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Abstract

The tumor suppressor protein p53 is a critical stress response transcription factor that induces the

expression of genes leading to cell cycle arrest, apoptosis, and tumor suppression. We found that

mammalian inositol polyphosphate multikinase (IPMK) stimulated p53-mediated transcription by

binding to p53 and enhancing its acetylation by the acetyltransferase p300 independently of its

inositol phosphate and lipid kinase activities. Genetic or RNA interference (RNAi)–mediated

knockdown of IPMK resulted in decreased activation of p53, decreased recruitment of p53 and

p300 to target gene promoters, abrogated transcription of p53 target genes, and enhanced cell

viability. Additionally, blocking the IPMK-p53 interaction decreased the extent of p53-mediated

transcription. These results suggest that IPMK acts as a transcriptional coactivator for p53 and that

it is an integral part of the p53 transcriptional complex facilitating cell death.

INTRODUCTION

The tumor suppressor p53 is a critical transcriptional factor that senses and modulates

cellular responses to injury and stress (1). Responsible for gene induction programs that

affect cell cycle arrest, apoptosis, cellular senescence, and aging, p53 serves as a critical

checkpoint against oncogenic insults (2, 3), with inactivating mutations demonstrated in as
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many as 50% of human cancers (1). In cases where the p53 gene is left intact, other

mutations along the p53 pathway have been demonstrated to interfere with its function.

Although some prevent the activation of p53, others ablate the functional effects of p53

downstream of its transcriptional activity (4–6). To date, the components of the p53 pathway

that mediate its activation and transcriptional response remain poorly defined. Recently, Del

Sal and colleagues performed a loss-of-function screen in primary human BJ fibroblasts,

demonstrating that inositol poly-phosphate multikinase (IPMK) may be a critical regulator

of p53 function (7).

IPMK is a broad-specificity enzyme that converts inositol 1,4,5-trisphosphate (IP3) into

inositol 1,4,5,6-tetrakisphosphate (IP4) and subsequently inositol 1,3,4,5,6-

pentakisphosphate (IP5). It is the rate-limiting enzyme for the generation of higher inositol

polyphosphate species such as inositol pyrophosphate (IP7) (8–10), which has been shown

to modulate insulin sensitivity (11), neutrophil function (12), chemotaxis and endocytosis

(13, 14), and telomere maintenance (15, 16). In addition to its soluble IP3 kinase activity,

mammalian IPMK also has lipid kinase activity. Thus, IPMK is a physiologic

phosphatidylinositol 3-kinase (PI3K), generating phosphatidylinositol 3,4,5-trisphosphate

(PIP3) from PIP2, activating Akt (also known as protein kinase B) (17), as well as PIP3-

dependent transcriptional events such as those mediated by steroidogenic factor 1 (18).

IPMK also manifests physiological effects that are independent of both its IP3 kinase and

PI3K activities. IPMK binds to the mammalian target of rapamycin (mTOR), stabilizing and

enhancing the activity of the mTOR complex 1 (mTORC1) noncatalytically (19). Because of

these diverse functions, IPMK is notably pleiotropic, consistent with its designation as a

“moonlighting protein” in yeast (20).

Transcriptional functions for mammalian IPMK were implied by studies in which the yeast

IPMK homolog was discovered as part of a transcriptional complex regulating genes that

facilitate the use of arginine—hence its designation as Arg82 (8, 21–23). In yeast, it is also

critical for the efficient transcription of phosphate-responsive genes such as the phosphatase-

encoding gene PHO5 through IP4- and IP5-mediated nucleosome mobilization and

chromatin remodeling (24, 25). In mammals, although a substantial portion of IPMK is

localized to the nucleus (26, 27), its nuclear functions have not been fully characterized.

Here, we report that IPMK is a transcriptional coactivator of the tumor suppressor p53. We

found that IPMK bound to p53 independently of its catalytic activity and enhanced p53

binding to the acetyltransferase p300, augmenting its acetylation. IPMK stimulated the

activation and binding of p53 to its targets’ promoters with attendant transcriptional

activation, facilitating p53-mediated cell death.

RESULTS

Endogenous IPMK binds to p53 during cell death

We overexpressed exogenous IPMK in the human colon cancer cell line HCT116 and the

human osteosarcoma cell line U2OS. In both cell lines, exogenous IPMK bound to

endogenous p53 upon treatment with etoposide, a DNA-damaging agent that canonically

induces apoptosis by activating p53 (28, 29) (Fig. 1A). Endogenous IPMK also bound to

p53 in etoposide-treated wild-type mouse embryonic fibroblasts (MEFs) (Fig. 1B). Such
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binding was lost in MEFs with tamoxifen-induced, Cre recombinase–mediated depletion of

the gene encoding IPMK (Fig. 1C). The interaction between IPMK and p53 did not appear

to require intervening proteins because purified IPMK bound to p53 directly in vitro (Fig.

1D).

IPMK enhances p53 transcriptional activity

We investigated the role of IPMK-p53 association in p53 transcriptional activity by

transfecting U2OS cells with exogenous IPMK and monitoring the mRNA amounts of the

canonical p53 targets PUMA (p53 up-regulated modulator of apoptosis), Bax [B cell

lymphoma 2 (Bcl-2)–associated X], and p21 [also known as CDKN1A (cyclin-dependent

kinase inhibitor 1)] (30–34). Overexpression of IPMK increased the amounts of these

mRNAs by about twofold in the presence of etoposide (Fig. 2A). Increased IPMK

abundance also enhanced the production of PUMA, Bax, and p21 proteins in etoposide-

treated HCT116 (Fig. 2B) and U2OS cells (Fig. 2C), as well as in U2OS cells treated with

either 5-fluorouracil (fig. S1A) or doxorubicin (fig. S1B), agents that induce cell death (29,

35, 36). To explore whether endogenous IPMK regulated p53 transcriptional activity, we

knocked down IPMK with short hairpin RNA (shRNA) (fig. S2) and monitored the

abundance of PUMA, Bax, and p21 proteins. Depletion of IPMK resulted in decreased

PUMA, Bax, and p21 abundance after treatment with etoposide (fig. S3). Commensurately,

the absence of IPMK in primary MEFs resulted in a 50 to 70% decrease in the amounts of

PUMA, Bax, and p21 mRNAs (Fig. 2D), as well as a 40 to 65% decrease in their

corresponding protein amounts after treatment with etoposide (Fig. 3A). This regulation of

PUMA, Bax, and p21 was p53-dependent, because p53-null HCT116 cells transfected with

IPMK shRNA did not exhibit decreased amounts of PUMA, Bax, or p21 mRNAs (Fig. 3B).

These proteins were undetectable in HCT116 p53-null cells before and after treatment with

etoposide (fig. S4).

We sought to determine whether IPMK stimulated the transcriptional activity of p53 by

serving as a component of the p53 transcriptional complex. We performed chromatin

immunoprecipitation (ChIP) assays with antibodies against IPMK to monitor its association

with the PUMA, Bax, and p21 promoters and with p53. We found that IPMK and p53 were

indeed localized to PUMA, Bax, and p21 promoters in etoposide-treated primary MEFs (Fig.

3C). IPMK was also recruited to the PUMA promoter in etoposide-treated U2OS cells

transfected with plasmid encoding IPMK (fig. S5). Additionally, IPMK augmented the

formation of the p53 transcriptional complex because depletion of IPMK in primary MEFs

decreased the extent of recruitment of p53 to the PUMA, Bax, and p21 promoters by 60 to

80% (Fig. 3D and fig. S6).

IPMK enhances p53 acetylation and histone acetylation via p300

We next investigated molecular mechanisms responsible for the stimulation of p53

transcriptional activity by IPMK. The histone acetyltransferase p300 acetylates p53 and is a

coactivator for p53 transcriptional activity (37–40). Overexpression of IPMK enhanced the

binding of p53 to p300 in etoposide-treated U2OS cells (Fig. 4A), which correlated with an

increase in the acetylation of p53 at Lys373 and Lys382 (Fig. 4B). In etoposide-treated

HCT116 cells, shRNA-mediated knockdown of IPMK reduced the binding of p300 to p53
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by about 75% (Fig. 4C) and reduced both the total and lysine-specific (Lys373 and Lys382)

acetylation of p53 by about 50% (Fig. 4C). To further explore whether IPMK directly

mediated the acetylation of p53, we examined the interaction of these proteins in vitro.

Purified mycIPMK doubled the acetylation of purified p53 mediated by p300 (Fig. 4D),

indicating that IPMK induces the acetylation of p53 directly through p300.

Because p53 transcriptional activity is also dependent on chromatin assembly and

accessibility, we investigated whether IPMK also regulated the p300-mediated acetylation of

histones at p53 target genes. Genetic deletion of IPMK in primary MEFs resulted in about

60% reduction in the binding of p300 to the promoter of p21 after treatment with etoposide

and a significant decrease in the acetylation of Lys9 on histone H3 at the p21 promoter (Fig.

4E). Thus, the findings indicated that IPMK’s stimulation of p53 transcriptional activity is

mediated through the p300-mediated acetylation of p53 and histones at promoters of p53

targets.

IPMK is required for p53-mediated cell death

As a tumor suppressor, p53 activates proapoptotic genes to induce cell death (41). We

explored whether IPMK, through its interaction with p53, played a role in this mechanism.

U2OS cells transfected with plasmid encoding mycIPMK showed increased apoptosis after

treatment with etoposide compared with cells transfected with control plasmid encoding

myc (Fig. 5A). Reduced cell proliferation was also detected in these cells treated with either

etoposide (fig. S7A) or 5-fluorouracil (fig. S7B). In U2OS cells treated with etoposide,

IPMK overexpression stimulated DNA fragmentation by more than 30% (Fig. 5B) and

increased the abundance of cleaved PARP [poly(ADP-ribose) polymerase] and caspase-3

(Fig. 5C), indicating augmented apoptosis. By contrast, genetic deletion of IPMK in

etoposide-treated MEFs significantly increased cell viability (Fig. 5D) and proliferation (fig.

S7C), decreased DNA fragmentation (Fig. 5E), and reduced the abundance of cleaved PARP

and caspase-3 (Fig. 5F) compared to treated MEFs that were sufficient in IPMK, indicating

that IPMK induces apoptosis. However, IPMK shRNA did not affect PARP cleavage or

caspase-3 cleavage in HCT116 cells treated with sulindac, a cyclooxygenase inhibitor that

induces p53-independent apoptosis (Fig. 5G). Moreover, depletion of IPMK in p53-null

HCT116 cells did not significantly affect cell proliferation after etoposide treatment (Fig.

5H), suggesting that the ability of IPMK to induce cell death is p53-dependent.

The association between IPMK and p53 is required for coactivation of p53 transcriptional
activity

In experiments with glutathione S-transferase (GST)–tagged full-length and fragments of

IPMK, we mapped sites on IPMK that bound to p53. Binding was primarily mediated by a

region of the IPMK protein encoded by exon 4 (Fig. 6A), a fragment that contains amino

acids 125 to 184 and both the conserved inositol phosphate–binding P-C-x-x-D-x-K-x-G

motif and the linker region leading up to but excluding the catalytic domain necessary for

adenosine 5′-triphosphate binding and catalysis (42–44). This 60–amino acid residue

fragment could be used as a dominant-negative construct because its over-expression

prevented full-length IPMK from binding to p53 in etoposide-treated human embryonic

kidney (HEK) 293 and HCT116 cells (Fig. 6B). Additionally, overexpression of the
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fragment decreased the amount of PUMA and Bax mRNA transcripts (Fig. 6C), the

abundance of PUMA, Bax, and p21 proteins (Fig. 6D), and the recruitment of p53 to PUMA

and Bax promoters (Fig. 6E) in etoposide-treated U2OS cells, indicating that binding

between IPMK and p53 stimulated the transcriptional activity of p53. Consistent with our

findings that IPMK stimulated the acetylation of p53 by p300 (Fig. 3), overexpression of the

exon 4–encoded fragment markedly diminished the acetylation of p53 (Fig. 6F). Disruption

of the binding of IPMK to p53 also enhanced the proliferation of etoposide-treated U2OS

cells by almost 50% (Fig. 6G). Together, these data suggest that a direct association between

IPMK and p53 is necessary for IPMK to stimulate the transcriptional activity of p53.

IPMK does not require catalytic activity to enhance p53-mediated cell death

We next investigated whether the catalytic activity of IPMK was required to stimulate p53

transcriptional activity. Because the single K129A mutant of IPMK has trace catalytic

activity (17), we used a myc-tagged K129A-S235A IPMK double mutant that is completely

devoid of kinase activity (19). In transfected U2OS cells, kinase-deficient K129A-S235A

IPMK bound to endogenous p53 to the same extent as did wild-type IPMK (Fig. 7A).

Overexpression of kinase-deficient IPMK in U2OS cells increased the abundance of

mRNAs (Fig. 7B) and proteins (Fig. 7C) of p53 targets to a similar extent as that seen in

cells transfected with plasmid encoding wild-type IPMK. Furthermore, overexpression of

kinase-deficient IPMK inhibited cell proliferation in etoposide-treated U2OS cells to a

similar extent as did wild-type IPMK (Fig. 7D). Thus, IPMK’s stimulation of p53

transcriptional activity is independent of its catalytic activity.

DISCUSSION

We showed that mammalian IPMK is a physiologic transcriptional coactivator of p53.

IPMK bound to p53 and participated in a transcriptional complex at the promoters of p53

target genes. IPMK stimulated the binding of p53 to the acetyltransferase p300, increasing

the acetylation of p53 and its binding to cognate promoters. Moreover, IPMK stimulated the

recruitment of p300 to the promoters of p53 target genes, enhancing histone acetylation and

promoter activity. IPMK enhanced p53-mediated cell death, indicating a physiological role

for the IPMK-p53 interaction.

Studies by Lindner and associates (45, 46) and our laboratory (47) show that another inositol

phosphokinase, IP6K2 (inositol hexakisphosphate kinase-2), generates IP7 and

physiologically induces p53-mediated cell death (48). However, in contrast to IPMK, which

coactivated the transcription of both cell cycle arrest and apoptotic p53 targets, namely, p21

and PUMA, respectively, IP6K2 biases p53-dependent gene transcription toward apoptotic

rather than cycle arrest genes (47).

Our conclusion that IPMK is an indispensable coactivator of p53-mediated transcription and

cell death is consistent with a study in human primary BJ fibroblasts that identified IPMK as

a potential target in p53-dependent oncogene-induced senescence (7). Furthermore, our

findings that IPMK stimulated p53-mediated transcription independently of its catalytic

function is consistent with evidence that its homolog in yeast does not require its catalytic

metabolites to enhance transcription mediated by Mcm1 in response to arginine (49–51).
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This noncatalytic action of IPMK is also supported by observations that IPMK stabilizes the

amino acid–induced mTORC1 independently of any kinase activity (19).

The direct role of IPMK in the activation of p53 may have therapeutic implications,

particularly because direct interaction between IPMK and p53 appeared to be critical for the

functional effects. Overexpression of a fragment of IPMK, encoded by exon 4 of IPMK,

acted like a dominant-negative construct by abrogating the binding of full-length IPMK to

p53. In turn, blocking this interaction decreased the acetylation of p53 and its binding to

cognate promoters, reduced the transcription and translation of PUMA, Bax, and p21, and

decreased cell death after treatment with etoposide. The ability of a dominant-negative

construct to prevent the functional interaction between IPMK and p53 suggests that low–

molecular weight drugs acting in a similar manner might prevent the acetylation and

activation of p53. Cell death initiated by p53 is implicated in disorders such as Huntington’s

disease (52) and stroke (53). Therefore, drugs that selectively block IPMK-p53 binding

might provide therapeutic benefit.

Recently, Ingraham and associates have delineated a transcriptional activation role for

IPMK that requires its PI3K activity (18). In contrast to its protranscriptional activity, IPMK

may also have a role in transcriptional repression. In yeast, deletion of the IPMK homolog

activates a subset of genes that are transcriptionally inactive in high-phosphate conditions

(51). Watson et al. (54) reported the crystal structure of histone deacetylase 3 and the

activation domain of nuclear co-repressor 2, which requires the presence of the IPMK

metabolite IP4 at the protein-protein interface. How IPMK alternates between its

transcriptional coactivation and presumed co-repressive functions remains to be elucidated.

Conceivably, inter- and intracellular signaling networks might control a switch between the

PI3K, IP3 kinase, and noncatalytic states of IPMK, altering its function to elicit optimal

cellular response to changes in the environment. It is tempting to speculate about potential

signaling mechanisms, such as differential phosphorylations, that could cause

conformational changes in IPMK to induce these switches.

MATERIALS AND METHODS

Reagents and antibodies

Anti-rabbit and anti-mouse IgG agarose were purchased from eBioscience. Anti-myc

agarose was obtained from Sigma. Antibodies against actin horseradish peroxidase (HRP)

(C4), p300 (N-15), p53 (human DO-1 and FL-393), Bax (N-20), p21 (C-19), and normal

IgG were obtained from Santa Cruz Biotechnology. Antibodies against PUMA (human),

acetyl-lysine, PARP, and cleaved caspase-3 were purchased from Cell Signaling

Technology. Antibodies against acetyl-K373 p53, acetyl-K382, acetyl-H3K9, or his-tone H3

were purchased from Millipore. Antibody against PUMA (mouse) was purchased from

ProSci, HA from Covance, and p53 (mouse) from Novocastra. Antibody against IPMK

raised in rabbit was produced in-house.
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Generation of inducible floxed IPMK mice

Floxed IPMK mice were generated at Ozgene. A loxP site was inserted between exons 5 and

6. Floxed IPMK mice were mated with knock-in mice (Jackson Laboratory) carrying the

tamoxifen-inducible Cre-ERT2 (Cre recombinase–estrogen receptor T2) driven by the

ubiquitin C promoter (stock number 008085).

Generation of fl/fl or Δ/Δ primary MEFs

Primary Cre-ERT2/floxed/floxed IPMK MEFs (fl/fl) were generated as described previously

(19). Depletion of IPMK in Cre-ERT2/floxed/floxed MEFs (Δ/Δ) was achieved by adding 4-

hydroxytamoxifen (1 μM) for 48 hours. Ethanol-treated MEFs were used as a control.

Protein purification and interaction assays

Purified p300 protein was purchased from ProteinOne. GST-tagged p53 was prepared

according to the manufacturer’s recommendations (Pharmacia Biotech) and purified through

the affinity matrix glutathione-Sepharose (Amersham Biosciences). PreScission Protease

(GE Healthcare Life Sciences) cleaved p53 from the GST tag. mycIPMK and recombinant

myc were purified from HEK 293 cells 48 hours after transfection with pCMV mycIPMK or

pCMV myc plasmid, respectively. Immunoprecipitation of the myc tag was performed with

2 mg of protein lysates in radioimmuno-precipitation assay (RIPA) buffer incubated

overnight with anti-myc agarose beads at 4°C. Beads were pelleted and washed with RIPA

buffer containing 600 mM NaCl six times before bacterially purified p53 was added.

Binding was allowed to occur for 2 hours at 4°C. Immunoprecipitates were washed four

more times before SDS sample buffer loading dye was added. Immunoprecipitated samples

were resolved by PAGE, and proteins were detected by Western blotting.

GST-tagged IPMK exon fragments were coexpressed in p53-null HCT116 cells with either

myc- or HA-tagged p53. Immunoprecipitation of the GST-tag was performed with 500 μg of

protein lysate with glutathione-Sepharose beads and washed four times in RIPA buffer.

Beads were pelleted and washed three times before adding SDS sample buffer and loading

dye. Immunoprecipitated samples were resolved by PAGE, and tagged p53 was detected by

either anti-myc HRP antibody or anti-HA HRP antibody.

Cell culture and transfection

HEK 293, HCT116, and U2OS cells were maintained in Dulbecco’s modified Eagle’s

medium (DMEM) with 10% fetal bovine serum (FBS) and 2 mM L-glutamine at 37°C with

a 5% CO2 atmosphere in a humidified incubator. For transient transfection of cells with

expression constructs, we used PolyFect Reagent (Qiagen) for HEK 293 cells and

Lipofectamine 2000 (Invitrogen) for HCT116 and U2OS cells according to the

manufacturers’ protocols. Thirty hours after transfection, cells were treated overnight with

etoposide (10 to 20 μM), 5-fluorouracil (200 to 400 μM), or doxorubicin (1 to 2 μM)

(Sigma). For shRNA experiments, HCT116 cells were transfected with either nontargeted

shRNA or shRNA targeting IPMK (OriGene) with Lipofectamine 2000, and 72 hours after

transfection, cells were treated overnight with etoposide or sulindac (Sigma).

Xu et al. Page 7

Sci Signal. Author manuscript; available in PMC 2014 July 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



In vitro acetylation assay

Acetyl-CoA (20 μM), p300 (100 ng), and recombinant myc (100 ng) or mycIPMK were

added to 30 μl of reaction buffer [20 mM tris-HCl (pH 8.0), 20% glycerol, 100 mM KCl, 1

mM dithiothreitol, and 0.2 mM EDTA]. After incubation at 30°C for 1 hour, the reaction

was stopped by the addition of 10 μl of SDS sample buffer loading dye. The samples were

subjected to SDS-PAGE and Western blotting analysis.

ChIP assay

ChIP assays were performed as described previously (55). In brief, intact cells were treated

with 2 mM disuccinimidyl glutarate (Pierce) to cross-link protein complexes, followed by

formaldehyde to link protein to DNA covalently. Cells were lysed, the nucleoprotein

complexes were sonicated, and the cross-linked DNA-protein complexes were enriched by

immunoprecipitation. The retrieved complexes were analyzed by PCR amplification to

detect and quantify specific DNA targets. For real-time PCR, we used Brilliant SYBR Green

Master Mix (Stratagene) according to the manufacturer’s protocol. The following were the

ChIP primers: human p21 promoter, 5-GTGGCTCTGATTGGCTTTCTG-3 and 5-

CTGAAAA-CAGGCAGCCCAAG-3; human PUMA promoter, 5-GCGAGACTGTG-

GCCTTGTGT-3 and 5-CGTTCCAGGGTCCACAAAGT-3; human Bax promoter, 5-

TAATCCCAGCGCTTTGGAA-3 and 5-TGCAGAGAC-CTGGATCTAGCAA-3; mouse

p21 promoter, 5-GTGGCTCTGATTG-GCTTTCTG-3 and 5-

CTGAAAACAGGCAGCCCAAG-3; mouse PUMA promoter, 5-

CTGTGGCCTTGTGTCTGTGAG-3 and 5-CGCGGACAA-GTCAGGACTTG-3; mouse

Bax promoter, 5-AGCGTTCCCCTAGCCT-CTTT-3 and 5-

GCTGGGCCTGTATCCTACATTCT-3.

Quantitative RT-PCR analysis

Total RNA was extracted from cells with TRIzol reagent (Invitrogen) according to the

manufacturer’s instructions. qRT-PCR for the genes encoding p21, Bax, PUMA, and actin

used SuperScript One Step RT-PCR with TaqMan Probes (Invitrogen).

Apoptosis and cell proliferation

U2OS cells were transfected with the indicated plasmids separately and treated with 10 to 20

μM etoposide for 16 hours in the presence of 10% FBS. IPMK floxed (IPMKfl/fl) or deleted

(IPMKΔ/Δ) MEFs were treated with 20 μM etoposide for 16 hours in the presence of 10%

FBS. Apoptosis was determined by detection of the externalization of phosphatidylserine

from the inner to the outer leaflet of the plasma membrane with the annexin V–FITC

detection kit (Roche Biosciences) and flow cytometry (FACSCalibur, Becton Dickinson)

(56). Apoptosis was also quantified in U2OS cells and fl/fl or Δ/Δ MEFs with an enzyme

immunoassay (Roche Applied Science) using a combination of antibodies that recognize

histones and DNA, as described previously (57). Apoptosis was also determined by

detecting the amounts of cleaved PARP and cleaved caspase-3 in cell lysates by Western

blotting. Cell proliferation was measured with the MTT assay as described previously (47).
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Image quantification and statistical analysis

Images were quantified with ImageJ software. Data are presented as means ± SEM from at

least three independent experiments. P values were calculated by two-tailed Student’s t test

or one-way ANOVA with Tukey’s post hoc test using Minitab 13 software (Minitab).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
IPMK interacts with p53. (A) HCT116 cells (left panel) and U2OS cells (right panel)

transfected with plasmid encoding myc-tagged IPMK (mycIPMK) and treated overnight

with 20 μM etoposide (eto) were lysed and subjected to immunoprecipitation (IP) with anti-

myc agarose. IPMK and p53 were resolved from the immunoprecipitated samples by SDS–

polyacrylamide gel electrophoresis (SDS-PAGE) and identified by Western blotting (WB).

Inputs for p53, mycIPMK, and actin are shown in the bottom blots. (B) Wild-type primary

MEFs treated with 20 μM etoposide were lysed and subjected to immunoprecipitation with

normal immunoglobulin G (IgG) or antibody specific for IPMK. SDS-PAGE and Western

blotting were performed as described in (A). (C) Lysates from IPMK-deficient (Δ/Δ) and

floxed wild-type (fl/fl) MEFs were used as described in (B) to assess endogenous IPMK-p53

binding. (D) Immunoprecipitation of purified mycIPMK and bacterially purified p53, as

assessed by immunoprecipitation with anti-myc agarose and subsequent protein resolution

and identification by SDS-PAGE and Western blotting. Blots in all panels are representative

of at least three experiments.
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Fig. 2.
IPMK augments the transcriptional activity of p53. (A) Quantitative reverse transcription

polymerase chain reaction (qRT-PCR) analysis (left) and quantification (right) of PUMA,

Bax, and p21 mRNAs in U2OS cells transfected with plasmids encoding myc or mycIPMK

and treated overnight with 10 μM etoposide. Data are means ± SEM from three experiments.

***P < 0.001, Student’s t test. (B) Western blotting analysis of PUMA, Bax, and p21

proteins in HCT116 cells transfected and treated as in (A). Data are means ± SEM from

three experiments. *P < 0.05, **P < 0.01, Student’s t test. (C) Western blotting analysis of

PUMA, Bax, and p21 proteins in U2OS cells transfected and treated as in (A). Data are

means ± SEM from three experiments. *P < 0.05, **P < 0.01, Student’s t test. (D) qRT-PCR

analysis (left) and quantification (right) of PUMA, Bax, and p21 mRNAs in fl/fl or Δ/Δ
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MEFs treated overnight with 20 μM etoposide. Data are means ± SEM from three

experiments. ***P < 0.001, n = 3, mean ± SEM, Student’s t test.
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Fig. 3.
IPMK enhances p53 localization to target promoters and augments expression of p53

downstream targets. (A) Western blotting analysis of p53 and its targets PUMA, Bax, and

p21 in fl/fl or Δ/Δ MEFs treated overnight with 20 μM etoposide. **P < 0.01, n = 3, mean ±

SEM, Student’s t test. (B) Amounts of p21, PUMA, and Bax mRNAs in wild-type (+/+) and

p53-null (−/−) HCT116 cells. ***P < 0.001, n = 3, mean ± SEM, Student’s t test. (C)

Detection of IPMK at the promoters or exon regions of PUMA, Bax, and p21 by ChIP

analysis of lysates from etoposide-treated wild-type MEFs. Data are means ± SEM from

three experiments. ***P < 0.001, Student’s t test. (D) ChIP analysis of p53 binding to the

promoter regions of PUMA, Bax, and p21 in etoposide-treated fl/fl or Δ/Δ MEFs. Data are

means ± SEM from three experiments. ***P < 0.001, Student’s t test.

Xu et al. Page 16

Sci Signal. Author manuscript; available in PMC 2014 July 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 4.
IPMK stimulates p53 acetylation and histone H3 acetylation by recruiting p300. (A)

Immunoprecipitation and Western blotting were used to detect binding between p300 and

p53 in lysates from HCT116 cells transfected with plasmids encoding myc or mycIPMK and

treated with 10 μM etoposide overnight. Data are means ± SEM from three experiments.

**P< 0.01, Student’s t test. (B) Immunoprecipitation for acetylated lysine (Ac-Lys) and

Western blotting for acetylated p53 at Lys373 (Ac-Lys373) and Lys382 (Ac-Lys382) in lysates

from etoposide-treated HCT116 cells transfected with plasmids encoding myc or mycIPMK.

Data are means ± SEM from three experiments. **P < 0.01, *P < 0.05, Student’s t test. (C)

Immunoprecipitation and Western blotting were used to detect acetylated p53 and p300-p53

binding in lysates from etoposide-treated HCT116 cells transfected with either control

shRNA or IPMK-specific shRNA. Data are means ± SEM from four experiments. ***P <

0.001, Student’s t test. (D) Western blotting and quantification of the acetylation of purified

p53 (Ac-Lys) when exposed to combinations of purified IPMK and p300 in the presence of

acetyl-CoA (coenzyme A). Data are means ± SEM from three experiments. ***P < 0.001,

Student’s t test. (E) ChIP analysis of acetylation (Ac-H3K9 compared with H3) and p300

binding (p300 compared with IgG) at the promoter region of p21 in etoposide-treated fl/fl

and Δ/Δ MEFs. Data are means ± SEM from three experiments. ***P < 0.001, Student’s t

test.
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Fig. 5.
IPMK mediates cell death. (A) Flow cytometry analysis with annexin V–FITC (fluorescein

isothiocyanate) and propidium iodide (PI) of live (lower left quadrant), dead (upper right),

and apoptosing (lower right) U2OS cells transfected with plasmids encoding myc or

mycIPMK and treated with 20 μM etoposide. (B and C) DNA fragmentation (B) and

Western blot analysis (C) of PARP and caspase-3 cleavage in transfected, etoposide-treated

U2OS cells. Data are means ± SEM from three experiments. **P < 0.01, *P < 0.05,

Student’s t test. (D to F) Analysis of cell viability (D), DNA fragmentation (E), and PARP

and caspase-3 cleavage (F) in fl/fl and Δ/Δ MEFs treated with 20 μM etoposide. Data are

means ± SEM from three experiments. ***P < 0.001, **P < 0.01, Student’s t test. (G)

Western blot analysis of PARP and caspase-3 cleavage in HCT116 cells transfected with

control or hIPMK shRNA and treated with 120 μM sulindac. Data are means ± SEM from

three experiments (ns, no significance; Student’s t test). (H) Cell proliferation was measured

by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay in wild-

type (+/+) and p53-null (−/−) HCT116 cells transfected with control or hIPMK-specific

shRNA and treated with 10 μM etoposide. Data are means ± SEM from three experiments.

**P < 0.01, Student’s t test.

Xu et al. Page 18

Sci Signal. Author manuscript; available in PMC 2014 July 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 6.
Overexpression of a fragment of IPMK inhibits endogenous IPMK function. (A)

Immunoprecipitation and Western blotting analysis were used to detect binding between p53

and fragments of IPMK in p53-null (−/−) HCT116 cells cotransfected with plasmids

encoding GST, GST-tagged full-length (FL) IPMK, or GST-tagged exon-encoded IPMK

fragments, he-magglutinin (HA)–tagged p53, or myc-tagged p53. Left, whole-cell lysates

(WCLs); right, immunoprecipitate fractions. (B) Binding between mycIPMK and

endogenous p53 in HEK 293 cells (top) and HCT116 cells (bottom) cotransfected with
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plasmids encoding mycIPMK and either GST or a GST-tagged IPMK fragment encoded by

exon 4 (GST ex4) and treated with 20 μM etoposide. Data are means ± SEM from three

experiments. ***P < 0.001, Student’s t test. (C and D) Abundance of PUMA and Bax

mRNAs (C) and proteins (D) in U2OS cells transfected with plasmids encoding GST or

GST ex4 and treated with 10 μM etoposide overnight. Data are means ± SEM from three

experiments. ***P < 0.001, Student’s t test. (E) ChIP analysis of p53 binding to the PUMA

and Bax promoters in U2OS cells trans-fected with plasmids encoding GST or GST ex4 and

treated with etoposide. Data are means ± SEM from three experiments. ***P < 0.001,

Student’s t test. (F and G) Abundance of acetylated p53 (F) and relative proliferation (G) in

etoposide-treated U2OS cells transfected with plasmids encoding either GST or GST ex4.

Data are means ± SEM from three experiments. ***P < 0.001, **P < 0.01, Student’s t test.
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Fig. 7.
IPMK coactivation of p53 transcriptional activity is kinase-independent. (A)

Immunoprecipitation and Western blotting were used to detect binding between p53 and

IPMK in lysates from U2OS cells transfected with plasmids encoding wild-type (WT)

mycIPMK and kinase-deficient (KD) mycIPMK constructs and treated with 20 μM

etoposide. Blots are representative of three experiments. (B and C) Detection of PUMA and

Bax mRNAs (B) and proteins (C) in transfected, etoposide-treated U2OS cells. Blots are

representative of three experiments. (D) Cell proliferation of transfected, etoposide-treated

U2OS cells. Data are means ± SEM from three experiments. ***P < 0.001, one-way

analysis of variance (ANOVA).
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