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We previously showed that inositol hexakisphosphate kinase
2 (IHPK2) functions as a growth-suppressive and apoptosis-en-
hancing kinase during cell stress. Overexpression of IHPK2
sensitized ovarian carcinoma cell lines to the growth-sup-
pressive and apoptotic effects of interferon � (IFN-�), IFN-
�2, and �-irradiation. Expression of a kinase-dead mutant
abrogated 50% of the apoptosis induced by IFN-�. Because
the kinase-dead mutant retained significant response to cell
stressors, we hypothesized that a portion of the death-pro-
moting function of IHPK2 was independent of its kinase
activity. We now demonstrate that IHPK2 binds to tumor
necrosis factor (TNF) receptor-associated factor (TRAF) 2
and interferes with phosphorylation of transforming growth
factor �-activated kinase 1 (TAK1), thereby inhibiting NF-�B
signaling. IHPK2 contains two sites required for TRAF2
binding, Ser-347 and Ser-359. Compared with wild type
IHPK2-transfected cells, cells expressing S347A and S359A
mutations displayed 3.5-fold greater TAK1 activation follow-
ing TNF-�. This mutant demonstrated a 6–10-fold increase
in NF-�B DNA binding following TNF-� compared with wild
type IHPK2-expressing cells in which NF-�B DNA binding
was inhibited. Cells transfected with wild type IHPK2 or
IHPK2 mutants that lacked S347A and S359A mutations dis-
played enhanced terminal deoxynucleotidyltransferase-me-
diated dUTP nick end-labeling staining following TNF-�. We
believe that IHPK2-TRAF2 binding leads to attenuation of
TAK1- and NF-�B-mediated signaling and is partially
responsible for the apoptotic activity of IHPK2.

Inositol polyphosphates play diverse biologic roles, including
regulation of endocytic trafficking (1), protein phosphorylation
(2), chemotaxis (3), regulation of non-homologous end joining
(4–6), and apoptosis (7, 8). Inositol hexakisphosphate kinase 2
(IHPK2)2 is a kinase that catalyzes the synthesis of diphosphoi-

nositol pentakisphosphate and bis-diphosphoinositol tet-
rakisphosphate. Overexpression of IHPK2 sensitizes ovarian
carcinoma cell lines to the growth-suppressive and apoptotic
effects of IFN-�, IFN-�2 treatment, and ionizing radiation (9).
Snyder and co-workers (8) recently demonstrated that IHPK2
enhanced the cytotoxic actions of several different cell
stressors.
By co-immunoprecipitation, we found that IHPK2 associ-

ated with TRAF2. The tumor necrosis factor (TNF) receptor-
associated factor (TRAF) family of proteins serve as adapter
proteins for the TNF-R and interleukin-1 receptor superfami-
lies (10, 11). The role of TRAF2 in mediating the TNF-�
response is controversial. Early studieswithTRAF2 andTRAF5
knock-out mice or dominant negative (DN) TRAF2 mice sug-
gested that these proteins were not essential or played redun-
dant roles in TNF-induced NF-�B activation (12–14).
TRAF2�/� fibroblasts are severely impaired in their ability to
activate c-Jun N-terminal kinase in response to TNF-� (12).
Subsequent studies suggested that TRAF2�/� fibroblasts (15)
or TRAF2/TRAF5 double knock-out murine fibroblasts (16)
were impaired in their ability to activate NF-�B in response to
TNF-�. Most recently, Aggarwal and co-workers (17) have
shown that NF-�B activation in carcinomas could be dis-
rupted by expression of DN-TRAF2 but not by DN-TRAF5,
suggesting that TRAF2 plays a critical role in TNF-�-in-
duced NF-�B activation.

Within the trimeric signaling complex TRAF2 serves to
recruit I�B kinase (IKK) and RIP1 to the TNF-R1 (18, 19).
Transforming growth factor �-activated kinase (TAK1) is a
critical component of this cascade, functioning downstream of
RIP1 and TRAF2 to activate IKK� (20). We hypothesized that
the binding of IHPK2 toTRAF2might disruptTNF-� signaling.
The aims of this study were to identify motifs in IHPK2
required for TRAF2 binding and to determine whether disrup-
tion of IHPK2-TRAF2 binding would affect TNF-� signaling.
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EXPERIMENTAL PROCEDURES

Materials—Human IFN-� (Serono, Rockland, MA)-specific
activity, 2.7 � 108 units/mg, was used in these studies.
Construction of IHPK2 SXXE Mutants—IHPK2 was cloned

into the pCXN2myc mammalian expression vector (21). Using
PCR, pointmutationsweremade in IHPK2. The serine residues
in SXXE were changed to AXXE. Thus, the wild type sequences
(in bold) SXXE1, VDIVDNSDCEPKS; SXXE2, LLENLTSRYE-
VPC; SXXE3, PEVVLDSDAEDLE; and SXXE4, EDLSEESADE-
SAG were changed to SXXE1, VDIVDNADCEPKS; SXXE2,
LLENLTARYEVPC; SXXE3, PEVVLDADAEDLE; and SXXE4,
EDLSEEAADESAG. This was done using primers 5�-pGTGG-
ACATTGTAGATAATGCAGACTGTGAACCAAAAAGT-3�
and 5�-pACTTTTTGGTTCACAGTCTGCATTATCTACA-
ATGTCCAC-3� for SXXE1, 5�-pTTACTGGAAAACCTGAC-
TGCCCGCTATGAGGTGCCTTGT-3� and 5�-pACAAGGC-
ACCTCATAGCGGGCAGTCAGGTTTTCCAGTAA-3� for
SXXE2, 5�-pCCCGAAGTGGTCCTGGACGCAGATGCTG-
AGGATTTGGAG-3� and 5�-pCTCCAAATCCTCAGCAT-
CTGCGTCCAGGACCACTTCGGG-3� for SXXE3, and 5�-
pGAGGACCTGTCAGAGGAAGCAGCTGATGAGTCTG-
CTGGT-3� and 5�-pACCAGCAGACTCATCAGCTGCTT-
CCTCTGACAGGTCCTC-3� for SXXE4 (p indicates
phosphorylated 5�-nucleotide). The PCR product was
digested with EcoRI and XhoI and cloned into pCXN2myc.
Mutations were confirmed by sequencing. TRAF2 cDNA
was cloned into pCXN2myc in a similar manner. Constructs
were transfected into NIH-OVCAR-3 cells by nucleofection
with Cell Line Nucleofector kit T (Amaxa, Koeln, Germany).
For transient transfection studies, cells were utilized after
48 h. In other co-immunoprecipitation studies, transfectants
were selected with G418 for 4 weeks of selection, and clones
were pooled. Expression of mutants was monitored by
immunoblotting.
siRNA Target Sequence—The IHPK2 target sequence con-

sisted of a 29-mer oligonucleotide representing the 21-nucleo-
tide sequence starting at nucleotide 181 (AAAUUCACUC-
CCCAGUACAAA) and contained an 8-nucleotide sequence at
the 3�-end complementary to theT7 promoter primer provided
in the Silencer siRNA construction kit (Ambion, Austin, TX).
Complementary oligonucleotides were annealed, and double-
stranded RNA was prepared by in vitro transcription. The
resulting double-stranded RNAwas then treated with RNase A
and DNase I to generate the final siRNA product. An oligonu-
cleotide sequence that does not silence any mammalian gene
(siRNA-scrambled, siSCR) was utilized as a negative control.
Nucleofection was used to transiently transfect siRNAs into
cells at a concentration of 40 nM.
Immunoprecipitation—Mouse monoclonal antibody (15 �g)

made in our laboratory was incubated with Protein A-Sepha-
rose beads (Amersham Biosciences) in cell lysis buffer (0.1%
Nonidet P-40, 50mMTris, pH 8.0, 0.1 mM EDTA, 0.5 mM dithi-
othreitol, 75 mM NaCl, 10% glycerol, and protease inhibitors).
For in vitro interaction studies, recombinant purified IHPK2
andTRAF2 (50�g), encoded in pET32a and expressed in BL21-
DE3 bacteria, were incubated in 20 mM Hepes, pH 7.9, 150 mM

NaCl, 10 mM EDTA, 0.1% Nonidet P-40 (v/v), 10% glycerol, 1

mM dithiothreitol, 1 mM phenylmethanesulfonyl fluoride, 20
�g/ml leupeptin. For in vivo interaction studies, total cell pro-
tein (100�g)was immunoprecipitatedwith IHPK2monoclonal
antibody. Precipitate was subjected to electrophoresis, trans-
ferred to polyvinylidene difluoride membrane, and immuno-
blotted with rabbit anti-mouse TRAF2 polyclonal antibody
(Leinco Technologies, St. Louis, MO). Membranes were incu-
bated with anti-mouse IgG antibody conjugated to horseradish
peroxidase and developed using ECL reagents (Pierce). Con-
verse experiments were performed by immunoprecipitating
with anti-TRAF2 and probing with anti-IHPK2. Lysates were
also immunoprecipitated with anti-NF-�B p50 antibody
(Zymed Laboratories Inc., San Francisco, CA), anti-TAK1 (Cell
Signaling Technology, Danvers, MA), or anti-DR4 (Genetex,
San Antonio, TX) and probed for IHPK2.
Immunoblot Analysis—Total cell protein (50 �g) was sepa-

rated on 10% SDS-polyacrylamide gels and transferred to
polyvinylidene difluoride membrane. Membranes were
incubated with antibody raised against TAK1, or phospho-
TAK1, or phospho-AKT or AKT (Cell Signaling Technol-
ogy), or human XIAP (BD Transduction Laboratories, San
Jose, CA), or GAPDH (Trevigen, Inc., Gaithersburg, MD).
After washing, membranes were incubated with appropriate
secondary antibody conjugated to horseradish peroxidase
and developed using ECL reagents (Pierce). Band intensity
was quantitated using densitometry (FluorChem SP imaging
station; Alpha Innotech, San Leandro, CA). -Fold induction
was expressed as the ratio of normalized band intensities:
(TNF-treated)/(PBS-treated).
Electrophoretic Mobility Shift Assay (EMSA)—As a posi-

tive control for NF-�B induction, cells were treated with
TNF-� (20 ng/ml) for 15 min. Plates were washed with cold
Dulbecco’s phosphate-buffered saline (Sigma). Cells were
scraped from plates and resuspended in cold CellLytic M
lysis reagent (Sigma) with phosphatase and protease inhibi-
tors (Calbiochem). Lysates were incubated (4 °C, 30 min)
followed by centrifugation (20,000 � g for 15 min). Superna-
tant protein concentrations were assessed using the Brad-
ford method (Bio-Rad protein assay). The NF-�B consensus
binding sequence oligonucleotide (5�-AGTTGAGGCGACTT-
TCCCAGGC-3�) (Santa Cruz Biotechnology, Santa Cruz,
CA) was end-labeled with [�32-P]dATP (PerkinElmer Life
Sciences), using T4 polynucleotide kinase (Roche Applied
Science). DNA binding reactions were performed (30 min,
4 °C, 20 �g of protein) in 100 mMHEPES, 3.0 mM EDTA, 50%
glycerol, 5 mM dithiothreitol, 25 mM MgCl2, 20 mM Tris, pH
7.90, 5 �g of poly d(I-C), and labeled probe. Complexes were
resolved on 6% non-denaturing polyacrylamide gels. Gels
were dried and exposed to film. To verify that band shifts
were comprised of NF-�B, lysates were stimulated for 15min
with TNF-� (20 ng/ml) and incubated with 1 �g of anti-
NF-�B p50 antibody (Zymed Laboratories Inc., San Fran-
cisco, CA). Band intensity was quantitated by phosphor
image analysis on a Storm-840 imager using Image Quant v
5.1 software (Amersham Biosciences). -Fold induction was
expressed as the ratio of normalized band intensities: (TNF-
treated)/(PBS-treated).
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IKKAssay—Whole cell extracts (300�g of protein)were sup-
plementedwith 150�l of BufferA (20mMHepes, pH7.9, 20mM

�-glycerophosphate, 10 mM NaF, 0.1 mM orthovanadate, 5 mM

para-nitrophenyl phosphate, 10 mM 2-mercaptoethanol, 0.5
mM phenylmethylsulfonyl fluoride, and protease mixture) and
2 �l of normal rabbit serum and mixed by rotation (4 °C, 1 h)
(22). A 50% slurry of Protein G-Sepharose (80 �l) (Amersham
Biosciences) in Buffer A (without �-mercaptoethanol or phen-
ylmethylsulfonyl fluoride) was added and mixed by rotation at
4 °C, 1 h. Protein G-Sepharose was removed by centrifugation
(800 � g, 1 min) and discarded. Anti-IKK� monoclonal anti-
body (0.5 �g; BD Biosciences) or anti-�-actin antibody was
added to the supernatant and mixed by rotation (4 °C, 2 h). A
50% slurry of Protein G-Sepharose (60 �l) prepared in Buffer C
(Buffer A plus 50 mM NaCl and 10 mM MgCl2, without �-mer-
captoethanol and phenylmethylsulfonyl fluoride) was added
andmixed by rotation (4 °C, 30 min). Protein G immunopellets
were collected by centrifugation (800 � g, 30 s) and washed
three timeswith Buffer B (BufferAplus 250mMNaCl) and once
with Buffer C (Buffer A plus 50 mM NaCl and 10 mM MgCl2).
Immunopellets were resuspended in 30 �l of kinase buffer with
0.1 mM orthovanadate, 50 �M unlabeled ATP, 5 �Ci of
[�-32P]ATP, 2 mM dithiothreitol, and 2 �g of recombinant
GST-I�B�-(1–54) and incubated (30 °C, 30 min). Reactions
were stopped with 15 �l of 4� SDS-PAGE loading buffer (200
mM Tris-HCl, pH 6.8, 8% SDS, 40% glycerol, 0.2% 2-mercapto-
ethanol), heated (95 °C, 10min), and resolved by SDS-PAGE on
12% acrylamide gels. Gels were rinsed, stained with Bio-Safe
Coomassie (Bio-Rad) to visualize protein bands, rinsed, photo-
graphed, dried, and exposed to Kodak X-OMATAR film (East-
man Kodak Co., Rochester, NY) to detect substrate phospho-
rylation. IKK activation was quantified by phosphor image
analysis (GE Healthcare).
Antiproliferative Assays—Cells were treated with IFN-�

during growth in RPMI 1640 (Mediatech Inc., Herndon, VA)
and 5% fetal bovine serum (HyClone, Logan, UT). Cells were
confirmed mycoplasma-free by PCR. Growth was monitored
using a colorimetric assay (23). Each treatment group con-
tained 8 replicates. Cells were fixed and stained with sulfor-
hodamine B after 4 days. Bound dye was eluted from cells,
and absorbance (Aexp) was measured at 570 nm. One plate
was fixed 8 h after plating to determine the absorbance rep-
resenting starting cell number (Aini). Absorbance with this
plate and that obtained with untreated cells at the end of the
growth period (Afin) were taken as 0 and 100% growth,
respectively. Thus, Percent Control Growth � 00% * (Aexp �
Aini)/Afin � Aini). Expressed as a percent of untreated con-
trols, a decrease in cell number (relative to starting cell num-
ber) is a negative number on the y-axis.
TUNEL Assay—NIH-OVCAR-3 cells were exposed to TNF-�

(10 ng/ml) for 16 h. Apoptotic cells were detected byTUNEL (ter-
minal deoxynucleotidyltransferase-mediated dUTP-biotin nick
end-labeling) staining using a kit (APO-BRDU kit; BD Bio-
sciences). Cells were processed according to the manufacturer’s
protocol. The percentage of fluorescein isothiocyanate-positive
cellswas analyzedby fluorescent-activated cell scanning (Facsvan-
tage; BD Biosciences).

RESULTS

IHPK2 Binds TRAF2—Bacterially translated proteins were
co-immunoprecipitated with antibody specific for IHPK2 (Fig.
1a, top lane), whereas antibody to the DR4 death receptor did
not precipitate TRAF2 (Fig. 1a, bottom lane). Untransfected
NIH-OVCAR-3 cells were treated with PBS or IFN-� (100
units/ml, 24 h); lysateswere immunoprecipitated (IP)with anti-
IHPK2 followed by immunoblot (IB)with anti-TRAF2 antibody
(Fig. 1b, top lane). IFN-� increased the interaction of IHPK2
with TRAF2. The converse experiment (IP with anti-TRAF2
and IB with IHPK2) gave similar results (second lane). Immu-
noprecipitation with irrelevant antibodies (p50 and TAK1)
yielded no signal.
IHPK2 Knock Down Induces IFN-� Resistance—We previ-

ously showed that IFN-� induced IHPK2 in a post-transcrip-
tionalmanner (7). This induction could be detected after IFN-�
(100 units/ml, 24 h, Fig. 1c, top lane). Transient transfection
with siRNA against IHPK2 (siIHPK2) efficiently suppressed
IHPK2 expression, whereas scrambled siRNA (siSCR) did
not. Because siRNA can potentially induce an IFN response,
we examined effects of siRNA transfection on activation and
phosphorylation of the transcription factor STAT1. Treat-
ment of untransfected cells with IFN-� induced phosphoryl-
ation of STAT1 after 30 min, which was no longer detectable
after 24 h. Similar activation of STAT1 was detected in
siIHPK2- and siSCR-expressing cells, suggesting that down-
regulation of IHPK2 did not affect IFN signaling. The expres-
sion of STAT1, an IFN-stimulated gene, was increased in
untransfected, siIHPK2-transfected, and siSCR-transfected
cells (Fig. 1c, third lane).
Transiently transfected NIH-OVCAR-3 cells were subjected

to TUNEL analysis (Fig. 1d). Following IFN-�, cells expressing
scrambled siRNA (siSCR) displayed 2-fold greater TUNEL
staining (55%) compared with cells expressing siIHPK2 (23%).
Similarly, siIHPK2 reduced the level of apoptosis following
TNF-� from 67 to 32%. Hence, knock down of IHPK2 mRNA
conferred resistance to apoptosis induced by IFN-� and by
TNF-�. Inhibition of apoptosis correlated with enhanced pro-
liferation. Anti-proliferative assays (Fig. 1e) revealed a 2-fold
increase in ID50 for IFN-� in siIHPK2 cells compared with
siSCR cells: 16 and 8 units/ml, respectively.
IHPK2 Mutation Inhibits IHPK2-TRAF2 Binding—Ligation

of death receptors such as Fas, TNFR1, DR4, and DR5 activates
the external apoptotic pathway. TNF-� binds TNFR1, inducing
clustering of TRADD and receptor-interacting protein (RIP1),
which leads to caspase activation. However, ligation of TNFR1
generates not only a death signal but an additional survival sig-
nal mediated by NF-�B. Apo2L/TRAIL triggers apoptosis via
binding to death receptors DR4 and DR5. Immunoprecipita-
tion of NIH-OVCAR-3 cell lysates with IHPK2 monoclonal
antibody showed that there was no association between IHPK2
and DR4 or DR5 (not shown).
Treatment with IFN-� enhanced binding of IHPK2 to

TRAF2 (Fig. 1b). The interaction was even stronger when
TRAF2 and IHPK2 were co-transfected (Fig. 2a). When cells
are transfected with only one construct (either IHPK2 or
TRAF2, Fig. 2, a and b, lanes 1–2) less TRAF2 is immunopre-
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cipitatedwhen comparedwith co-transfection. IHPK2 contains
four SXXE motifs, putative binding sites for TRAF2 (24). For
brevity, we named these sites S1 (S102), S2 (S211), S3 (S347),
and S4 (S359). The four SXXE sites were point mutated (serine
to alanine) singly and in combination. NIH-OVCAR-3 cells
were stably co-transfected with IHPK2 mutants and TRAF2.
Cell lysates were immunoprecipitated with IHPK2monoclonal
antibody. Immunoblot analysis demonstrated that two of the
SXXE mutations (S3 and S4) in combination (but not singly)
reduced TRAF2 binding activity (Fig. 2a). Protein levels of IHPK2
and TRAF2 were comparable in transfected cells (Fig. 2b).
Effect of IHPK2 Mutation on TAK1 Phosphorylation—Be-

cause TAK1 plays an important role in the TNFR-mediated
cascade and functions immediately downstreamofTRAF2 (20),
we determined whether IHPK2 mutation had any effect on
phosphorylation of TAK1.Wild type untransfected and vector-
transfected cells displayed a 2.5- to 3-fold induction of phos-
pho-TAK1 (pTAK1) in response to TNF-� (Fig. 3a). TNF-�
failed to activate TAK1 above base line in cells expressing
IHPK2 or the S3 or S4 single mutants (�1.5-fold induction of
pAKT). However, phosphorylation of TAK1 following TNF-�
was restored in cells containing S3&S4 double mutants (3- to
3.5-fold induction). Hence, the S3&S4 double mutant had
diminished TRAF2 binding and no longer inhibited TAK1
phosphorylation.
Effect of IHPK2Mutation on AKT Phosphorylation—Because

AKT may also contribute to NF-�B activation, mainly through
phosphorylation of IKK� (25), we determined whether IHPK2
mutation had any effect on activation of AKT. Wild type
untransfected and vector-transfected cells displayed a 6-fold
induction of phospho-AKT (pAKT) in response to TNF-� (Fig.
3b). The TNF-� response of cells expressing IHPK2 or the S3 or
S4 single mutants was suppressed (1- to 1.5-fold induction of
pAKT). However, the TNF-� response was restored in cells
containing S3&S4 double mutants; they displayed 5- to 17-fold
induction of pAKT (Fig. 3b, bars 6–9). Hence, the S3&S4 dou-
ble mutant lost the ability to inhibit pAKT activation.
Effect of IHPK2Mutation on I�B� Kinase Activity—The IKK

complex, consisting of �, �, and � subunits, is responsible for

FIGURE 1. IHPK2-TRAF2 interaction. a, interaction of recombinant pro-
teins in vitro. Presence and absence of proteins indicated by � and �,
respectively. The reaction was subject to immunoprecipitation (IP) fol-
lowed by immunoblot (IB) with the indicated antibodies. b, wild type NIH-
OVCAR-3 cells were treated with IFN-� (100 units/ml � 24 h). Lysates were
subject to immunoprecipitation followed by immunoblot with the indi-
cated antibodies. Anti-p50 NF-�B and anti-TAK1 were included as nega-
tive controls. As additional controls, lysis buffer (LB) alone, without cell
lysate, was immunoprecipitated. c, untransfected (WT) cells were treated
with PBS (0 h) or IFN-� as above and harvested at 0.5 and 24 h. Immuno-
blots indicate induction of IHPK2 and STAT1 (at 24 h) and induction of
pSTAT1 (at 30 min). Cells were transiently transfected with siRNA directed
against IHPK2 (siIHPK2) or scrambled siRNA (siSCR) by nucleofection. Two
days later cells were treated with PBS or IFN-� (0.5 and 24 h) and subjected
to immunoblot analysis. d, transiently transfected cells were treated with
PBS, IFN-� (100 units/ml), or TNF-� (10 ng/ml) for 24 h and subjected to
TUNEL staining. e, transiently transfected cells were grown in the presence
of IFN-� (0 –100 units/ml). After 4 days of growth, cells were fixed and
stained, and cell number (proportional to intensity of retained SRB dye)
was expressed as a percentage of PBS-treated control cells (n � 8 repli-
cates/data point).

FIGURE 2. Effect of IHPK2 mutation on binding of IHPK2 to TRAF2. a, NIH-
OVCAR-3 cells were co-transfected with IHPK2 and TRAF2 by nucleofection.
Pluses and minuses indicate the presence or absence of indicated construct,
respectively. Total cell protein (100 �g) from each transfected cell line was
immunoprecipitated with IHPK2 mouse monoclonal antibody. Precipitate
was subjected to immunoblot analysis with TRAF2 polyclonal antibody (bot-
tom row). Immunoblot analysis demonstrated that the IHPK2 S3&4 mutations
in combination (but not single mutations) caused reduced TRAF2 binding
when compared with the interaction of wild type IHPK2 and all other IHPK2
mutations. b, immunoblot to demonstrate protein levels of IHPK2, TRAF2, and
GAPDH in lysates of transfected cells. The experiment was performed three
times with similar results.
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phosphorylation of I�B, leading to I�B degradation, and subse-
quent nuclear translocation of NF-�B. TAK1 phosphorylates
IKK�, themain catalytic subunit, whereas AKTphosphorylates
IKK�. We examined IKK enzymatic activity in lysates of cells
stably transfected with IHPK2 mutants. IKK was immunopre-
cipitated from cell extracts using anti-IKK� antibody, and
kinase activity was assessed using recombinant GST-I�B�-(1–
54) as a substrate. TNF-� induced IKK� activity in wild type
untransfected cells, vector-transfected cells, and all transfec-
tants (Fig. 4). Cells expressing IHPK2 S3&4 double mutants
displayed similar kinase activity aswild type cells or other trans-
fectants. Therefore, the S3&4 mutant did not appear to modu-
late IKK enzymatic activity in vitro.
Effect of IHPK2 Mutation upon NF-�B DNA Binding—We

next determined whether IHPK2-TRAF2 binding and inhibi-
tion of TAK1 phosphorylation disrupted NF-�B signaling. In
untransfected wild type NIH-OVCAR-3 cells, treatment with
TNF-� resulted in robust NF-�B activation as demonstrated by
EMSA (Fig. 5a). Supershift (ss) with anti-p50 confirmed the

FIGURE 3. Effect of IHPK2 mutation on phosphorylation of TAK1 and AKT.
a, untransfected (WT), vector-transfected (pCXN2), and mutant-transfected
cells were treated with PBS (�) or TNF-�, 15 ng/ml (�) for 1 h. Lysates were
subjected to immunoblot with anti-phospho-TAK1 followed by stripping and
reprobing with anti-TAK1. Expression of IHPK2 transgene is indicated, and
GAPDH served as loading control. Bands were quantitated by densitometry,
and -fold induction was calculated (n � 3). b, using the same lysates, similar
studies were performed with anti-phospho-AKT and anti-AKT.

FIGURE 4. IKK activity. IKK activity was assessed using recombinant GST-
I�B�- (1–54) and [�-32P]ATP as substrates. The phosphorylated GST fusion
protein was detected by autoradiography. a, IKK activity was determined
in NIH-OVCAR-3 cells co-transfected with IHPK2 (wild type or mutants)
and TRAF2, followed by TNF-� stimulation for 15 min. Cells expressing the
double mutant did not show significant differences in IKK activity com-
pared with cells expressing wild type IHPK2. Untreated cells typically
exhibit 5–10% the activity of stimulated cells (31). Expression of IHPK2
transgene is indicated, and GAPDH served as loading control. The exper-
iment was performed three times with similar results. b, Coomassie blue-
stained gel demonstrated equal loading of GST-I�B�-(1–54) substrate uti-
lized in the kinase assay.

FIGURE 5. Effect of IHPK2 mutation upon NF-�B DNA binding activity.
a, wild type untransfected NIH-OVCAR-3 cells were treated with TNF-�,
and EMSA was performed. Lysates were incubated with anti-GAPDH or
anti-NF-�B (p50) prior to EMSA to demonstrate supershift (ss). b, cells
transfected with IHPK2 S3&4 mutations (S347A and S359A) displayed
enhanced NF-�B DNA binding activity induced by TNF-�. Cells transfected
with wild type IHPK2 or IHPK2 mutants that lacked S3&4 mutations had
suppressed NF-�B DNA binding activity. Cells were stimulated with TNF-�
(20 ng/ml) for 15 min. Expression of IHPK2 transgene is indicated, and
GAPDH served as loading control. EMSA band intensities were quantified
with a Phosphorimager, and -fold induction was calculated. Cells express-
ing IHPK2 mutants S3&4, S1&3&4, S2&3&4, and S1&2&3&4 were 7- to
11-fold more effective at activation of NF-�B compared with cells trans-
fected with wild type IHPK2, whereas cells expressing IHPK2 and single
mutants had �2-fold induction. Data are expressed as mean � S.E. of
three separate experiments.
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identity of NF-�B. Transfection with IHPK2 reduced the inten-
sity of DNA binding activity in response to TNF-� (Fig. 5b,
compare lanes 3–6). Quantitation of the band shift indicated a
3-fold reduction (Fig. 5b, bars 2 and 3). Hence, overexpression
of IHPK2 blunted NF-�B DNA binding activity in response to

TNF-�. Cells expressing two IHPK2mutations (S3&4) demon-
strated 7- to 11-fold activation of NF-�B compared with cells
co-transfected with wild type IHPK2. The other IHPK2
mutants that lacked S3&4 mutations had blunted NF-�B acti-
vation (1-fold induction).
Effect of IHPK2 Mutation on XIAP—Activated NF-�B trans-

locates to the nucleus and induces transcription of target genes
such as inhibitor of apoptosis proteins (IAPs). The X-linked
mammalian inhibitor of apoptosis protein (XIAP) binds to
caspase 3, caspase 9, DIABLO/Smac, HtrA2/Omi, and TAB1
(26). Cells expressing IHPK2 mutants S3&4 displayed up to a
2.4-fold increase in XIAP. The IHPK2 single mutants (S3 and
S4) acted like wild type IHPK2, resulting in suppressed XIAP
expression (fold increase 0.1–0.9) (Fig. 6). Thus, effects of
IHPK2mutation uponXIAP induction correlatedwith changes
in NF-�B DNA binding activity.
IHPK2 Mutants Inhibit TNF-�-induced Apoptosis—The

effects of IHPK2 mutation on TNF-�-induced apoptosis were
analyzed by TUNEL (Fig. 7). Untransfected wild type and vec-
tor-transfected cells displayed 40 and 26% TUNEL positivity
following TNF-�, respectively. Cells expressing IHPK2 or S3 or
S4 single point mutations had enhanced TUNEL staining, 64,
51, 52%, respectively. Cells expressing the S3&S4 double muta-
tion were 33% TUNEL-positive, a response that was similar to
untransfected or vector-transfected cells. Therefore, the double
mutant was defective in enhancing TNF-�-induced apoptosis.
IHPK2 Mutants Affect Growth-suppressive Activities of

IFN-�—The biological relevance of the IHPK2 mutations was
determined in antiproliferative assays using pools of stable
transfectants. Overexpression of IHPK2 sensitized cells to
IFN-�, as the IC50 value fell from 15 to 6 units/ml in vector-
transfected and IHPK2-transfected cells, respectively (Fig.
8). Constructs containing the S3&4 mutations conferred
resistance to IFN-�, as the IC50 value increased from 15

units/ml in vector-transfected cells
to 20–75 units/ml in double
mutant-transfected cells, respec-
tively. Cells expressing irrelevant
IHPK2 mutations (IRREL, con-
structs lacking S3&4 mutations)
displayed sensitivity to IFN-�
between that of vector- and IHPK2-
transfected cells. Therefore, overex-
pression of IHPK2 sensitized cells to
IFN-�, and the S3&4 double muta-
tion conferred resistance to IFN-�.

DISCUSSION

In our previous study, overex-
pression of the kinase-dead IHPK2
mutant suppressed IFN-induced
cell death, but the magnitude of
suppression was 50%, even though
transfection efficiency was 90%.
Snyder and co-workers (8) recently
demonstrated that transfection of
IHPK2 augmented the apoptotic
activities of several cell stressors.

FIGURE 6. Effect of IHPK2 mutation on XIAP levels. Immunoblotting for
XIAP was performed with lysates harvested 24 h after TNF-� (15 ng/ml).
Expression of IHPK2 transgene is indicated, and GAPDH served as loading
control. Cells expressing IHPK2 mutations S3&4 had up to 2.4-fold increase in
XIAP. XIAP was not induced in cells expressing IHPK2, or IHPK2 single muta-
tions, demonstrating -fold increases of -0.1 to -0.9. -Fold increase �1.0 corre-
sponds to decreased XIAP expression following TNF-� (n � 3).

FIGURE 7. Effect of IHPK2 mutation on apoptosis induction by TNF-�. Untransfected (WT), vector-trans-
fected (pCXN2), and mutant-transfected cells were treated with PBS or TNF-�, 15 ng/ml for 16 h. Induction of
apoptosis was determined by TUNEL staining.
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Although transfection of all three subtypes of IHPK increased
cell death, suppression of IHPK2, but not IHPK1 or IHPK3,
abrogated apoptosis.
Our studies and those of Snyder and co-workers suggest that

kinase activity is not the sole determinant of the apoptotic
activity of IHPK2. The present study provides evidence that
IHPK2 is a TRAF2-interacting protein that suppresses TAK1
phosphorylation and inhibits NF-�B activation. In the absence
of cell stressors such as IFN-� or TNF-�, IHPK2-TRAF2 inter-
action is still detected at low levels (Fig. 1b). This may be
responsible for the �10% constitutive levels of apoptosis
observed in NIH-OVCAR-3 cells. Immunoprecipitation analy-
sis confirmed that the SXXE mutations (S347A and S359A) in
combination inhibited TRAF2 binding. Therefore, these resi-
dues are important for IHPK2-TRAF2 association. Cells
expressing these IHPK2mutationsweremore effective at phos-
phorylation of TAK1 and activation of NF-�B compared with
cells expressing wild type IHPK2. Similarly, the doublemutants
were more effective at XIAP induction and more resistant to
the apoptotic effects of IFN-�.
TheNF-�Bpathway is activated following degradation of I�B

(27). This pathway depends on the IKK complex, which con-
tains three subunits, IKK�, IKK�, and IKK�. TRAF2 functions
to recruit IKK� and IKK� to the TNF-R1 receptor (18).
Although initial studies utilizing TRAF2 knock-out MEFs sug-
gested that TRAF2 did not play a role in activation of NF-�B by
TNF-� (12), later studies indicated that TRAF2 was indeed
required for NF-�B activation. Nakano and co-workers (16)
showed that TRAF2/TRAF5 double knock-out MEFs were
severely impaired in NF-�B activation following TNF-�, sug-
gesting that TRAF2 and TRAF5 function may be redundant. In
squamous carcinoma, expression ofDN-TRAF2 strongly inhib-
ited transcription of an NF-�B reporter plasmid, whereas DN-
TRAF5 had no effect on NF-�B activation (17). Hence, in some
carcinomas TRAF2 and TRAF5 function is not redundant.
Amodel for this signaling cascade is: TNFR1-(RIP1/TRAF2)-

TAK1-IKK�-NF-�B. Knock-out MEFs that lack TAK1 cannot

activateNF-�B in response toTNF-� and are highly sensitive to
TNF-�-induced apoptosis, indicating that the survival pathway
is severely inhibited in these cells (20). Phosphorylation of
IKK�, mediated byNF-�B-inducing kinase, appears to be intact
in TAK1 knock-out MEFs (20). Thus, TAK1 phosphorylates
IKK� but does not appear to phosphorylate IKK�. Immunopre-
cipitation experiments with recombinant proteins demon-
strated that IKK� is the main catalytic subunit of the IKK com-
plex (28).
The GST-I�B�-(1–54) fusion protein, containing glutathi-

one and the first 54 residues of I�B�, is phosphorylated by IKK
in the kinase assay. Antibodies directed against IKK� disrupt
IKK activity; therefore, antibodies against IKK� or IKK� are
generally utilized to precipitate the complex. Other proteins
such as Cdc37 and Hsp90 may be required for optimal activity
of the IKK complex (29). If such auxiliary proteins are not
pulled down efficiently, the assay may not reflect the full extent
of I�B� phosphorylation in vivo.

Mutation of IHPK2 clearly affected TAK1 phosphorylation
(Fig. 3a) but did not affect IKK kinase activity in vitro (Fig. 4a).
There is also cross-talk between TRAF2 and AKT in NIH-
OVCAR-3 cells, as overexpression of IHPK2 inhibited AKT
activation (Fig. 3b). CD40, a TNF receptor superfamily mem-
ber, requires TRAF2 to activate AKT. In TRAF2 knock-out
MEFs, and carcinoma cells that received siRNA-TRAF2, AKT
phosphorylation was severely impaired (30). Our studies sug-
gest that following binding to TRAF2, IHPK2 functions to
inhibit TAK1phosphorylation,AKTphosphorylation, and sub-
sequent NF-�B activation.
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