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Abstract

The apoptotic actions of p53 require its phosphorylation by a family of phosphoinositide-3-kinase-

related-kinases (PIKKs), which include DNA-PKcs and ATM. These kinases are stabilized by the

TTT (Tel2, Tti1, Tti2) co-chaperone family, whose actions are mediated by CK2 phosphorylation.

The inositol pyrophosphates, such as 5-diphosphoinositol pentakisphosphate (IP7), are generated

by a family of inositol hexakisphosphate kinases (IP6Ks) of which IP6K2 has been implicated in

p53-associated cell death. In the present study we report a novel apoptotic signaling cascade

linking CK2, TTT, the PIKKs, and p53. We demonstrate that IP7, formed by IP6K2, binds CK2 to

enhance its phosphorylation of the TTT complex thereby stabilizing DNA-PKcs and ATM. This

process stimulates p53 phosphorylation at serine-15 to activate the cell death program in human

cancer cells and in murine B cells.

INTRODUCTION

Following genotoxic stress, cell arrest or apoptosis is typically mediated by the tumor

suppressor transcription factor p53 (Vousden and Prives, 2009). p53 enhances the

transcription of genes, such as p21, which arrest the cell cycle and facilitate cell repair. In
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instances of prolonged insult or irreparable cell damage, p53 activates genes such as Noxa,

PUMA, and Bax, which initiate pro-death programs that proceed through mitochondrial

signaling leading to caspase-3 activation. The regulation of p53 dynamics is complex,

involving multiple stimuli at the level of transcription, translation and post-translational

modifications (Kruse and Gu, 2009; Vousden and Prives, 2009). Nonetheless, in response to

DNA damage, the initial activation trigger is phosphorylation of p53 at serine-15 (S15)

(Zhang et al., 2011) by three kinases in the family of phosphoinositide-3-kinase-related

protein kinases (PIKKs): ATM (ataxia-telangiectasia mutated), ATR (ATM- and Rad3-

related), and DNA-PKcs (DNA-dependent protein kinase catalytic subunit) (Banin et al.,

1998; Canman et al., 1998; Shieh et al., 1997; Tibbetts et al., 1999). S15-phosphorylation of

p53, especially when mediated by DNA-PKcs, facilitates transcription of apoptotic genes

such as PUMA, while down-regulating p21 levels (Hill et al., 2008; Hill et al., 2011; Sluss et

al., 2004; Wang et al., 2000).

PIKKs are large proteins (270–470 kDa) whose C-terminal portion contains catalytic

domains resembling PI3 kinase (Abraham, 2004), and whose N-terminal area includes 40–

50 HEAT repeats of >2,000 amino acids (Perry and Kleckner, 2003). In mammals, there are

six PIKKs: ATM, ATR, DNA-PKcs, mTOR, TRRAP, and SMG1. PIKKs typically function

in the context of multi-protein complexes (Lovejoy and Cortez, 2009). Maintaining

physiologic conformations of such large, repeat-rich proteins and assembling their

complexes requires the actions of chaperone proteins. Recently, the TTT complex,

comprising Tel2, Tti1 and Tti2 (Hurov et al., 2010), has been demonstrated to stabilize the

PIKK enzymes (Takai et al., 2007) in conjunction with chaperone systems (Horejsi et al.,

2010; Izumi et al., 2010; Takai et al., 2010), with Tti1 (Kaizuka et al., 2010) and Tel2 (Takai

et al., 2007) binding to newly synthesized PIKKs (Takai et al., 2010).

Mechanisms regulating functions of the TTT complex have not been well characterized.

Recently, it was reported that Tti1 and Tel2 are physiologically phosphorylated by casein

kinase-2 (CK2), thereby influencing the stability and function of PIKKs (Fernandez-Saiz et

al., 2013; Horejsi et al., 2010). Phosphorylation of Tti1 at Ser828 and Tel2 at Ser485

facilitates their ubiquitination and degradation when in complex with mTORC1 (Fernandez-

Saiz et al., 2013; Horejsi et al., 2010), whereas phosphorylation of Tel2 at Ser487/491

augments interaction with the RT2P/prefoldin-like chaperone complex (Horejsi et al., 2010).

CK2 has been regarded as a constitutive kinase not subject to regulation (Pinna and Allende,

2009). Tobin and associates identified inositol polyphosphates as potential regulators of

CK2 (Solyakov et al., 2004). They reported that exogenous inositol hexakisphosphate (IP6)

stimulates CK2 activity in liver preparations by competing with an endogenous tissue

constituent, which was later identified as hNopp140 (Kim et al., 2006), a protein with very

high affinity and binding capacity for CK2 (Lee et al., 2008). Although the stimulation by

IP6 suggests that CK2 normally exists in an inhibited state with low constitutive activity, it

remains unclear whether IP6 physiologically regulates CK2.

Inositol pyrophosphates are inositol polyphosphate derivatives containing highly energetic

diphosphate bonds that turn over rapidly in cells (Chakraborty et al., 2011a; Menniti et al.,

1993; Stephens et al., 1993). The most extensively characterized member of this class is
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diphosphoinositol pentakisphosphate in which five of the inositol hydroxyls are

monophosphates, while a sixth, at the 5-position, contains a pyrophosphate moiety so that

the molecule is typically referred to as 5-diphosphoinositol pentakisphosphate (5-IP7,

henceforth simply designated IP7) (Albert et al., 1997). In mammals, IP7 is generated from

IP6 by a family of IP6 kinases (IP6K1-3) (Saiardi et al., 1999; Saiardi et al., 2001). Another

isomer of IP7, 1-IP7, can also be formed by a more recently identified enzyme termed VIP,

though VIP appears to be predominantly associated physiologically with the formation of

IP8 (Choi et al., 2007). IP6Ks display substantial sequence homology but different

physiologic functions (Barker et al., 2009; Chakraborty et al., 2011a). IP6K2, in particular,

physiologically mediates apoptotic cell death. Thus, Lindner and associates (Morrison et al.,

2002; Morrison et al., 2001) and ourselves (Koldobskiy et al., 2010; Nagata et al., 2005)

demonstrated that overexpression of IP6K2 sensitizes cells to apoptotic stressors, while

deletion of IP6K2, but not IP6K1 or IP6K3, confers resistance. Mice with targeted deletion

of IP6K2 display a predisposition to the formation of certain tumors and are resistant to cell

death elicited by ionizing radiation (Morrison et al., 2009). In human cancers there are also

reports of IP6K2 mutation (Jones et al., 2012), deletion (Kay et al., 2010), and allelic-

specific expression (Zhao et al., 2010). Recently, we found that IP6K2 is required for p53-

mediated apoptosis (Koldobskiy et al., 2010). Thus, gene disruption of IP6K2 selectively

impairs p53-mediated apoptosis, instead favoring cell-cycle arrest. However, molecular

mechanisms whereby IP6K2 controls p53-mediated cell fate determination remain unclear.

Earlier, York et al (York et al., 2005) and we (Saiardi et al., 2005) reported that yeast

deficient in Kcs1, the only yeast IP6 kinase, display altered telomere length and sensitivity

to wortmannin and caffeine, both mediated by the yeast ATM homolog Tel1, indicating a

functional linkage between IP6Ks and PIKKs. In the present study we employed tandem

affinity purification method to screen for IP6K interaction partners and found that human

IP6K2 directly binds to Tti1. We delineate a signaling system whereby IP7, generated by

IP6K2, interacts selectively with CK2 to stimulate phosphorylation of the Tel2/Tti1/Tti2

complex thereby enhancing the ability of DNA-PKcs/ATM to phosphorylate and activate

p53. We further demonstrate that this cascade accounts for the pro-apoptotic influences of

IP6K2, establishing inositol pyrophosphates as physiologic mediators of the DNA-PK/

ATM-p53 cell death axis.

RESULTS

IP6K2 binds to the Tti1/Tti2/Tel2 complex through direct interactions with Tti1

Earlier we provided evidence that apoptotic actions of IP6K2 involve p53, but underlying

molecular mechanisms were not characterized (Koldobskiy et al., 2010). To clarify this

signaling system, we sought to identify binding partners for IP6K2 (Figure 1). Tandem

affinity purification followed by mass spectrometry reveals selective binding of IP6K2 to

Tti1 (Figure 1A, Figure S1A). By contrast, IP6K1 but not IP6K2 binds to DDB1, part of an

E3 ubiquitin ligase system (Iovine et al., 2011). Since yeast IP6K regulates PIKKs (Saiardi

et al., 2005; York et al., 2005), and Tti1 is known to bind and stabilize PIKKs as part of a

Tti1/Tti2/Tel2 complex (Hurov et al., 2010; Kaizuka et al., 2010), we chose to investigate

the functional relevance of the Tti1-IP6K2 interaction. Western blot analysis reveals co-
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precipitation of IP6K2 with Tti1, Tel2, DNA-PKcs and ATM (Figure 1A), but not ATR,

mTOR, SMG1 or TRRAP (data not shown), suggesting that IP6K2 exists in a ternary

complex with DNA-PKcs/ATM and the TTT proteins. Since DNA-PKcs and ATM

phosphorylate p53 to activate its apoptotic program (Callen et al., 2009), these binding

interactions might underlie the apoptotic influences of IP6K2.

We verified the interaction between IP6K2 and the TTT complex by co-

immunoprecipitation (Co-IP). Transiently transfected GST-IP6K2 binds to Flag-Tti1, Flag-

Tel2 (Figure 1B, 1C), and myc-Tti2 (Figure S1B). We also detect binding between myc-

IP6K2 and Flag-Tti1 (Figure S1C), and between GST-IP6K2 and myc-Tel2 (Figure S1D).

The physiologic relevance of these interactions is supported by the binding of endogenous

Tti1 and Tel2 to IP6K2 (Figure 1D).

Mapping studies reveal that the C-terminus of IP6K2 binds Tti1 (Figure 1E) and Tel2

(Figure 1F). These binding interactions appear to be direct, as we observe in vitro binding of

recombinant IP6K2’s C-terminus to purified Tti1 (Figure 1G). We do not detect IP6K2

binding to purified Tel2, suggesting that Tel2 may interact with IP6K2 indirectly, via Tti1.

We also mapped areas of Tti1 that interact with IP6K2 (Figure 1H), revealing that the

middle (Tti1M) and C-terminal (Tti1C) portions of Tti1 differentially bind GST-IP6K2 but

not GST controls. Direct binding of recombinant IP6K2 and recombinant Tti1MC is

established by in vitro experiments (Figure 1I).

IP7 enhances phosphorylation of Tti1/Tel2 by influences upon CK2

In the Co-IP experiments, we noticed that overexpression of IP6K2 consistently decreases

levels of Tti1 (Figure 1B, S1C), but not Tti2 or Tel2. Recently, Bassermann and colleagues

(Fernandez-Saiz et al., 2013) described S828-phosphorylation of Tti1 by CK2, leading to its

ubiquitination and degradation with specific influences on mTORC1 signaling. We find that

IP6K2 co-expression enhances phosphorylation and K48-linked ubiquitination of Tti1

(Figure 2A, S2A). Conversely, in both HCT116 and U2OS cells, depletion of IP6K2 by

RNA interference diminishes endogenous Tti1 phosphorylation (Figure 2B) without

affecting total Tti1 levels. Inhibition of protein phosphatase activity by okadaic acid

increases levels of phospho-Tti1, while 4,5,6,7-tetrabromo-1H-benzotriazole (TBB), a

selective CK2 inhibitor, decreases phospho-Tti1 levels (Figure 2C). TBB, but not okadaic

acid, nullifies the effect of IP6K2 depletion, suggesting that IP6K2 impacts Tti1

phosphorylation by enhancing CK2 activity.

To determine whether IP6K2’s catalytic activity is required for Tti1 phosphorylation, we

employed N2-(m-(trifluoromethy)lbenzyl)N6-(p-nitrobenzyl)purine (TNP), a specific

inhibitor of IP6 kinase activity (Padmanabhan et al., 2009), and the IP6K2 K222A kinase-

dead mutant (Saiardi et al., 2001). TNP markedly reduces Tti1 phosphorylation (Figure 2D).

Moreover, kinase-dead IP6K2 does not enhance Tti1 phosphorylation (Figure 2E). IP6K2

also increases Tel2 phosphorylation at S487/491 in a catalytic activity-dependent manner

(Figure 2E).

Rao et al. Page 4

Mol Cell. Author manuscript; available in PMC 2015 April 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The requirement of IP6K2’s catalytic activity for enhancing Tti1 and Tel2 phosphorylation

suggests that inositol pyrophosphates activate this process. However, in vitro experiments

fail to reveal augmentation by IP6 or IP7 of CK2 phosphorylation of Tti1, Tel2, or the

classical CK2 substrate peptide (RRRADDSDDDDD) (Figure S2 B–F). These findings are

consistent with observations of Tobin and colleagues (Solyakov et al., 2004) that IP6

stimulates CK2 activity in partially purified cell lysates but not with pure CK2. They noted

that IP6 acts by reversing inhibition of CK2 by an endogenous factor, which appears to be

hNopp140 (Kim et al., 2006). We find that recombinant hNopp140 inhibits CK2

phosphorylation of Tti1 in a concentration-dependent manner (Figure S2G). Importantly,

while IP6 reverses this inhibition with a 50% effect at about 10 μM, IP7 appears to be

approximately 10 times more potent, with an EC50 of about 1 μM (Figure 2F, 2G). Thus, IP7

selectively enhances CK2 activity by counteracting the inhibitory influences of hNopp140.

We speculate that IP6/7 directly binds CK2, an acidophilic kinase with abundant positively

charged surface residues (Niefind et al., 2001). To evaluate such molecular interactions, we

monitored binding of [3H]IP6 to HEK293-purified CK2 linked to myc beads. [3H]IP6 binds

to myc-CK2α, the catalytic subunit, but not the β-subunit or myc-Tel2 (Figure S2H). To

exclude the possibility that [3H]IP6 binds to a CK2α-associated factor and to decrease

background binding to beads, we assessed binding of [3H]IP6 to purified recombinant GST-

CK2 attached to glutathione beads. [3H]IP6 binds robustly to holo-CK2 and CK2α, but not

CK2β (Figure 2H). At 25 μM concentration IP7 abolishes [3H]IP6 binding to CK2, whereas

IP6 reduces binding only about 55% and inositol hexasulfate is inactive (Figure 2I). 5PCP-

IP5, a non-hydrolyzable derivative of IP7 (Wu et al., 2013), is as active as IP7 itself. Using

this binding paradigm we conducted detailed concentration-response analysis to ascertain

the relative affinities of IP6 and IP7 for CK2 (Figure 2J, 2K). IP7 displays an IC50 of about

0.4 μM, 30-times more potent than IP6 whose IC50 value is 14 μM.

IP7 appears to impact CK2 at a site distinct from the substrate binding site (Figure 2I). Thus,

ATP and a CK2 substrate peptide fail to compete with [3H]IP6 binding, which might explain

the lack of influence of IP6/IP7 upon pure CK2 activity. On the other hand, heparin, which

binds CK2 over an extended surface, abolishes [3H]IP6 binding. To ascertain regions of

CK2 required for [3H]IP6 binding, we made a variety of CK2 mutations of which three,

mutations of Lys77, Arg80, and Arg 151 to glutamate, reduce binding (Figure 2L). When

mapped to the crystal structure of CK2 (Niefind et al., 2001), these three residues lie close to

each other and form a positively charged pocket adjacent to the active site (Figure 2M).

While this work was under revision, Lee et al reported the crystal structure of the CK2-IP6

complex (Lee et al., 2013). Consistent with our mutagenesis data, residues Lys77, Arg80,

and Arg 151 are located in proximity to the phosphate groups of IP6 (Figure S2I)

IP6K2 stabilizes DNA-PKcs/ATM by enhancing phosphorylation-dependent binding of Tti1/
Tel2 to DNA-PKcs/ATM

What is the physiological implication of the finding that IP7 enhances CK2 phosphorylation

of Tti1/Tel2? Tti1/Tel2 binds and stabilizes PIKKs (Hurov et al., 2010). CK2

phosphorylation of Tel2 is required for its binding to chaperones and for PIKK stabilization

(Horejsi et al., 2010). Whether CK2 phosphorylation of Tti1 also mediates the stability of
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PIKKs is unknown. We therefore measured the levels of PIKKs in Tti1 knockdown cells

that have been complemented with RNAi-resistant wildtype Tti1 or Tti1S828A. While

wildtype Tti1 rescues the loss of DNA-PKcs, ATM and mTOR resulted from Tti1 depletion,

the S828A mutant does so to a much lesser extent (Figure 3A). Thus, CK2 phosphorylation

of both Tel2 and Tti1 is required for them to stabilize PIKKs.

To understand the role of Tti1/Tel2 phosphorylation, we examined whether phospho-

acceptor site mutants of Tti1 and Tel2 display altered binding properties to DNA-PKcs,

ATM and mTOR. Mutation to alanine of Tel2’s two serine residues that are CK2

phosphorylation sites decreases binding of Tel2 to DNA-PKcs, ATM, and mTOR, an effect

not elicited by the phospho-mimicking DD mutation (Figure 3B). The parallel S828A

mutation of Tti1 also diminishes Tti1 binding to DNA-PKcs, whereas the phospho-mimic

S828D mutation stimulates binding to both DNA-PKcs and ATM (Figure 3C). Thus, both

for Tti1 and Tel2, phosphorylation at the CK2-sensitive sites augments binding of these

proteins to DNA-PKcs/ATM, which is associated with their stabilization.

The presence of DNA-PKcs and ATM in our IP6K2-TAP pulldown (Figure 1A) suggests

that IP6K2 participates in stabilizing DNA-PKcs and ATM. We first examined whether

IP6K2 regulates the interaction between the TTT complex and DNA-PKcs/ATM.

Tetracycline-induced IP6K2 overexpression in U2OS cells markedly increases binding of

Tel2 to ATM/DNA-PKcs but not mTOR (Figure 3D). Conversely, the dominant-negative

IP6K2 (aa 212-426), designed from our mapping studies (Figure 1E, 1F), substantially

reduces binding of Tel2 to DNA-PKcs (Figure 3E). Thus, IP6K2 augments binding of Tel2

to DNA-PKcs/ATM.

To validate that Tel2/Tti1 binding to DNA-PKcs/ATM depends on IP6K2, we employed the

IP6K2 null HCT116 cell line generated by homologous recombination (Koldobskiy et al.,

2010). IP6K2 deletion greatly diminishes binding between Tel2 and DNA-PKcs/ATM, with

no apparent effect on other PIKK members such as mTOR, ATR, SMG1, and TRRAP

(Figure 3F). Similar selectivity is evident for IP6K2 deletion-associated diminution of Tti1

binding to DNA-PKcs/ATM (Figure 3F). Notably, protein levels of DNA-PKcs/ATM, but

not the other PIKKs, are markedly reduced in IP6K2 knockouts (Figure 3G), suggesting that

decreased binding of Tel2/Tti1 to DNA-PKcs/ATM leads to their destabilization. Consistent

with this notion, IP6K2 deletion does not alter mRNA levels of DNA-PKcs/ATM (Figure

S3B). Rather, the half-life of DNA-PKcs/ATM, assessed by rates of protein loss with

cycloheximide treatment, is greatly accelerated with IP6K2 deletion (Figure 3G). Similarly,

the half-life of DNA-PKcs/ATM is decreased in Tti1 knock-down cells rescued with

Tti1S828A compared with cells complemented with wildtype Tti1 (Figure S3C).

We explored protein degradative mechanisms that might account for IP6K2-mediated

stabilization of DNA-PKcs/ATM (Figure S3D). Depletion of DNA-PKcs/ATM associated

with IP6K2 deletion is not altered by the proteasomal inhibitor MG132 or the caspase

inhibitor z-VAD-fmk, similar to findings in Tel2 knockout cells (Takai et al., 2007). By

contrast, leupeptin, a lysosomal protease inhibitor, does partially prevent DNA-PKcs/ATM

degradation.
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IP6K2 is required for the DNA-PKcs/ATM-p53 signaling axis

Thus far we have identified a signaling system whereby IP7, generated by IP6K2, enhances

CK2 phosphorylation of Tti1 and Tel2 to facilitate their stabilization of DNA-PKcs/ATM.

To understand the physiological consequences of these signaling events, we monitored the

phosphorylation of DNA-PK/ATM downstream substrates in response to DNA-damage

(Figure 4A). At multiple times following etoposide treatment IP6K2 deletion leads to

marked depletion of total and phosphorylated levels of DNA-PKcs/ATM as well as total and

phospho-S15 p53, consistent with a role for DNA-PKcs/ATM in phosphorylating and

stabilizing p53. Diminished p53 stabilization following IP6K2 deletion is also observed with

another DNA damage inducer, 5-fluorouracil (5-FU) (Figure S4A). Downstream targets of

p53 associated with cell death, such as PUMA and NOXA, are depleted by IP6K2 deletion,

while p21 levels, associated with cell arrest, are increased, which might be due to the

specific repressive role for DNA-PKcs in p21 transcription (Hill et al., 2011). Consistent

with this notion, the DNA-PKcs inhibitor Nu7026 increases p21 levels in wild type but not

IP6K2 knockout cells (Figure S4B). Phosphorylation of the histone variant H2AX, an early

marker of DNA damage loci and another common substrate of DNA-PKcs and ATM, is also

attenuated in IP6K2 knockouts (Figure 4A, 4B). By contrast, IP6K2 has negligible effect on

phosphorylation of the ATM-specific substrates checkpoint kinase 2 (Chk2) and KAP1, or

signaling through the ATR-Chk1 axis, suggesting that IP6K2’s actions are rather selective.

The above findings are consistent with our previous report of a role for IP6K2 in p53

downstream target expression (Koldobskiy et al., 2010), and also imply that IP6K2 regulates

p53 at the level of its S15-phosphorylation. To explore this possibility, we first verified the

role of IP6K2 in phospho-S15-p53 generation in vitro using cell lysates. Both basal and

double-stranded DNA-stimulated phosphorylation of a p53-derived peptide containing S15

is markedly reduced upon IP6K2 deletion (Figure 4C). We then determined whether IP6K2

regulates p53 phosphorylation only at Ser15. Multiple phosphorylation sites on p53

influence its apoptotic actions (Vousden and Prives, 2009). IP6K2 deletion virtually

abolishes 5-FU-induced phospho-S15-p53 but has negligible effect on phosphorylation of

p53 at S20, S37 and S392 (Figure S4C). The effects of IP6K2 genetic deletion are

substantiated by experiments depleting IP6K2 transiently with RNA interference in HCT116

and U2OS cells (Figure 4D, S4D). This means of reducing IP6K2 levels also leads to

substantial decreases in both p53 protein and phospho-S15-p53. IP6K2 directly binds to p53

(Koldobskiy et al., 2010). To assess whether this binding is required for p53 S15-

phosphorylation, we employed IP6K21-67, which disrupts the IP6K2-p53 association

(Koldobskiy et al., 2010). Expression of IP6K21-67 blocks both basal and 5-FU induced p53

S15-phosphorylation and stabilization without affecting the stability of ATM or DNA-PKcs

(Figure 4E). Together, data employing IP6K2 deletion, depletion and dominant-negative

fragment competition suggest that IP6K2 is required for DNA-PKcs/ATM-mediated p53

S15 phosphorylation at two levels: stabilizing DNA-PKcs and ATM, and also keeping the

kinase complexes in proximity to p53.

We then examined whether IP6K2 overexpression potentiates the DNA-PKcs/ATM-p53

pathway (Figure 4F). While overexpressing wild-type IP6K2 does not alter levels of DNA-

PKcs/ATM or p53 induction, overexpressed IP6K2 K222A mutant acts as a dominant-
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negative to diminish DNA-PKcs/ATM levels as well as p53 induction, reinforcing the

importance of IP6K2’s catalytic activity in this process. Consistent with this requirement for

IP7, in Tti1 depleted cells, expression of wildtype Tti1 results in more extensive p53

induction and S15-phosphorylation than the expression of Tti1S828A (Figure S4E).

IP6K2 appears to regulate apoptotic cell death via the DNA-PKcs/ATM-p53 signaling

cascade we have characterized. Thus, activation by 5-FU of p53 transcriptional reporter

activity is virtually abolished in HCT116 cells with IP6K2 deletion (Figure 4G) or depletion

by shRNA (Figure 4H). Consequently, cell viability is increased in IP6K2 deficient cells

treated with 5-FU or etoposide (Figure S4F–G). Apoptotic cell death monitored by TUNEL

assay is reduced by 80% in cells depleted of IP6K2 by shRNA (Figure 4J, 4K). IP6K2

knockdown fails to improve the viability of p53−/− HCT116 cells (Figure S4H), consistent

with the notion that apoptotic action of IP6K2 requires the DNA-PKcs/ATM-p53 pathway.

Expression of IP6K21-67 also enhances cell viability (Figure 4K), reinforcing the importance

of IP6K2-mediated p53 S15-phosphorylation in cell death.

If IP6K2 deletion influences cell viability via the DNA-PKcs/ATM signaling cascade, then

drugs that inhibit DNA-PKcs or ATM should not exert additive effects upon cell viability.

We monitored viability of HCT116 cells with IP6K2 deletion as well as treatment with the

DNA-PKcs inhibitor Nu7026 or the ATM inhibitor Ku55933 (Figure 4L, S4I). Nu7026

increases viability in wild type cells but not in IP6K2 knockouts; whereas Ku55933

negatively influences cell viability in both wildtype and knockouts (Figure S4I). Together,

these findings suggest that IP6K2 influences cell viability by signaling through DNA-PKcs

and ATM, with a specific pro-death contribution from DNA-PKcs, consistent with the

emerging apoptotic role of DNA-PKcs (Callen et al., 2009; Cooper et al., 2013; Hill and

Lee, 2010).

We extended our analysis of this signaling pathway to intact animals by generating mice

with targeted deletion of IP6K2, using a Cre-loxp methodology (Figure 5A). The mutant

mice are viable, comparable in size to wild-type mice and are born at normal Mendelian

ratios. Both male and female mutants are fertile. This phenotype is similar to IP6K2

knockout mice generated by Lindner and associates (Morrison et al., 2009). Mouse

embryonic fibroblasts (MEFs) from the mutant mice display about a 20% decrease in

generation of IP7 based on [3H]inositol profiling (Figure S5A), confirming findings of the

Lindner group (Morrison et al., 2009). This finding is consistent with the observation that in

these cells most IP7 is generated by IP6K1 (Chakraborty et al., 2010).

In the IP6K2 deleted MEFs, we fail to detect any alteration in levels of DNA-PKcs or ATM

(Figure 5B), which might be due to the minimal contribution of IP6K2 to IP7 formation in

MEFs. Whereas murine cells generally display very low levels of DNA-PKcs, human cells

possess high concentrations (Figure S5B), consistent with the known difference in DNA-PK

activity between human and rodents (Achari and Lees-Miller, 2000). Nussenzweig and

associates (Callen et al., 2009) detected substantially higher DNA-PKcs expression in

murine B cells than MEFs. Accordingly, we examined DNA-PKcs and ATM in B cell

preparations from mice (Figure 5C). Expression of DNA-PKcs and ATM is markedly
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diminished in IP6K2 deleted B cells, whereas levels of Ku80, a subunit of the DNA-PK

holo-complex, are unaffected.

We examined the influence of IP6K2 deletion on the disposition of p53 and cell viability in

B cells (Figure 5D, 5E). Neocarzinostatin (NCS), which elicits double-stranded DNA breaks

that mimic effects of ionizing radiation, markedly enhances S15-phosphorylation of p53 and

phosphorylation of Tti1 with both effects substantially diminished in IP6K2 knockout cells.

IP6K2 deletion also significantly increases viability of the B cells subjected to ionizing

radiation or NCS treatment. Thus, in cells of intact mice, as in continuous cell lines, IP6K2

regulates p53 phosphorylation and cell viability via influences upon DNA-PKcs/ATM.

DISCUSSION

In the present study we elucidate a signaling pathway whereby IP6K2 mediates p53-

associated cell death (Figure 6). In this cascade, IP6K2 directly binds Tti1 via its C-

terminus, and the IP7 generated by IP6K2 binds with high affinity and selectivity to CK2

enhancing its ability to phosphorylate Tti1/Tel2. This phosphorylation enables the TTT

complex to bind and stabilize DNA-PKcs and ATM, which in turn S15-phosphorylates and

activates p53. It is now well established that the Tti1/Tti2/Tel2 complex binds to DNA-

PKcs/ATM providing stabilization (Takai et al., 2007), and that these latter two proteins

stabilize and activate p53 (Vousden and Prives, 2009). Coordination of the pathway had not

been previously elucidated. The interface between CK2 and IP6K2/IP7 facilitates this

signaling cascade.

Our earlier study showed that IP6K2 binds directly to p53 via its N-terminus and decreases

expression of the pro-arrest gene target p21 (Koldobskiy et al., 2010). Here we show that

this interaction is required for p53 to be phosphorylated by DNA-PKcs/ATM, which might

contribute to the selective effect of IP6K2 on p53. However, IP6K2 also mediates

phosphorylation of H2AX, but not the other substrates examined. The detailed mechanism

of substrate specificity remains unclear, but may reflect the fact that H2AX and p53 are

common substrates of both DNA-PK and ATM. The depletion of p21 elicited by IP6K2

presumably relates to the known down-regulation of p21 by DNA-PKcs (Hill and Lee, 2010;

Hill et al., 2008; Hill et al., 2011; Sluss et al., 2004; Wang et al., 2000), and so constitutes a

component of the present signaling cascade.

Several aspects of this cascade are notably selective. It is already established that IP6K2 is

unique in its pro-apoptotic actions. Thus, while overexpression of all IP6Ks can augment

apoptosis, deletion of IP6K2 but not IP6K1 or IP6K3 augments cell viability (Nagata et al.,

2005). IP6K2, but not IP6K1, binds Tti1, generating IP7 in proximity to Tti1 to enhance the

CK2-mediated phosphorylation of Tti1. The influence of IP7 upon CK2 phosphorylation is

potent and highly selective, with about 10-fold greater potency than IP6. This specific

interaction between IP7 and CK2 provides a physiologic means for CK2 regulation.

Although CK2 is considered a constitutive enzyme (Pinna and Allende, 2009), its activity

can be modulated by IP6 in vitro (Kim et al., 2006; Solyakov et al., 2004). Our in vitro and

in vivo studies demonstrate that IP7 and IP6K2 are physiological regulators of CK2. IP7

does not directly interfere with CK2 binding of substrates (peptide or ATP). Rather, IP7
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binds to an allosteric site, which also binds heparin, to modulate CK2 interaction with the

regulatory protein hNopp140. Two other proteins, nucleolin (Li et al., 1996) and HSP90

(Miyata and Yahara, 1995), also tightly associate with CK2 in a heparin-sensitive, substrate-

insensitive manner. Whether they coordinate with IP7 in regulating CK2 activity toward

certain substrates is unclear. The highly energetic nature of IP7 and its rapid turnover

(Menniti et al., 1993; Stephens et al., 1993) imply that such targets, like Tti1, should reside

in the vicinity of IP6Ks. Mice with targeted deletion of IP6K1 or CK2α′ both have defects

in male spermatogenesis and fertility (Bhandari et al., 2008; Xu et al., 1999), which might

reflect a loss of IP7/CK2 interactions.

There are a few other instances in which IP7 is comparably potent and selective over IP6. In

one case, IP7 inhibits Akt phosphorylation by PDK1 with great potency and selectivity over

IP6 (Chakraborty et al., 2010). In Dictyostelium, IP7 is about 50–100 times more potent

than IP6 in inhibiting membrane translocation of PH domains (Luo et al., 2003). In yeast, a

different isomer of IP7 selectively binds and inhibits a cyclin-CDK-CDK-inhibitor complex,

with no appreciable effect of IP6 (Lee et al., 2007).

Selectivity is also evident in the specific association of IP6K2 with DNA-PKcs/ATM, but

not the other PIKKs. While the mechanism is not entirely clear, it may be relevant that ATR,

mTOR, SMG1, and TRRAP form highly stable complexes even under basal conditions

(Cortez et al., 2001; Laplante and Sabatini, 2012; Murr et al., 2007; Yamashita et al., 2009),

whereas the binding of ATM to its cognate activator complex Mre11-Rad50-Nbs1, and that

of DNA-PKcs to Ku70/80, occur after DNA damage and at the damage site (Dvir et al.,

1992; Gottlieb and Jackson, 1993; Lee and Paull, 2005). Perhaps, following exit from the

ribosomes, mTOR, ATR, SMG-1, and TRRAP dissociate from the TTT chaperone complex

and enter into the various complexes. By contrast, DNA-PKcs and ATM appear to remain

associated with the TTT proteins and IP6K2. IP6K2 deletion only decreases Tti1

phosphorylation by half but virtually abolishes binding of DNA-PKcs and ATM to Tel2/

Tti1, consistent with the notion that IP6K2 selectively impacts a subpopulation of the TTT

complex.

Functional interactions between IP6Ks and ATM are also evident in yeast (Saiardi et al.,

2005; York et al., 2005). Thus, maintenance of telomere length and cell death induced by

wortmannin or caffeine, both mediated by Tel1, the yeast homolog of ATM, are altered in

mutants deficient in Kcs1 (yeast IP6K), suggesting that Kcs1 regulates Tel1 activity. Unlike

ATM or the other PIKKs, DNA-PKcs is phylogenetically recent, occurring in zebrafish,

Xenopus, mouse and human, but not in yeast, C. elegans or Drosophila (Figure S5A). IP6K2

appears to have evolved at the same time as DNA-PKcs and occurs only in species that

manifest DNA-PKcs (Figure S5A, S5B). This co-occurrence supports a close functional

relationship between the two proteins.

In summary, we define a novel role for IP6K2 in regulating DNA-PKcs and ATM, two

PIKKs that are at the center of genome integrity maintenance and apoptosis induction.

IP6K2 is therefore a potential cancer chemotherapeutic target. In support of this possibility

are genetic alterations in IP6K2 that are associated with cancer (Jones et al., 2012; Kay et
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al., 2010; Zhao et al., 2010). Accordingly, strategies to activate IP6K2 might afford

therapeutic benefit.

EXPERIMENTAL PROCEDURES

Reagents

Chemicals are from Sigma (5-FU, etoposide, cycloheximide, TNP, Mg132, leupeptin,

Nu7026, IP6, IS6, Neocarzinostatin), Tocris Biosciences (Ku55933, TBB), and Promega (z-

VAD-fmk). IP7 and PCP-IP5 were synthesized as previously described (Wu et al., 2013;

Zhang et al., 2009). IP6K2 knockdown shRNA constructs were from Sigma

(NM_016291.2).

Antibodies and plasmids

The primary antibodies used were: DNA-PKcs (Abcam, Cell Signaling), ATM (ECM

Biosciences), IP6K2, p21, ATR, p-DNA-Pkcs (T2609) (Santa Cruz), p-ATM (S1981)

(Epitomics), PUMA, MDM2 and GAPDH (Calbiochem), p53, phospho-p53 (S15, S20, S37,

S392), Ku70, Ku80, mTOR, SMG1, TRRAP, p-Chk2, p-Chk1, p-H2AX, p-KAP1 (Cell

Signaling), Noxa (Imgenex), Tel2 (Proteintech Group), Tti1 (Bethyl labs), β-tubulin

(Hybridoma bank), Flag and GST (sigma), Myc (Roche). Antibody used for IP6K2

immunoprecipitation was generated in our lab.

Plasmids encoding genes studied were obtained from Addgene (Tel2, Tti1, CK2α′, CK2β,

pMD2.G, pAX2, and PG13-luc), Source Bioscience (Tti2), and DF/HCC DNA resource

(pDNR-dual-His6-hNopp140). Cloning and subcloning of IP6K2, Tti1, and CK2 subunits

employed standard procedures. The shRNA construct targeting Tti1 was as described

(Hurov et al., 2010), and the siRNA-resistant Flag-Tti1 construct was constructed after 7

silent mutations in the targeting region.

Tandem affinity purification

IP6Ks were cloned into the pcDNA3.1-STAP vector containing streptavidin-binding peptide

and Protein A at the C-terminus. After plasmid transfection, cells were lysed, incubated with

IgG beads, washed, and then incubated with TEV protease. The supernatants were incubated

with streptavidin bead, and the purified complexes were eluted using D-biotin. The eluted

samples were fractionated by SDS-PAGE and silver-stained. Bands were sent for LC-

MS/MS analysis at the Hopkins Proteomics Core.

Immunoblotting and Immunoprecipitation

Standard methods for cell lysis, immune-precipitation, SDS-PAGE, and Western Blot were

as described (Koldobskiy et al., 2010). Blots were quantified using ImageJ.

Cell culture and transfection conditions

HEK23, U2OS and HCT116 cells were cultured and transfected as described (Koldobskiy et

al., 2010). Cell viability was assessed in six-well plates by MTT assay, as described

previously (Chakraborty et al., 2011b; Koldobskiy et al., 2010). TUNEL assay employed the

In Situ Cell Death Detection Kit, Fluorescein (Roche).
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Luciferase reporter assay

Cells transfected with PG13-luc were treated with 5-FU (400 μM) for 16 h and lysed for

luciferase assay using the Luciferase Assay System (Promega).

In vitro protein kinase assay

To determine dsDNA dependent kinase activity for p53 S15-phosphorylation, whole cell

lysates were prepared as described (Achari and Lees-Miller, 2000). Kinase activity was

measured using the SignaTECT DNA-dependent Protein Kinase Assay System (Promega).

Expression and purification of recombinant protein from E. coli

The purification of GST- and His6-tagged recombinant proteins were as previously

described (Rao et al., 2010). Holo-CK2 was prepared as described (Turowec et al., 2010).

[3H] IP6 binding

Recombinant GST-tagged CK2 proteins on glutathione beads were incubated with [3H] IP6

(Perkin Elmer, specific activity: 10–20 Ci/mmol) overnight in binding buffer containing 40

mM Tris (pH 8.0), 150 mM NaCl, 1mM MgCl2, 4% glycerol and 0.1% Triton. Beads were

washed 5 times, and analyzed by scintillation counting.

Reverse Transcript ion PCR

RNA was extracted using the RNeasy Plus Mini Kit (Qiagen), reverse transcribed using the

iScript Reverse Transcription Supermix (Bio-Rad). PCR employed 2XPCR master

polymerase (Fermentas) for 30–33 cycles.

Generation of IP6K2 Knockout Mice, MEFs and B cell prepration

IP6K2−/− mice were generated and housed similar to IP6K1−/− mice (Chakraborty et al.,

2010). Experimental protocols were approved by the Johns Hopkins University Animal Care

and Use Committee. Primary MEFs were prepared as previously described (Xu et al., 2013).

Radiolabeling with [3H]inostiol and inositol phosphate detection were done as previously

described (Chakraborty et al., 2010). B cells were selected from spleens of 8-week old mice,

using anti-CD43 Microbeads (Milteny Biotech). Cells were irradiated (2 and 5 Gray)

using 137Cs as radiation source. Cell viability was measured by the trypan blue exclusion

method (Vandiver et al., 2013).

Statistical analysis

All results are presented as the mean and standard error of at least three independent

experiments. Statistical significance was calculated by Student’s t-test (**p < 0.05, *p <

0.01). For detailed experimental procedures, please see supplementary information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• IP7 binds with high affinity to CK2.

• IP7 binding enhances CK2-mediated phosphorylation of Tel2/Tti1.

• IP6K2 binds Tti1 to facilitate stabilization of DNA-PKcs/ATM.

• The IP7/CK2/TTT cascade activates the DNA-PKcs/ATM-p53 apoptotic

program.
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Figure 1. IP6K2 binds to the TTT complex
(A) SDS-PAGE of tandem-affinity purified IP6Ks, followed by silver-staining. Lower panel, western-blot of tandem-affinity

purified IP6Ks identifies binding partner. (B) Co-IP between GST-IP6K2 and Flag-Tti1 expressed in HEK293 cells. (C) Co-IP

between GST-IP6K2 and Flag-Tel2 expressed in HEK293 cells. (D) Endogenous Co-IP between IP6K2 and Tel2/Tti1 in

HCT116 cells. (E) Co-IP between GST-IP6K2 fragments and Flag-Tti1. (F) Co-IP between GST-IP6K2 fragments and Flag-

Tel2. (G) Direct binding between recombinant GST-IP6K2212-426 and purified Flag-Tti1 in vitro. (H) Co-IP between myc-Tti1

N (aa1-460), M (aa 461-825), and C (aa 826-1089) fragments and GST-IP6K2. (I) Direct binding between purified recombinant

full-length IP6K2 and recombinant GST-Tti1MC (aa 461-1089) in vitro. see also Figure S1.
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Figure 2. IP7 binds to CK2 and enhances CK2-mediated phosphorylation of Tti1/Tel2
(A) Coexpression of IP6K2 increases the phosphorylation (S828) and ubiqutination of Tti1. Cells were harvested 28 h after

transfection. The amount of Tti1 plasmids used for transfection was adjusted to achieve equal expression levels. (B) Lentiviral

shRNA knockdown of IP6K2 diminishes endogenous Tti1 phosphorylation. (C) Effect of CK2 inhibitor TBB (20 μM, 4 h) and

protein phosphatase inhibitor okadaic acid (OA) (50 nM, 1 h) on Tti1 phosphorylation. U2OS cells were transfected with the

indicated lentiviral shRNA constructs and selected with puromycin (1 μg/ml) prior to drug treatment. (D) Effect of TNP

treatment (10 μM, 1.5 h) on the phosphorylation of Tti1, with/without IP6K2 co-expression. (E) Co-expression of IP6K2

wildtype, but not the K222A mutant, increases phospho-Tti1 (S828) and phospho-Tel2 (S487/S491). (F–G) Concentration-

dependent effects of IP6 (F) and IP7 (G) on reversing hNopp140 (500 nM) inhibition of GST-Tti1MC phosphorylation by CK2.

Reaction conditions were: 20 mM MgCl2 (pH 7.5), 50 mM KCl, 10 mM MgCl2, 200 μM ATP, 30 °C, 15 min. (H) [3H]IP6

binding to various CK2 preparations. Twenty μg purified recombinant CK2 proteins on glutathione beads were incubated with

10 μl [3H]IP6 (65 μCi/ml) overnight at 4 °C. Controls included buffer or GST alone. (I–J) Concentration-dependent competition

of [3H]IP6 binding to CK2α by unlabeled IP6 (I) and IP7 (J). (K) [3H]IP6 binding to CK2α in the presence of various

competitors. The concentrations of small molecules used were: ATP (100 μM), the rest (25 μM). (L) [3H]IP6 binding to CK2α
mutants. (M) Location of K77, R80 and R155 in the 3D structure of CK2α displayed in surface mode (PDB id: 2PVR). The

ATP analog AMPPNP is located in the catalytic active site. Residues K77, R80 and R155 are highlighted in blue. The figure

was generated by Pymol. see also Figure S2.
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Figure 3.
IP6K2 is required for the binding of the TTT complex to DNA-PKcs/ATM and for the stability of DNA-Pkcs/ATM. (A) Protein

levels of DNA-PKcs, ATM and mTOR in HCT116 cells that were transfected with shTti1 for 3 d, and with siRNA-resistant

flag-Tti1 or flag-Tti1-S828A for 2 d. (B) Immunoprecipitation of Tel2 wildtype, S478A/491A, and S478D/S491D mutant

proteins, followed by western-blot analysis. The bar graph represents average data from three different experiments. Relative

binding was determined as the amount of co-immunoprecipitated PIKKs divided by the levels of Flag-Tti1 variants. (C)

Immunoprecipitation of Tel2 wildtype, S828A, and S828D mutant proteins, followed by western-blot analysis. (D)

Overexpression of myc-IP6K2 in U2OS cells increases the co-IP between Flag-Tel2 and ATM/DNA-PKcs, but not that between

Flag-Tel2 and mTOR. Four h after cells were transfected with Flag-Tel2 (lipofectamine), tetracycline (1 μM) was added for
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another 20 h. (E) Overexpression of GST-IP6K2212-426 abolishes the co-IP between Flag-Tel2 and DNA-PKcs. (F) Flag-Tel2

and Flag-Tti1 immunoprecipitation from wildtype and isogenic IP6K2−/− HCT116 cells, followed by western-blot analysis. (G).

Western-blot analysis of the expression levels of PIKKs in two clones of IP6K2 wildtype and null cell lines. (H) Cycloheximide

treatment (50 μM) decreases DNA-PKcs and ATM protein levels more rapidly in IP6K2−/− than wild-type cells. see also Figure

S3.
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Figure 4.
IP6K2 influence the p53 cell-death pathway by promoting p53 S15-phosphorylation by DNA-PKcs/ATM. (A) Western blots of

DNA-PKcs, ATM, their active phosphorylated forms, and their downstream targets after treatment with etoposide (20 μM) for 2,

6, and 22 h, respectively. (B) Immunofluorescence staining for p-H2AX in WT and IP6K2−/− HCT116 cells with or without

etoposide treatment. (C) [32P]ATP-dependent phosphorylation of a p53 S15-peptide by wild-type and IP6K2−/− cell lysate in

vitro, in the presence or absence of dsDNA. For experimental details see Materials and Methods. (D) Knockdown of IP6K2 in

HCT116 cells by shRNA (lipofectamine) abolishes p53 induction upon DNA damage. (E) Effect of GST-IP6K21-67 expression

on induction of p53 and its S15 phosphorylation upon 5-FU treatment. (F) Kinase dead IP6K2 destabilizes DNA-PKcs/ATM

and diminishes p53 induction. IP6K2 wildtype and K222A mutant were overexpressed (16 h) in a Tet-on U2OS cell system,

followed by etoposide treatment (20 μM, 16 h). (G) Luciferase activity from the p53 consensus promoter driven reporter PG13-

luc. R.L.U.: relative luciferase unit. (H) Knockdown of IP6K2 attenuates p53 transcriptional activation of the PG13-luc

luciferase reporter. (I–J) Knockdown of IP6K2 increases cell viability as measured by TUNEL assay. Forty-eight h after

transfection (lipofectamine) of shRNA constructs, cells were treated with etoposide (40 μM, 24 h). Cells were stained using the

Terminal deoxynucleotidyl Transferase (TdT)-mediated dUTP-biotin Nick End Labeling (TUNEL) assay system. Fragmented

apoptotic cell nuclei were visualized by TUNEL (TdT, green), and the nucleus was stained with DAPI (blue). (K). Viability of

HCT116 cells with or without overexpression of IP6K21-67 followed by 5-FU treatment. (L) Viability of HCT116 wildtype and

IP6K2 null cells upon treatment with cytotoxic concentrations of 5-FU (400 μM) with or without pre-treatment with the DNA-

PK inhibitor Nu7026 for 1 h. see also Figure S4.
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Figure 5.
IP6K2 mediates the DNA-PKcs/ATM-p53 pathway in murine B cells. (A) Schematic depiction of the targeting strategy used to

generate Ip6k2−/− mice. Exon 6, containing the majority of the catalytic domain and the 3′ UTR, was flanked by loxP sites to

generate the Flox/Flox mice. Breading with a Cre driver mice leads to targeted deletion of exon 6 and loss of IP6K2 expression.

(B) Western-blot analysis of primary MEFs prepared from littermate wildtype and Ip6k2−/− mice. (C) Western-blot analysis of

resting B cells prepared from littermate wildtype and Ip6k2−/− mice. (D) Western-blot analysis of resting B cells treated with or

without NCS (20 μM, 1 h). (E) Viability of B cells after treatment with ionizing radiation (2G, 5 G) or NCS (40 μM). see also

Figure S5.
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Figure 6.
Schematic depiction of IP6K2’s apoptotic actions involving the DNA-PKcs/ATM-p53 pathway. IP7 generated by IP6K2

enhances CK2 phosphorylation of Tti1 and Tel2, leading to their binding of DNA-PKcs/ATM. This binding augments the

stability and catalytic activities of DNA-PKcs and ATM, leading to the activating S-15 phosphorylation of p53. S-15

phosphorylation stabilizes p53 and promotes the transcription of apoptotic effectors.
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