+Chk1i (Figure 5A, compare lanes 2 and 3). Introduction of
(bold arrowheads). Blow up shows a clustal alignment of the DD amino acid

, Rattus norvergicus; Hs, Homo sapiens; Gg, Gallus gallus (chicken); Dr, Danio

motif (bold arrowhead) are indicated.

ere treated with IR (10 Gy) with or without Gö6976 (1 mM) and harvested at the

ti-Flag antibodies and analyzed by western blot.

kinase-dead (KD) Flag-ATM for an in vitro kinase assay (IVK). Reactions were

s were incubated with Flag-ATMWT for an IVK. Reactions were analyzed by

/A sample suggests additional specific or non-specific phosphorylation events

mM) and harvested at the indicated time points after IR. Extracts were analyzed

rboring an additional posttranslational modification (see the main text). ns,

nally treatedwith ATM inhibitor KU55933 or DNA-PKcs inhibitor NU7026 (10 mM

hor without IR (10Gy) at 16 hr posttransfection. Cells were harvested at 16 hpIR

indicated siRNAs and treated with or without Gö6976 (1 mM) or IR (10 Gy) 36 hr

nalyzed by western blot.

TM inhibitor KU55933 added at (‘‘@’’) the indicated time points after stimulus.

rn blot.
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Figure 5. PIDD Phosphorylation on T788 Is Necessary and Sufficient for Caspase-2 Activation

(A) HeLa cells stably expressing the indicated shRNAs were transfected with the indicated C-terminally Flag-tagged, shRNA-resistant PIDD constructs, treated

with or without Gö6976 (1 mM) or IR (10 Gy), and harvested 24 hr post IR. Lysates were analyzed by western blot. WT, wild-type PIDD; T/A, T788A mutant.

(B) 293T cells transfected with the indicated C-terminally Flag-tagged PIDD constructs were harvested at 24 hr posttransfection. Protein extracts were immu-

noprecipitated with anti-Flag antibodies. Immunoprecipitates and whole-cell lysates were analyzed by western blot. Asterisk indicates IgG light chain.

(C) HeLa cells transfected with the indicated C-terminally Flag-tagged PIDD constructs were either left untreated or treated with Gö6976 (1 mM) and IR (10 Gy),

and harvested 24 hr after IR. Lysates were analyzed by western blot. T/D, T788D mutant.

(D) HeLa-Bcl-XL cells were transfectedwith 5 ng C2-CARD-VC andC2-CARD-VN pBiFC plasmids, encoding the C- andN-terminal moieties of the Venus protein,

respectively, fused to the caspase recruitment domain (CARD) of caspase-2. Cells were cotransfectedwith the indicated PIDD constructs (10 ng) and dsRed-mito

(10 ng, used as transfection reporter), and imaged 24 hr posttransfection by confocal microscopy. Caspase-2 bifluorescence complementation (BiFC; left

column) is the Venus fluorescence signal that occurs when N- and C-terminal Venus moieties are brought in proximity as a result of caspase-2 recruitment to the

PIDDosome.
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a shRNA-resistant PIDDWT construct into this line was sufficient

to restore caspase-2 processing (compare lanes 3 and 4). In

contrast, a shRNA-resistant but nonphosphorylatable PIDDT788A

construct failed to rescue caspase-2 processing in shPIDD cells

(compare lanes 3, 4, and 5). This was not due to indirect effects

of the T788A mutation on PIDD stability or maturation, because

the PIDDWT and PIDDT788A constructs generate equivalent

amounts of the FL, C, and CC fragments in transfected cells

(Figure 5A). These results therefore indicate that T788 phos-

phorylation is specifically required for caspase-2 activation in

the CS pathway.

We then investigated the mechanism by which PIDD phos-

phorylation leads to caspase-2 activation. Because T788 lies

within the PIDD DD, which serves as the docking site for RAIDD

(Tinel and Tschopp, 2004), we analyzed the effects of the T788A

mutation on the PIDD-RAIDD interaction. Whereas PIDDWT

robustly interacted with endogenous RAIDD in HEK293T and

HeLa cells, RAIDD recruitment was abolished by the T788A

mutation (Figures 5B and 6A). As a consequence, PIDDT788A

shows a complete loss of function for caspase-2 activation, as

assessed by immunoblotting (Figures 5B and 5C) and cas-

pase-2 bifluorescence complementation (BiFC) microscopy

(Figures 5D–5F; see legend for details) (Bouchier-Hayes et al.,

2009). The inability of PIDDT788A to recruit RAIDD or activate

caspase-2 did not result from indirect effects of the mutation

on PIDD maturation (Figures 5A–5C), nor was it caused by

a general alteration of the DD that would globally affect its

ability to interact with other proteins (see RIP1 interaction data

below). Increasing doses of transfected PIDDT788A failed to

induce even marginal levels of caspase-2 BiFC, showing that

the mutant behaves as a true function null, as opposed to hypo-

morphic, allele (Figure 5F).

In contrast with nonphosphorylatable PIDD, a phosphomi-

metic variant, PIDDT788D, showed greater affinity for RAIDD

compared to PIDDWT (Figure 6A), as well as an enhanced ability

to activate caspase-2 (Figures 5C and S5, compare lanes 2 and

4 in each panel; see also BiFC data in Figures 5D–5F). Notably,

this hypermorphic activity of PIDDT788D in unstimulated cells

matched that produced by PIDDWT in cells undergoing CS

apoptosis (Figure 5C, compare lanes 4 and 6), a context where

T788 is physiologically phosphorylated by ATM (Figures 4J–

4M). Altogether, these results indicate that phosphorylation of

PIDD on T788 is both necessary and sufficient for PIDDosome

assembly and caspase-2 activation in the CS pathway.

T788 Phosphorylation Status Determines RAIDD versus
RIP1 Recruitment and Fate Choice by PIDD
The PIDD DD not only interacts with RAIDD but can also bind

prosurvival RIP1 after DNA damage (Janssens et al., 2005).

However, the mechanism by which PIDD discriminates between

RAIDD and RIP1 has remained unclear. We investigated the role

of T788 phosphorylation in this process. Whereas the T788D
(E) HeLa cells transfected and imaged as in (D) were scored for Venus positivit

means ± SEM. **p < 0.01, two-tailed Student’s t test.

(F) HeLa cells transfected as in (D) but with incremental amounts of the indicated

positivity. Data from three independent experiments (>100 cells each) are shown

See also Figure S5.

Molecu
phosphomimetic improved the affinity of PIDD for RAIDD, it

impaired RIP1 binding (Figure 6A). In contrast, while the T788A

mutation eliminated the ability of PIDD to recruit RAIDD, it stim-

ulated the recruitment of RIP1 (Figures 5B and 6A). The inability

of PIDDT788A to interact with RAIDD was not due to a failure to

dissociate from RIP1, because removing RIP1 via RNAi failed

to restore RAIDD recruitment to PIDDT788A (Figure 6B). None of

the mutations affected the stability of PIDD-C (RIP1-recruiting

PIDD fragment) or PIDD-CC (RAIDD-recruiting fragment).

Collectively, these data indicate that the choice of RAIDD or

RIP1 by PIDD is determined by the phosphorylation status of

T788 in the docking site.

If T788 phosphorylation determines the selection of proapo-

ptotic RAIDD versus prosurvival RIP1 at the PIDD DD, then

T788 phosphorylation should also impact fate decisions by

PIDD. Consistent with its decreased affinity for RAIDD but

increased affinity for RIP1, nonphosphorylatable PIDDT788A

was incapable of inducing apoptosis in HeLa cells or live zebra-

fish embryos (Figures 6C and 6E–6G), but showed a markedly

enhanced ability to stimulate etoposide-induced NF-kB

signaling (�2-fold increase compared toWT PIDD, p < 0.01; Fig-

ure 6D). Conversely, the PIDDT788D phosphomimetic, which is

hypermorphic for RAIDD binding but hypomorphic for RIP1

binding, failed to stimulate NF-kB signaling (Figure 6D) but

showed enhanced apoptosis-inducing capacity compared to

WT, both in vitro (25%–30% increase, p = 0.0256; Figure 6C)

and in vivo (�50% increase, p < 0.05; Figures 6E–6G). Collec-

tively, these experiments indicate that T788 phosphorylation is

a central determinant of cell-fate specification by PIDD.

DISCUSSION

Here we show that the DNA damage response kinase, ATM,

controls a phosphorylation switch within the PIDD death domain

which, in the OFF position, dictates recruitment of prosurvival

RIP1, and in the ON position, triggers RAIDD binding,

caspase-2 activation, and apoptotic cell death (Figure 7). This

phosphorylation switch is regulated by the Chk1 kinase, a core

effector of cell-cycle arrest and DNA repair after DNA injury.

Thus, PIDD encodes a genome surveillance platform that inte-

grates both DNA integrity (via ATM) and genome-maintenance

potential (via Chk1) to decide cell survival or death in the face

of genotoxic stress (Figure 7).

Assigning the PIDDosome to a Defined Apoptotic
Pathway
Recent efforts to elucidate the PIDDosome’s physiologic sig-

nificance have yielded conflicting results (Baptiste-Okoh et al.,

2008; Berube et al., 2005; Kim et al., 2009; Lin et al., 2000;

Manzl et al., 2009; Manzl et al., 2012; Niizuma et al., 2008;

Read et al., 2002; Ribe et al., 2012; Vakifahmetoglu et al.,

2006). Here, we identify the CS pathway as an apoptotic context
y. Data from three independent experiments (>100 cells each) are shown as

PIDD constructs (10, 20, or 40 ng) were imaged as in (D) and scored for Venus

as means ± SEM.
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Figure 6. T788 Phosphorylation Determines

RAIDD versus RIP1 Selection and Fate

Decision by PIDD

(A) HeLa cells transfected with the indicated

C-terminally Flag-tagged PIDD constructs were

harvested at 24 hr posttransfection. Protein

extracts were immunoprecipitated with anti-Flag

antibodies and analyzed by western blot.

(B) HeLa cells cotransfected with the indicated

siRNAs and C-terminally Flag-tagged PIDD

constructs were harvested at 36 hr after siRNA

transfection. Protein extracts were immunopre-

cipitated with anti-Flag antibodies and analyzed

by western blot. Asterisk indicates IgG light chain.

(C) shPIDD.4 HeLa cells transfected with the

indicated PIDD constructs were treated with or

without 10 Gy IR and Gö6976 (1 mM) and analyzed

by TUNEL staining at 48 hr after IR. Data are

means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001,

two-tailed Student’s t test.

(D) HEK293T cells transiently transfected with the

indicated PIDD constructs were treated with or

without etoposide (40 mM) and analyzed with a

NF-kB reporter. **p < 0.01, two-tailed Student’s

t test.

(E) One-cell stage wild-type zebrafish embryos

were injected with the indicated synthetic Flag-

PIDD mRNAs (100 pg each), stained with the

cell-death marker acridine orange at 24 hr post-

fertilization (hpf), and imaged with a fluorescence

microscope. Representative images are shown,

anterior to the left.

(F) Whole-body protein extracts from 24 hpf

embryos as in (E) were analyzed by western blot.

(G) Quantification of acridine-orange stains such

as in (E). Data collected from six independent

experiments (at least 30 embryos per construct in

each) are represented as means ± SEM. *p < 0.05,

two-tailed Student’s t test.

Molecular Cell

Deciding Cell Fate at the PIDD Platform
in which the PIDDosome both assembles and is required for

caspase-2 activation after genotoxic stress. Surprisingly,

whereas IR is a potent trigger of PIDDosome assembly in the

absence of Chk1, such lesions are by themselves poor inducers

of complex formation (Figures 3A and 3B). This may explain why

caspase-2 is only marginally required for apoptosis induction

in HeLa cells or MEFs exposed to IR alone (Ho et al., 2009;

Sidi et al., 2008), and why PIDD, RAIDD, and caspase-2 are

not required for IR-induced apoptosis in mouse thymocytes

(Kim et al., 2009; Manzl et al., 2009). Altogether, it appears

that a cell’s engagement of the PIDDosome after DNA damage

is tightly controlled by Chk1 signaling, which acts to restrain

complex assembly.
690 Molecular Cell 47, 681–693, September 14, 2012 ª2012 Elsevier Inc.
Mechanism of PIDD Switch
Function
PIDD has been implicated as a cell-fate

switch that integrates DNA damage

signals and orchestrates an appropriate,

survival or death response. PIDD switch

activity centers on its ability to interact

with a prosurvival factor, RIP1, or a pro-
death molecule, RAIDD, both of which compete for access to

the PIDD DD (Janssens et al., 2005; Tinel and Tschopp, 2004).

However, how PIDD senses DNA injury and in turn properly

discriminates between RIP1 and RAIDD had remained unclear.

Tinel et al. proposed that DNA damage impacts on the

autoproteolytic cleavage events that generate the RIP1- and

RAIDD-interacting forms of PIDD (Cuenin et al., 2008; Tinel

et al., 2007). However, we could not detect any striking

accumulation of PIDD-CC in cells undergoing CS apoptosis.

Alternatively, a DNA-damage signaling molecule might directly

regulate binding-partner selection at the PIDD DD (Janssens

et al., 2005). Here, we identify this molecule as the ATM kinase,

a core sensor and transducer of DNA double-strand breaks



Figure 7. Mechanism of Life versus Death

Decisions at the PIDD Docking Site

See the main text for details.
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(Ciccia and Elledge, 2010; Lowe et al., 2004). ATM phosphory-

lates PIDD on T788 within the DD, an event that appears

sufficient to decide between RAIDD or RIP1 recruitment. T788

is located in the N-terminal half of helix 1 in the PIDD DD, which

comprises several residues involved in homotypic interactions

that help build the PIDDosome core complex (Park et al.,

2007). Phosphorylation of T788 by ATM might induce a con-

formational change that exposes these residues at the DD:DD

interfaces. Alternatively, T788 phosphorylation might open up

the N-terminal tail of PIDD-CC to unmask the PIDD DD, a possi-

bility that awaits structural resolution of full-length PIDD-CC

(H. Wu, personal communication).

Refining the Mechanism by which Chk1 Suppresses
CS Apoptosis
We previously proposed that Chk1 antagonizes the CS pathway

via a negative feedback loop that targets ATM/ATR. This was

based on the fact that IR activates ATM and ATR to a much

lesser extent than IR+Chk1i in HeLa cells (Sidi et al., 2008).

However, our present observations in MEFs challenge this

model, as we find that IR activates ATM as efficiently as

IR+Chk1i in these cells (pChk2 blot in Figure 4J, compare lanes

3 and 4). Why then does ATM phosphorylate PIDD only when

Chk1 is inhibited?

Given the data, Chk1 must act downstream of active ATM

but upstream of PIDD phosphorylation. Because ATM binds

PIDD after IR regardless of Chk1 activity (Figure S4A), Chk1

must block PIDD phosphorylation by ATM following substrate

recognition by the kinase (Figure 7). Chk1 might directly phos-

phorylate PIDD to induce a conformational change that, while

compatible with ATM binding, prevents ATM from phosphory-

lating T788. Alternatively, a Chk1 substrate might interact with

PIDD or ATM to interfere with T788 phosphorylation.

Significance of PIDD Switch Activity
Our data suggest that PIDD integrates signals from the DNA

damage-sensing and checkpoint-surveillance machineries (via

ATM and Chk1, respectively) to decide between cellular life and

death (Figure 7). The death decision, which is favored by ATM,

only takes place if Chk1 signaling is minimal, as occurs during

checkpoint termination. This suggests that the PIDDosome
Molecular Cell 47, 681–693, Se
acts to eliminate damaged cells that

have violated checkpoint surveillance.

The PIDDosome might therefore consti-

tute a potent tumor-suppressive device.

Consistent with this notion, caspase-2

has recently emerged as a tumor

suppressor in mice (Ho et al., 2009; Ren

et al., 2012), and it has been suggested

that apoptosis through the CS pathway

may contribute to this function (Kumar,

2009). While lymphoma suppression by
caspase-2 does not depend on PIDD (Manzl et al., 2012), other

tumor types may be suppressed by PIDDosome signaling, likely

as a function of ATM and Chk1 levels, and extent of genomic

instability. Future studies should help further clarify the biologic

contexts in which cells engage the PIDDosome, rather than

other caspase-2 activation pathways, to trigger apoptosis.

Our identification of the CS pathway as a tractable setting for

PIDDosome signaling provides a molecular entry point into

PIDDosome biology after DNA damage.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents

HeLa, HEK293T, and TP53�/� HCT116 cells were cultured in DMEM medium

(GIBCO) supplemented with 10% fetal bovine serum (FBS). Caspase2�/�,
Raidd�/�, and Pidd�/� SV40- or E1A/Ras-transformed MEFs, kindly provided

by Andreas Villunger and Douglas Green, were cultured as described previ-

ously (Manzl et al., 2009). Unless otherwise specified, cells seeded in 6 cm

dishes were grown to 50%–80% confluence for treatment with DMSO or

Gö6976 (1 mM final; Calbiochem) 1 hr before IR (0 or 10 Gy, Gammacell

1000 137Cs irradiator) or etoposide treatment (40 mM, Enzo Life Sciences).

KU-55933 and NU7026 were from TOCRIS.

RNAi and DNA Transfection

Lentiviral shRNA transduction and siRNA and DNA transfections were essen-

tially performed as previously described (Sidi et al., 2008). See the Supple-

mental Experimental Procedures for further details and siRNA and shRNA

sequences.

TUNEL and NF-kB Reporter Assays

TUNEL assays were performed using the APO-BRDU kit (BD Biosciences,

Franklin Lakes, NJ) as described previously (Sidi et al., 2008). NF-kB reporter

assays were performed with the Cignal Reporter kit (QIAGEN) according to the

manufacturer’s instructions.

Size-Exclusion Chromatography

Size-exclusion chromatography (SEC) was performed in a DuoFlow BioLogic

System according to the manufacturer’s manual (BioRad). Cells were washed

twice with PBS and resuspended in hypotonic buffer (20 mM HEPES- KOH,

10 mM KCl, 1 mMMgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT [pH 7.5]) sup-

plemented with protease inhibitors (Complete Mini, Roche) and phosphatase

inhibitors (PhosSTOP, Roche). Resuspended cells were subjected to three

rounds of freeze thawing in liquid nitrogen. Debris was removed by centrifuga-

tion at 10,0003 g for 20min at 4�C, followed by filtration at 0.2 mm. The column

was equilibrated with gel filtration buffer (150 mM NaCl, 20 mM HEPES-KOH,
ptember 14, 2012 ª2012 Elsevier Inc. 691
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10 mM KCl, 1 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT [pH 7.5]).

Whole-cell lysates (5 mg) were applied to a S400 (HiPrep 16/60 Sephacryl)

gel filtration column (AmershamBiosciences). Sampleswere eluted at 1ml/min

and monitored with an online detector at 280 nm.

In Vitro Kinase Assays

HEK293T cells were transfected with pcDNA3-FLAG-ATM plasmids using

X-tremeGENE HP (Roche). Forty-eight hours after transfection, cells were

extracted in 0.1% NP-40 lysis buffer (0.1% NP-40, 50 mM Tris-HCl [pH 7.5],

250 mM NaCl, 5 mM EDTA) supplemented with protease and phosphatase

inhibitors (Roche). Lysates (�10 mg) were immunoprecipitated with 20 ml

protein A beads (Bio-Rad) coupled to anti-FLAG M2 antibody (Sigma).

Recombinant GST-tagged PIDD-CC was expressed in DH5a (Invitrogen)

and purified with glutathione beads (GE Healthcare). Flag-ATM and GST-

PIDD-CC beads were mixed together and resuspended in kinase reaction

buffer with 200 mM ATP (Cell Signaling) for 30 min at 30�C.

BiFC Assay and Confocal Microscopy

HeLa cells (5 3 104) were plated on dishes containing coverslips (Mattek)

coated with fibronectin (1 mg/ml; Millipore) 24 hr before transfection. Cells

were transfected with pBiFC.C2 CARD-VC155, pBiFC.C2 CARD-VN173,

dsRedmito (10 ng; Clontech), and PIDD plasmids using lipofectamine

2000 (Invitrogen). qVD-OPH (5 mM; MP Biomedicals) was included to

prevent cell detachment upon apoptosis. Twenty-four hours after transfec-

tion, cells were analyzed by fluorescence microscopy. Red cells were

counted and the percentage of Venus+ cells against total transfected cells

was calculated from a minimum of 300 cells per well. Images were taken

with a spinning disk confocal microscope (Zeiss) with a 203 objective and

analyzed with ImageJ software (see the Supplemental Experimental Proce-

dures for details).

mRNA Injections and Acridine Orange Labeling in Zebrafish

Embryos

Synthetic mRNAs were in vitro transcribed from pCSDest-subcloned PIDD

templates using the Ambion mMESSAGE mMACHINE kit and injected

(100 ng/ml) into one-cell stage embryos as previously described (Sidi et al.,

2008). Twenty-four hour embryos were stained with acridine orange

(10 mg/ml final) and lyzed for western blot analysis as previously described

(Sidi et al., 2008) and imaged with a Nikon SMZ 1500 fluorescence

microscope.

Statistics

Statistical significance was analyzed by two-tailed Student’s t tests. Data are

represented as the mean ± SEM.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and five figures and can be found with this article online at http://dx.doi.org/

10.1016/j.molcel.2012.06.024.
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