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Heat-shock proteins (HSPs) are abundant, inducible proteins best
known for their ability to maintain the conformation of proteins
and to refold damaged proteins. Some HSPs, especially HSP90, can
be antiapoptotic and the targets of anticancer drugs. Inositol
hexakisphosphate kinase-2 (IP6K2), one of a family of enzymes
generating the inositol pyrophosphate IP7 [diphosphoinositol pen-
takisphosphate (5-PP-IP5)], mediates apoptosis. Increased IP6K2
activity sensitizes cancer cells to stressors, whereas its depletion
blocks cell death. We now show that HSP90 physiologically binds
IP6K2 and inhibits its catalytic activity. Drugs and selective muta-
tions that abolish HSP90-1P6K2 binding elicit activation of IP6K2,
leading to cell death. Thus, the prosurvival actions of HSP90 reflect
the inhibition of IP6K2, suggesting that selectively blocking this
interaction could provide effective and safer modes of chemotherapy.
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nositol phosphates (IPs) are major signaling molecules, with

the best known, inositol 1,4,5-trisphosphate (IP3), releasing
intracellular calcium (1, 2). More recently, inositol pyrophos-
phates (PP-IPs) have been identified, the most characterized
ones being diphosphoinositol pentakisphosphate (IP7) and bis-
diphosphoinositol tetrakisphosphate (IP8) (3, 4). Biosynthesis of
the PP-IPs was clarified by the identification and cloning of a
family of three distinct IP6 kinases (5, 6). In the IP7 formed by
these enzymes, the diphosphate is at C5, affording the designa-
tion 5-PP-IP5. York and coworkers (7) described an IP7 (4/6-
PP-IP5) with the diphosphate at C4 or C6, which is generated by
the enzyme VIP1 (7). Hereafter, unless otherwise specified, we
refer to 5-PP-IP5 as IP7(5) and to 4/6-PP-IP5 as IP7(4/6).

Insight into functions of PP-IPs derives from a variety of
approaches, including functional changes after deletion of ino-
sitol hexakisphosphate kinase (IP6K) in yeast. IP6K-deficient
yeast manifest major abnormalities in vesicular endocytosis
(8-10) and telomere length (11, 12). Abundant evidence impli-
cates PP-IPs in vesicular trafficking. Several proteins involved in
such trafficking are binding partners of IP6 and IP7(5) (13, 14).
Guanine nucleotide exchange factor for Rab3A (GRAB), a
prominent binding partner of IP6K1, is involved in the regulation
of vesicular exocytosis (15). In the slime mold Dictyostelium,
IP7(5) regulates chemotaxis by competing with the lipid phos-
phatidyl inositol (PI)(3,4,5)P3 for binding to the pleckstrin
homology (PH) domain of the cytosolic regulator of adenylyl
cyclase (CRAC) (16). IP7(4/6) formed by VIP1 regulates phos-
phate homeostasis in yeast (17).

Recent advances have elucidated mechanisms whereby PP-IPs
influence their targets. IP7 physiologically pyrophosphorylates a
substantial number of proteins in both yeast and mammalian
cells in a nonenzymatic process analogous to S-nitrosylation of
proteins (18, 19).

IP6K2 has been selectively linked to mammalian cell death.
Lindner and coworkers (20) screened an antisense library and
uncovered IP6K2 as a proapoptotic gene. Overexpression of
IP6K2 sensitizes numerous cancer cell lines to apoptotic actions
of various cell stressors (20-23), whereas depletion of IP6K2 by
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RNAI prevents the apoptotic actions of several agents, indicating
an association of IP6K2 with cell death (20, 21). IP6K2-
augmented cell death is associated with an increase in DR4
[TNF-related apoptosis-inducing ligand (TRAIL) receptor] and
caspase-8 expression and subsequent activation (23). IP6K2 also
binds to TNF receptor-associated factor-2 (TRAF2) and inter-
feres with the phosphorylation of transforming growth factor
B-activated kinase-1 (TAK1) resulting in the inhibition of NF-«f3
signaling in OVCAR-3 cells (24).

Cell death in response to anticancer drugs has been shown to
involve IP6K2 (21, 23). Thus, cisplatin (CP) augments IP7(5)
generation in OVCAR-3 cells, and the apoptotic influences of
the drug are substantially augmented by IP6K2 overexpression
(21). IP6K2-mediated cell death depends on its catalytic activity
because its kinase-dead mutant prevents apoptosis. The aug-
mentation of IP7(5) formation elicited by CP is not associated
with any changes in IP6K2 protein level, suggesting that under
basal conditions IP6K2 activity is inhibited by some factor.

Heat-shock proteins (HSPs) promote the refolding of dena-
tured proteins and are increasingly appreciated as mediators of
antiapoptotic signaling with substantially augmented activity
during carcinogenesis (25-28). The molecular chaperone HSP90
controls the conformation, stability, activation, intracellular
distribution, and turnover of numerous client proteins that are
involved in cell growth, differentiation, and survival (29, 30).
Several kinases, hormone receptors, mutant pS3, and the cata-
lytic subunit of telomerase hTERT are HSP90 clients (31).
HSP90 is a promising target for the development of cancer
chemotherapeutics because its inhibition simultaneously affects
multiple oncogenic proteins (29, 30). HSP90 inhibitors broadly
categorized as N-terminal- (radicicol, geldanamycin, etc.) and
C-terminal-[CP, novobiocin (NB), etc.] binding compounds in-
hibit its chaperone activity and client—protein interaction
(29-306).

We now report that HSP90 physiologically binds IP6K2 and
inhibits its catalytic activity under basal conditions. IP6K2
contains a unique motif for HSP90 binding. Selective mutations
within this motif abolish HSP90-IP6K2 binding, augment IP7(5)
production, and cause cell death. Depletion of HSP90 by siRNA
also causes increased IP6K2 catalytic activity. IP6K2 binds to the
C-terminal domain of HSP90. Drugs that have been reported to
interact with the C terminus of HSP90, such as CP and NB,
disrupt HSP90-IP6K2 binding, leading to activation of IP6K2.
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Fig. 1.  IP6K2 binds HSP90. (a) HSP90A peptides identified by LC/MS/MS
analysis. (b) Co-IP of endogenous HSP90 by endogenous IP6K2 in mouse brain.
Coprecipitated HSP90 was detected by Western blotting using a monoclonal
antibody. (c) HSP90 coprecipitated with IP6K2 in mouse kidney. Immunopre-
cipitation was done with IgG- or IP6K2-specific antibody as in brain extract.
HSP90 in the immunoprecipitated sample was detected by Western blotting.
(d) Direct binding of immunoprecipitated Myc-IP6K2 with exogenously added
HSP90 purified from Hela cells. Myc-vector-transfected HEK293 cells were
used as negative controls. (e) Direct binding of purified recombinant His-IP6K2
with exogenously added HSP90 purified from HelLa cells.

Apoptotic actions of these drugs are diminished in cells depleted
of IP6K2, demonstrating that increased IP6K2 activity mediates,
in part, the cytotoxic actions of CP and NB. HSP90 depletion
enhances the cell death elicited by IP6K2 activation. Thus, the
antiapoptotic influences of HSP90 stem in major part from its
binding IP6K2 and inhibiting its apoptotic effects.

Results

We wondered whether the rapid activation of IP6K2 in response
to apoptotic stimuli reflects interaction with other proteins. We
sought binding partners for IP6K2 by GST pull-down of over-
expressed GST-IP6K2 from several cell lines (HEK293, HelLa,
and HCT116). Tandem mass spectrometric analysis (LC/MS/
MS) of the most prominent pulled-down band in HCT116 reveals
HSP90 [Fig. 1a and supporting information (SI) Fig. 5 @ and b].
Coprecipitation experiments in mouse brain and kidney estab-
lish that endogenous IP6K2 and HSPY0 interact physiologically
(Fig. 1 b and c and SI Fig. 5¢). Binding between IP6K?2 and native
HSP90 (Fig. 1 d and e) or recombinant HSP90« (SI Fig. 5d) in
vitro indicates a direct interaction.

To assess the specificity of IP6K2-HSP90 interaction, we
immunoprecipitated Myc-IP6Ks and observed that IP6K2, but
not IP6KI1, precipitates endogenous HSP90 in HEK293 and
HeLa cells (Fig. 2 a and b). Deletion mutant analysis of IP6K2
identifies a 12-aa motif critical for binding HSP90 (Fig. 2¢ and
SIFig. 6 a and b). The motif is not present in IP6K1, which explains
the selective binding of HSP90 to IP6K2. We mutated IP6K2 in
its putative HSP90-binding motif. Mutation of tryptophan-131
modestly diminishes IP6K2-HSP90 binding, whereas mutations
of arginine-133 or —136 abolish binding (Fig. 2d).

Deletion mapping of HSP90 reveals that IP6K2 binds to
HSP90’s C terminus (Fig. 2 e and f). We wondered whether the
apoptotic actions of anticancer drugs that inhibit HSP90 involve
HSP90-IP6K2 interactions. NB and CP prevent the binding of
IP6K2 and HSPY0 in intact cells (Fig. 2g) and with the purified
proteins (Fig. 2h), whereas the geldanamycin derivative 17-
(allylamino)-17-demethoxygeldanamycin (AAG) has no effect
(Fig. 2h and SI Fig. 6¢). Half-maximal inhibition of binding
occurs with ~100 uM NB and 1 uM CP, comparable to their
apoptotic potencies (36, 37).

We investigated whether the binding of HSP90 influences
IP6K?2 catalytic activity. Depletion of HSP90 by RNAi (SI Fig.
7a) in HEK293 cells increases IP6K catalytic activity ~2.5-fold
(Fig. 3a). Presumably this augmentation predominantly involves
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Fig. 2.

to Myc-K2

HSP90 binds to a specific motif in IP6K2 by its C terminus. (a) Co-IP of endogenous HSP90 by overexpressed Myc-IP6K2 from HEK293 cells. Protein (1 mg)

from each cell lysate was immunoprecipitated by anti-Myc antibody and was immunoblotted with monoclonal HSP90 antibody. Lane 1 (Con) shows the
Myc-vector control. (b) Co-IP of Myc-IP6K2, not IP6K1, by endogenous HSP90 from Hela cells. Immunoprecipitation of endogenous HSP90 by monoclonal
antibody coprecipitates IP6K2, not IP6K1, as confirmed by blotting with a-Myc antibody. (c) Deletion mapping of IP6K2 to identify HSP90-binding motif. (d)
Endogenous HSP90 does not coprecipitate with mutants of IP6K2 in the putative HSP90-binding region. R133A and R136A mutants do not bind, whereas W131A
has little effect on binding. (e) Mapping of HSP90 to identify the IP6K2-binding region. Fragments 1-272 [N terminus (N)], 273-732 [middle and C termini (MQ)],
and 629-732 [C terminus (C)] were generated and cloned into pGEX vector and purified from bacteria. (f) Determination of binding region of HSP90 to IP6K2
by in vitro binding. After incubation of the proteins, the beads were washed, and bound HSP90 was analyzed by blotting with anti-HSP90 monoclonal antibody.
(g) IP6K2-HSP90 interaction in cells is disrupted by CP and NB treatment. Overnight drug treatment was followed by immunoprecipitation of Myc-IP6K2 and
detection of coprecipitated HSP90 by Western blotting. (h) Binding in vitro of HSP90-IP6K2 is disrupted by CP and NB, but not by AAG. HSP90 bound to Myc-IP6K2
was analyzed by blotting with anti-HSP90 monoclonal antibody.
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Fig. 3.

HSP90 inhibits IP6K2 catalytic activity. (a) IP6K2 activity in vivo is increased in the absence of endogenous HSP90. HSP90 and IP6K2 (either alone or

together) were depleted by using siRNA in [3H]inositol-labeled HEK293 cells and inositol phosphates separated by HPLC. (b) IP6K activity in WT and HSP mutant
S. cerevisiae in vivo. IP6 and IP7 were monitored after [3H]inositol labeling of intact cells. (c) HSP90 overexpression leads to decreased IP6K2 activity in vivo. HEK293
cells overexpressing Myc-IP6K1/Myc-IP6K2 either alone or with HA-HSP90 were labeled with [3H]inositol, and inositol phosphates were isolated by HPLC. (d)
HSP90 inhibition of IP6K2 in vivo requires binding to IP6K2. IP7 labeled by [3H]inositol was assessed in HEK293 cells cotransfected with Myc-IP6K2 (WT or the
mutants) and HA-HSP90. (e) IP6K activity in vitro of WT and mutant IP6K2 in the absence and presence of purified HSP90. HSP90 fails to inhibit IP6K activity of
the R136A mutant that does not bind HSP90. IP6K2-W131A is catalytically inactive. (f) CP enhancement of IP7 generation in vivo is influenced by IP6K2-HSP90
binding. IP6K activity of [3H]inositol-labeled HEK293 cells was measured after 30 uM CP treatment overnight. (g) IP6K activity is increased after CP and NB
treatment of HEK293 and Hela cells. After drug treatment, extracts were prepared, and 25 ug of total protein was assayed for IP6K activity.

IP6K2, because IP6K1 does not bind HSP90 and because IP6K3
occurs at very low levels in these cells. To ascertain the portion
of total IP6K activity attributable to IP6K2, we depleted IP6K2
by RNAI (SI Fig. 7a) and observed a 30% decrease in cellular
catalytic activity. Thus, the augmentation of IP6K activity asso-
ciated with IP6K2 is ~4-fold. HSP90 RNAI in cells already
depleted of IP6K2 fails to augment IP6K activity, implying that
the enhancement of IP7(5) production by the depletion of
HSP90 selectively reflects the catalytic activity of IP6K2 (Fig.
3a). We obtained similar results in HeLa cells (data not shown).

The yeast Saccharomyces cerevisiae possesses constitutive and
inducible homologues of HSP90, designated HSC82 and HSP82,
respectively. In HSC82 KO yeast, IP6K activity is ~2.5-fold
higher than WT, consistent with its physiologic binding IP6K to
inhibit catalytic activity (Fig. 3b). In yeast null for HSP82, IP6K
catalytic activity is increased but to a lesser extent. This obser-
vation fits with the notion that, under basal conditions, the
constitutive HSC82 plays a larger role in regulating IP6K.
HSP104 does not bind IP6K, and, as expected, its deletion does
not alter IP6K activity.

In agreement with the augmented IP6K activity after deple-
tion of HSP90, overexpression of HSP90 markedly reduces IP6K
catalytic activity in HEK293 cells (Fig. 3¢ and SI Fig. 7b). This
effect is selective for IP6K2 because overexpression of HSP90
does not influence catalytic activity of IP6K1. Overexpression of
IP6Ks in HeLa cells provides similar results (data not shown).

We examined IP6K2 mutations that inhibit its binding to
HSP90. Cells overexpressing IP6K2-R136A, which cannot bind
HSP90, have higher IP6K catalytic activity than cells with
IP6K2-WT (Fig. 3d). Overexpression of HSP90 (SI Fig. 7c)
markedly reduces IP7(5) formation in cells with TP6K2-WT,
whereas no reduction in IP7(5) formation occurs in cells over-
expressing IP6K2-R136A mutant (Fig. 3d), indicating that
HSP90-IP6K2 binding is required for the inhibition of IP6K
activity by HSP90.

1136 | www.pnas.org/cgi/doi/10.1073/pnas.0711168105

IP6K activity is markedly reduced in cells with IP6K2-W131A
(Fig. 3d). To investigate the molecular mechanism underlying
this loss of catalytic activity, we monitored the process in vitro
with immunoprecipitated Myc-IP6K2 proteins (Fig. 3e and SI
Fig. 7d). The addition of HSP90 substantially decreases the
catalytic activity of IP6K2-WT. IP6K2-R136A has robust cata-
Iytic activity that is not affected by the addition of HSP90,
consistent with this mutation blocking IP6K2-HSP90 binding. In
contrast, the catalytic activity of IP6K2-W131A is markedly
reduced in the absence or presence of HSP90. We monitored the
binding of the substrate [*HJIP6 to IP6K2 (SI Fig. 7 e and f).
Binding is reduced by half in IP6K2-W131A but is not affected
by mutations of R133 or R136, indicating that the loss of catalytic
activity of IP6K2-W131A reflects the inability of this mutant
enzyme to bind IP6. Thus, HSP90 binds to a region of IP6K2
important for binding to the substrate IP6, suggesting a mech-
anism by which HSP90 impacts IP6K2 catalytic activity.

Drug-induced disruption of HSP90 binding impacts IP6K2
activity. Thus, in HEK293 cells with or without overexpression
of IP6K2, CP augments IP6K activity (Fig. 3f). The R136A
mutation increases IP6K2 catalytic activity and renders it less
responsive to CP, consistent with CP’s stimulatory effect reflect-
ing, in large part, its inhibition of HSP90-IP6K2 binding, which
requires R136 (Fig. 3f and SI Fig. 7g). AAG does not augment
IP6K activity in intact cells, consistent with its failure to disrupt
HSP90-IP6K2 binding (SI Fig. 7h). CP and NB also stimulate
IP6K activity in extracts of HEK293 and HeLa cells (Fig. 3g).

We examined the influence of HSP90 on IP6K2-mediated
apoptosis. Depletion of HSP90 by siRNA treatment causes a
time-dependent decrease in cell survival (Fig. 4a), which is
reversed by codepletion of IP6K2. IP6K2 overexpression aug-
ments cell death elicited by HSP90 depletion (Fig. 4b).

We compared proapoptotic activities of IP6K2-R136A, which
does not bind HSP90, with IP6K2-WT. Overexpression of
IP6K2-R136A decreases cell survival much more than
IP6K2-WT (Fig. 4c). HSP90 reverses the apoptotic effects of

Chakraborty et al.
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Fig.4. HSP90-IP6K2 interaction regulates drug-induced cell death. (a) Decreased cell survival elicited by HSP90 depletion (filled inverted triangles) is reversed
by codepletion of IP6K2 (filled squares). Cotansfection of control siRNA with HSP90 siRNA has no effect (open squares). MTT assay was done after each time period
of various siRNA treatments of HEK293 cells. (b) Cell death elicited by HSP90 depletion is further enhanced by IP6K2 overexpression. Cells were either transfected
with HSP90 siRNA or cotransfected with Myc-IP6K2 for 48 h, and cell death was monitored by apoptotic nuclei-detection assay. (c) Cell survival (MTT) assay of
WT and IP6K2-R136A-transfected HEK293 cells. Cells were transfected with various Myc-IP6K2 constructs; after each interval, the percentage survival was
calculated. IP6K2-R136A mutant (filled inverted triangles) causes a significant decrease in cell survival than IP6K2-WT (open circles). (d) Increased cell death
elicited by overexpression of IP6K2-R136A that does not bind to HSP90. Cells were transfected by different constructs for 72 h. Cell death caused by IP6K2-WT
is reversed by HSP90 overexpression, whereas there is no effect of HSP90 on IP6K2-R136A. The catalytically impaired IP6K2-W131A does not induce cell death.
(e) Caspase-3 activity is increased in cells transfected with IP6K2-R136A, which does not bind HSP90. Activity was measured after 72 h of transfection. The
magnitude of increase was determined by considering OD4g5 of control samples as unity. (f) Death of cells overexpressing IP6K2-WT after CP treatment is reversed
by HSP90 in cells overexpressing IP6K2-WT, but not IP6K2-R136A, which cannot bind HSP90. Cells overexpressing IP6K2-W131A show diminished cell death
relative to WT, which is further reduced by HSP90 coexpression. (g) Cell death assay as described for panel f, after NB treatment. (h) CP- and NB-induced cell death
in HEK293 cells requires IP6K2. Endogenous IP6K2 was depleted by using siRNA. CP and NB were added after 36 h of transfection for 36 and 24 h, respectively.

Cell death in drug-treated cells is diminished by IP6K2 depletion.

IP6K2-WT, but not those elicited by IP6K2-R136A (Fig. 4d).
The importance of IP6K2 catalytic activity for cell death is
supported by the absence of cell death augmentation after
overexpression of the catalytically impaired IP6K2-W131A mu-
tant (Fig. 4d). The apoptotic effects of IP6K2-R136A also are
illustrated by a 2-fold increase in caspase-3 activity over
IP6K2-WT (Fig. 4e).

If CP and NB cause cell death at least in part by disrupting an
inhibitory effect of HSP90 on IP6K2, then overexpression of
HSP90 should reverse drug-induced cytotoxicity. In IP6K2-WT-
overexpressing cells, HSP90 overexpression markedly diminishes
the cytotoxic actions of CP and NB (Fig. 4 f and g). HSP90 does
not reduce drug-induced cytotoxicity in cells overexpressing
IP6K2-R136A, which cannot bind HSP90. In contrast to the
marked increase in drug toxicity in cells overexpressing IP6K2-
WT, no augmentation is evident after overexpression of IP6K2-
W131A, which has markedly diminished catalytic activity. This
observation fits with the notion that CP and NB cause cell death
by enhancing IP6K2 activity.

We depleted IP6K2 in HEK293 cells by RNAI. Cell death
elicited by CP and NB is reduced by 50% and 40%, respectively,
in IP6K2-depleted cells, confirming that IP6K2 plays a major
role in CP- and NB-induced cell death (Fig. 4%). Thus, HSP90’s
regulation of cell survival occurs largely via its inhibition of
IP6K2. As expected, the apoptotic actions of AAG are unaf-
fected by IP6K2 depletion (data not shown).

Discussion

Our findings identify IP6K2 as an HSP90-binding partner and
indicate that this interaction physiologically regulates cell sur-
vival. HSP90 binds IP6K2 and inhibits its catalytic activity, thus
protecting cells from apoptosis. On the basis of the increased
IP6K2 activity after disruption of HSP90 binding, we estimate

Chakraborty et al.

that =~30-50% of total cellular IP6K2 is bound to HSP90.
Selective disruption of HSP90-IP6K2 binding markedly aug-
ments [P7 generation and cell death. The antiapoptotic effect of
HSP90 is overcome by IP6K2 mutants that do not bind HSP90.
We also find that the proapoptotic consequences of HSP90
knockdown require IP6K2. Thus, the antiapoptotic, cancer-
promoting actions of HSP90 may reflect its inhibition of IP6K2’s
apoptotic influences. HSP90 might be regarded as a reservoir for
IP6K2, storing it in an inactive state and releasing it as needed.

The influence of HSP90 on IP6K2 differs from typical
HSP90-client interactions. IP6K2, like other inositol polypho-
sphate kinases, shares structural and functional similarities with
protein kinases (38), a number of which are associated with
HSP90, such as Akt, PDK1, the cyclin-dependent kinases Cdk4,
Cdk6, and Cdk9, etc. (31, 32, 39-42). These protein kinases are
activated and stabilized as a result of HSP90 association. In
contrast, IP6K2 is inhibited by HSP90 binding. Activation of
protein kinase clients requires the HSP90 ATPase cycle and can
be disrupted by ATP-competitive HSP90 inhibitors such as
geldanamycin. By contrast, the regulation of IP6K2 by HSPI0 is
insensitive to the N-terminal HSP90 ATPase inhibitor AAG.
Protein kinase clients of HSP90 require critical residues in the
middle domain of HSP90 (42), whereas IP6K2 binds to its C
terminus. The 12-aa motif in IP6K2 that binds HSP90 appears to
be distinct. Our database searches revealed only a few imperfect
matches to this sequence, and these are not known HSP90-
binding proteins.

Several HSP90 inhibitors display anticancer properties of
which the best characterized are geldanamycin and its deriva-
tives, which bind to the N-terminal ATP-binding domain of
HSP90 (30, 33, 34, 43). However, CP and NB bind to the C
terminus of HSP90 both in vitro and in vivo (35-37). CP binds
HSP90, decreasing the transcriptional activity of androgen and
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glucocorticoid receptors although not affecting other HSP-
regulated proteins, such as the phosphokinases Raf-1, Lck, and
c-Src (37). NB binding to HSP90 can allosterically interfere with
the binding to its N terminus of proteins such as mutant p53 and
Raf-1 (36). Our findings indicate that CP and NB exert their
cytotoxic effects, at least in part, by disrupting IP6K2-HSP90
binding, leading to augmented IP7(5) formation. CP and NB
both have additional effects, most notably DNA damage via
covalent adduct formation or topoisomerase II inhibition, re-
spectively. It is difficult to ascertain the extent to which apoptotic
actions of these drugs are attributable to various mechanisms.
Nonetheless, the major reduction in cell death elicited by CP and
NB in cells depleted of IP6K2 implies that activation of IP7(5)
formation by disruption of IP6K2-HSP90 binding is an impor-
tant cytotoxic mechanism for these drugs. The failure of IP6K2
depletion to influence cell death elicited by AAG fits with the
failure of this drug to disrupt IP6K2-HSP90 binding.

Geldanamycin-insensitive binding of proteins to the C termi-
nus of HSP90 is only recently becoming appreciated. FKBP38 is
a peptidylprolyl cis-trans isomerase that promotes apoptosis by
inhibiting interactions of Bcl-2 with calcineurin and Bad. Binding
of HSP90 to FKBP38 inhibits FKBP38 catalytic activity and
blocks FKBP38-Bcl-2 binding, thus preventing apoptosis (44).
Like IP6K2, FKBP38 interacts with the C terminus of HSP90 in
a geldanamycin-insensitive manner. In our experiments, cell
death induced by C terminus-directed HSP90 inhibitors depends
on IP6K2, suggesting an apoptotic mechanism independent of
the HSP90-FKBP38 pathway.

Molecular mechanisms whereby IP6K2 induces cell death are
unclear. IP6K2 can up-regulate DR4 and caspase 8 and inhibit
NF-«f signaling via interactions with TRAF2 (23, 24). In yeast,
inositol pyrophosphates modulate cell death and telomere length
by antagonizing yeast homologues of ataxia telangiectasia mu-
tated (ATM) kinase, a regulator of the DNA damage response
and cell death in higher organisms (12). IP7(5) competes with
the lipid PI(3,4,5)P3 for binding to PH domains (16). Conceiv-
ably, disruption by IP7(5) of PIP3 binding to PH domains of
prosurvival proteins such as Akt contributes to cell death. IP7(5)
also can transfer its energetic S-phosphate to pyrophosphorylate
proteins in a nonenzymatic reaction, raising the possibility that
direct modification of proteins by IP7 could contribute to
IP6K2-mediated apoptosis (18, 19).

Our findings may have therapeutic relevance. One could
readily screen for agents that selectively block IP6K2-HSP90
binding. Such substances would be predicted to have therapeutic
effects in cancer and may elicit fewer side effects than classical
chemotherapeutic agents that act by mechanisms such as DNA
damage. Inhibitors of HSP90-IP6K2 binding also may be more
selective and less toxic than drugs that affect HSP90’s ATPase
activity and thereby exert more global influences.

Materials and Methods

Anti-IP6K2 polyclonal antibody was raised in rabbit by Affinity BioReagents
against a synthetic peptide. Monoclonal antibodies for HSP90 and B-tubulin
were from BD Biociences and Upstate Biotechnology, respectively. siRNAs
against HSP90« and -8 and IP6K2 were from Qiagen and Invitrogen, respec-
tively. Purified HSP90 was from Stressgen Biotechnologies. Polyfect and Hip-
erfect were from Qiagen. Unless otherwise stated, chemicals were purchased
from Sigma-Aldrich.
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LC/MS/MS Analysis. The 85-kDa band, pulled down by GST-IP6K2, was sent to
Taplin Biological Mass Spectrometry Facility (Harvard Medical School, Boston,
MA) for identification of the protein by LC/MS/MS.

Cloning of HSP90. HSP90« and HSP903 were cloned into pCMV-HA plasmids by
RT-PCR using mRNA purified from HEK293 cells.

IP; Measurement in Vivo. Cellular IP7 was measured as described previously (8,
21). Details are found in S/ Materials and Methods.

IP6K2 Activity in Vitro. IP6K2 activity in vitro was measured as described
previously (21). Details are found in S/ Materials and Methods.

Coimmunoprecipitation (Co-IP). Cells or mouse tissues were homogenized in
lysis buffer [20 mM Tris (pH 7.4), 150 mM NacCl, 0.5% Nonidet P-40, and
protease inhibitor cocktails]. Equal amounts of protein were immunoprecipi-
tated at 4°C overnight by using the protein AG agarose beads in the presence
of antibody. Beads were washed (4 X 10 min) with lysis buffer. Coimmuno-
precipitates were resolved by SDS/PAGE and analyzed by Western blotting.

siRNA Experiments. HEK293 cells (50% confluent) were transfected with IP6K2,
HSP90« and HSP90B together, or control siRNAs (50 nM each) for 48-72 h.
After indicated time periods, cells were pelleted, and extract was prepared as
described.

Binding of IP6K2 and HSP90 in Vitro. Details of the binding assays are described
in SI Materials and Methods.

Caspase-3 Activity Assay. Caspase-3 activity was tested by using a caspase-3
colorimetric assay kit from Biovision following the manufacturer’s protocol.

Cell Survival Assay. Cell death was determined by using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay protocol.
HEK293 cells (4 x 105 per well) were transfected with 2 ug of Myc-IP6K2 (WT
or mutants) either alone or with 2 pug of HA-HSP90 in six-well plates in
triplicate. After an indicated time period, 50 ul of 2 mg/ml MTT solution was
added to each well, and cells were incubated for 4 h at 37°C. Absorbance was
measured at 570-630 nm on an ELISA reader.

Quantification of Apoptosis by Fluorescence Microscopy. For cell death after
overexpression of IP6K2-WT or mutants either alone or after HSP90 coover-
expression, Myc-IP6K2 (WT, R136A, and W131A) was transfected in HEK293
cells with or without HA-HSP90 (transfection efficiency was always >95%,
checked by transfecting GFP-control plasmid). After 48 h of transfection, cells
were treated with 30 uM CP for 24 h or 250 uM NB for 8 h. After treatment,
cells were fixed rapidly with ice-cold methanol for 5 min and then stained for
5 min with Hoechst 33342 dye. After being washed with PBS, the cells were
then observed under a microscope. Apoptotic cells were identified by having
condensed and/or fragmented chromatin in the nuclei. At least 300 cells from
randomly selected fields were counted in each experiment.

To calculate CP- or NB-induced cell death in siRNA-treated HEK293 cells, 50
nM endogenous IP6K2 was depleted by using siRNA. CP and NB were added
after 36 h of siRNA treatment for 36 and 24 h, respectively, to get substantial
cell death in control cells to compare with the IP6K2-depleted cells. At least
300 cells from randomly selected fields were counted in each experiment.

Statistical Analysis. All experiments were repeated three times, and +=SEM was
calculated. Significance of result was calculated by Student'’s t test (*, P < 0.05;
*%, P <0.01; ***, P < 0.001) by using Sigmaplot software (SPSS).
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