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The second messenger phosphatidylinositol (3,4,5)-trisphosphate
(PIP3), formed by the p110 family of PI3-kinases, promotes cellular
growth, proliferation, and survival, in large part by activating the
protein kinaseAkt/PKB.Weshowthat inositol polyphosphatemulti-
kinase (IPMK) physiologically generates PIP3 aswell aswater soluble
inositol phosphates. IPMK deletion reduces growth factor-elicited
Akt signaling and cell proliferation caused uniquely by loss of its
PI3-kinase activity. Inhibition of p110 PI3-kinases by wortmannin
prevents IPMK phosphorylation and activation. Thus, growth factor
stimulation of Akt signaling involves PIP3 generation through the
sequential activations of the p110 PI3-kinases and IPMK. As inositol
phosphates inhibit Akt signaling, IPMKappears to act as amolecular
switch, inhibitingor stimulatingAktvia its inositol phosphatekinase
or PI3-kinase activities, respectively. Drugs regulating IPMK may
have therapeutic relevance in influencing cell proliferation.

signal transduction | cancer

A large family of inositol phosphates serves multiple functions,
with inositol 1,4,5-trisphosphate (IP3) being well known as

a second messenger releasing intracellular calcium (1). Inositol
diphosphates, incorporating an energetic pyrophosphate bond,
display numerous physiological roles, including pyrophosphor-
ylation of a variety of protein targets (2–4). These inositol pyro-
phosphates are synthesized by a family of IP6 kinase enzymes (5).
Recently, novel isomers of inositol pyrophosphates have been
described that are synthesized by a distinct inositol phosphate
kinase enzyme designated Vip1 (6, 7).
Inositol polyphosphate multikinase (IPMK) is a member of the

IP6 kinase family of enzymes but is not primarily associated with
the formation of inositol pyrophosphates. Instead it generates
several inositol phosphates, converting IP3 to IP4 and IP4 to IP5,
with its primary physiologic role in this pathway being to form the
bulk of IP5 in cells (5, 8–11). IPMK also possesses phosphatidyl-
inositol 3-kinase (PI3K) activity in vitro (12), specifically phos-
phorylating phosphatidylinositol(4,5)-bisphosphate (PIP2) to
generate phosphatidylinositol (3,4,5)-trisphosphate (PIP3), a sec-
ond messenger known to promote cellular growth, proliferation,
survival, and migration (13). The physiologic role of this activity
has not heretofore been established. The principal PI3K activity in
cells has been attributed to a family of enzymes identified by
Cantley and associates (reviewed in ref. 14), whose catalytic sub-
units are designated p110. PIP3 generated by p110 in response to
extracellular stimuli, such as growth factors, is a principal stimulus
of the Akt/mammalian target of rapamycin (mTOR) signaling
pathway, which in turn regulates protein synthesis and plays a role
in some cancers (15–17).
We wondered whether the PI3K activity of IPMK contributes

to the generation of PIP3 under physiologic conditions to influence
Akt signaling and cell growth. There is good reason to assume that
IPMK is crucial for cellular physiology, as its deletion is lethal in
early embryonic stages of mice (10). In the present study we

demonstrate that IPMK is a physiologic PI3K responsible for
generating a substantial portion of cellular PIP3. Thus, genetic
deletionof IPMK impairsAkt signaling anddiminishes cell growth,
consequences that are determined by the PI3K activity of IPMK.

Results and Discussion
Because the very early embryonic lethality (E9.5) of conventional
IPMK knockouts precludes harvesting tissues, such as fibroblasts
(10), we obtained murine embryonic fibroblasts (MEFs) from
mice harboring a conditionally targeted IPMK allele (Fig. S1).
Expression of Cre recombinase in these MEFs abolished IPMK
expression (Fig. 1A). IPMK is a rate-limiting enzyme in the for-
mation of multiple inositol phosphates. In MEFs lacking IPMK,
synthesis of IP5 and IP7 is abolished, but IP6 formation is reduced
about 90% (Fig. 1B), resembling findings of York and colleagues
(10) in embryonic stem cells of IPMK knockout mice.
To ascertain whether IPMK possesses physiologic PI3K activity

in intact cells, we labeled MEFs with [3H]myo-inositol and ex-
amined the formation of PIP3 (Fig. 1C). In cells treated with FBS,
we observe a 50% decrease in PIP3 generation in IPMK-deleted
cells. Thus, IPMK appears to be a physiologic PI3K.
Wortmannin, a potent inhibitor of nearly all known PI3Ks,

abolishes PIP3 formation in a wide range of cells (18). It does not,
however, inhibit IPMK directly, even at high concentrations (12).
Accordingly, we postulated that IPMK is positively regulated by
a wortmannin-sensitive PI3K, and that treatment of cells with
wortmannin could thereby decrease the formation of PIP3 by
IPMK. To test this hypothesis, we isolated IPMK from HEK293T
cells treated with 5 or 50 nM wortmannin and monitored PIP3
formation by the purified enzyme (Fig. 1D). The PI3K activity of
IPMK is reduced by about 70% at both concentrations. Thus,
wortmannin inhibits IPMK in vivo with potency similar to that for
p110 inhibition. Given that many protein kinases are activated in
response to PIP3 production, we hypothesize that phosphorylation
of IPMK by such a kinase is required to switch on the PI3K activity
of IPMK in cells. This notion is supported by our observation that
dephosphorylation of IPMK with λ protein phosphatase after
purification from untreated HEK293T cells reduces the PI3K
activity of the enzyme to a similar extent as wortmannin treatment.
These experiments establish that IPMK is a physiologic PI3K

interposed within a PIP3/protein kinase signaling pathway,
wherein phosphorylation of IPMK in a wortmannin-sensitive
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fashion stimulates its PI3K activity. We wondered whether the
inositol phosphate kinase activity of IPMK is similarly regulated.
Treatment of HEK293T cells with 50 nM wortmannin fails to
reduce the inositol phosphate kinase activity of IPMK, indicating
that this activity is regulated in a different fashion than IPMK’s
PI3K activity (Fig. 1E). However, a distinct mechanism involving
phosphorylation of IPMK appears to positively regulate its ino-
sitol phosphate kinase activity, as λ protein phosphatase treatment
dramatically reduces IPMK’s inositol phosphate kinase activity.
If IPMK is a physiologically important PI3K, then it ought to

influence Akt signaling. Akt activation requires PIP3-dependent
phosphorylaton at two sites, T308 and S473 (19). As IPMK
appears to be activated by PIP3 generated by another PI3K, we
examined U87MG glioma cells in which the tumor-suppressor
PTEN, a well-characterized phosphoinositide 3-phosphatase (20),
is inactivated, leading to high intracellular levels of PIP3 (21).
Overexpression of IPMK in these cells increases phosphorylation
ofAkt at T308 (Fig. 2A) by twofold. This finding contrasts with our
previous inability to detect an effect of IPMK overexpression on
Akt activation in HEK293T cells (12), in which PTEN is expres-
sed at physiologic levels. As a more stringent test for a physiologic
role for IPMK in Akt signaling, we depleted IPMK by RNA in-
terference in U87MG cells and observed a 65% decrease in
serum-induced Akt phosphorylation (Fig. 2B). Measurement of
cellular IP5 levels in these cells indicates a 50% loss of IPMK
function compared with control cells (Fig. S2). These results are in
agreement with a previous report that IPMK depletion by RNA
interference enhances the cytotoxicity of an Akt inhibitor (22).
To explore in greater depth the role of IPMK in Akt signaling,

we used IPMK-null MEFs (Fig. 2C). Phosphorylation of Akt at

both T308 and S473 in response to FBS is reduced by 50% in
IPMK-deleted MEFs. IPMK mediates signaling to multiple Akt
targets, as levels of phospho-PRAS40, phospho-TSC2, phospho-
FoxO1/3A, and phospho-GSK3β are diminished in IPMK-
deleted MEFs. The decreased signaling is selective for the Akt
pathway, because levels of phospho-Erk1/2, which are not Akt
targets, are not altered in the IPMK knockouts.
We also examined Akt activation in response to the growth fac-

tors EGF, IGF, and insulin (Fig. S3A). Phospho-Akt-T308 levels in
response to thesegrowth factorsare substantially reduced in IPMK-
deletedMEFs with the greatest reduction being for EGF signaling.
We evaluated the time course of EGF-dependent Akt phosphory-
lation (Fig. 2D and Fig. S3B). In both wild-type and IPMK-deleted
MEFs, EGF markedly increases Akt signaling with substantial
augmentation evident within oneminute andmaximal at 3 to 4min.
Akt activation is reduced about 50% in the IPMK-null cells.
Growth factor-dependent Akt phosphorylation and activation

requires translocation of Akt from the cytosol to the plasma mem-
brane by virtue of the specific affinity of theAkt plekstrin homology
domain forPIP3 (23).We investigated this process in IPMK-deleted
MEFs (Fig. 2E and Fig. S4A). EGF elicits a 2.4-fold increase in
membrane levels of Akt in wild-typeMEFs with a 60% reduction in
this response evident in IPMK-deleted cells. In both wild-type and
IPMK-null cells, the translocation is virtually abolished following
wortmannin treatment. We detect substantial amounts of endoge-
nous IPMK in both membrane and cytoplasmic fractions similar
to the disposition of Akt, although the relative distribution be-
tween these two fractions appears insensitive to growth factors and
wortmannin (Fig. S4A). Earlier studies conducted primarily with
overexpressed IPMK reported a predominant nuclear localization

Fig. 1. IPMK physiologically produces inositol phosphates and PIP3 in MEFs. (A) Western immunoblot demonstrating the absence of the 44 kDa IPMK protein
in IPMK−/− MEFs. (B) Comparison of higher-order inositol phosphate profiles of wild-type and IPMK−/− MEFs. Equal numbers of each cell type were labeled
with [3H]myo-inositol. After extraction, inositol phosphates were resolved by HPLC. (C) Comparison of cellular PIP3 levels in wild-type and IPMK−/− MEFs. Equal
numbers of each cell type were labeled with [3H]myo-inositol. Cells were starved of serum overnight and stimulated with 10% FBS for 5 min to induce PIP3
formation. After extraction, cellular phosphoinositides were deacylated and the polar head groups were resolved by HPLC. The identities of the peaks were
confirmed by comigration with standards. (D) Treatment of cells with wortmannin reduces the PI3K activity of IPMK. HEK293T cells overexpressing myc-IPMK
were treated with wortmannin before lysis and immunoprecipitation. Alternatively, IPMK was immunoprecipitated from untreated cells and then dephos-
phorylated with Lambda protein phosphatase. After immunoprecipitation, in vitro PI3K activity was assayed. A control reaction with a catalytically inactive
mutant (K129A) form of IPMK confirms that the immunoprecipitates are not contaminated with other PI3Ks. Western blots with an anti-myc antibody were
used to normalize data to IPMK levels. The no-IPMK lane is from an immunoprecipitate from empty vector transfected cells. The data are means of three
independent experiments; error bars represent SEs. (E) Treatment of cells with wortmannin does not reduce the inositol phosphate kinase activity of IPMK.
IPMK was immunoprecipitated as described in D, and the in vitro formation of IP5 from [3H]myo-inositol 1,3,4,5-tetrakisphosphate (IP4) was assayed.
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(9, 12). We detect endogenous IPMK in both nuclear and cyto-
plasmic fractions in MEFs (Fig. S4B).
We wondered whether regulation of Akt by IPMK is because of

its PI3K or inositol phosphate kinase activities. To explore this
question, we sought a form of IPMK thatmight possess only one of
these two activities. We noted that the Arabidopsis thaliana
ortholog of IPMK, atIpk2β, possesses inositol phosphate kinase
activity comparable to mouse IPMK but is devoid of PI3K activity
(Fig. 3A). In contrast, mutating lysine 129 of mouse IPMK
(mIPMK-K129A) virtually abolishes both PI3K and inositol
phosphate kinase activities. In IPMK-deleted MEFs, ectopic ex-
pression of mIPMK or atIpk2β, but not mIPMK-K129A, restores
inositol phosphate production to normal levels (Fig. 3B). We next
explored the ability of these various forms of IPMK to rescue the
loss of Akt signaling in IPMK-deletedMEFs (Fig. 3C and Fig. S5).
As observed previously, in wild-type cells phospho-Akt-T308
levels increase 10-fold 3 to 4 min following treatment with EGF.
This activation is reduced 40 to 50% in IPMK-deleted MEFs.
Overexpressing wild-type IPMK restores phospho-Akt-T308 to
normal levels, but no rescue is evident with mIPMK-K129A or
atIpk2β. Thus, although some catalytic activity is required, the
inositol phosphate kinase activity of atIpk2β does not suffice to
stimulate Akt signaling. Accordingly, we conclude that it is the
PI3K activity of IPMK that is predominantly responsible for me-
diating IPMK’s augmentation of Akt signaling.

These findings establish that the PI3K activity of IPMK physio-
logically enhances Akt signaling. Akt is a major determinant of cell
proliferation. Accordingly, we examined the influence of IPMK on
this process. In IPMK-deletedMEFs, the rateof cell proliferation is
reduced about 50%(Fig. 4A). InU87MGglioma cells, depletion of
IPMKbyRNAinterference results in a32%reduction in the rate of
proliferation (Fig. 4B). IPMK-depleted U87MG cells also exhibit
a reduced rate of anchorage-independent growth relative to control
cells (Fig. 4C). Consistent with this finding, overexpression of
IPMK causes a 35% increase in the rate of anchorage-independent
growth of U87MG cells (Fig. 4D). This process requires the PI3K
activity of the enzyme, as a kinase-dead variant and atIpk2β fail to
elicit an effect. Thus, IPMK appears to promote cell proliferation
in both cancerous and noncancerous cells.
In summary, we established that IPMK is a physiologic PI3K

interposed in a PIP3/protein kinase signaling pathway. Thus, de-
pletion of PIP3 by wortmannin markedly reduces IPMK’s PI3K
activity by decreasing IPMKphosphorylation, which appears to be
important for its catalytic activity. IPMK is amajor determinant of
Akt signaling, as its deletion leads to a 50% decrease in growth-
factor dependent Akt activation. The regulation of Akt by IPMK
is selective, as IPMK knockout does not affect the ERK signaling
system. IPMK’s regulation of Akt is attributable to its PI3K ac-
tivity and not its inositol phosphate kinase activity. Finally, the

Fig. 2. IPMK promotes PIP3-dependent activation of Akt. (A) Overexpression of IPMK increases basal Akt phosphorylation in U87MG glioma cells. Cells were
transfected with myc-hIPMK or control vector. After 24 h, cells were serum-starved overnight, lysed, and analyzed for phospho- and total Akt and myc-IPMK
expression by immunoblotting. Relative phospho-Akt (T308) levels were determined by densitometry and corrected for total Akt levels. (B) Depletion of
IPMK in U87MG cells by RNA interference reduces basal and serum-induced Akt phosphorylation. Cells were stably transfected with either a siRNA targeting
IPMK or a control siRNA. Equal numbers of each stable cell line were plated, starved of serum overnight, stimulated with 10% FBS for the indicated times, and
lysed. Lysates were analyzed for phospho- and total Akt by immunoblotting. Relative phospho-Akt (T308) levels were determine by densitometry and cor-
rected for total Akt levels. As the anti-mouse IPMK antibody does not recognize the human isoform well, knock-down was confirmed by cellular IP5 mea-
surement (Fig. S2). (C) Deletion of IPMK in MEFs reduces serum-induced Akt phosphorylation and activation. Equal numbers of wild-type and IPMK−/− MEFs
were plated, serum-starved overnight, stimulated with 10% FBS for 5 min, and lysed. Lysates were analyzed by immunoblotting with the indicated antibodies.
Relative phospho-protein levels (above each blot) were determined by densitometry and corrected for total levels of the respective protein. (D) Time course of
EGF-induced Akt phosphorylation. Equal numbers of wild-type and IPMK−/− MEFs were plated, serum-starved overnight, stimulated with EGF for the in-
dicated times, and lysed. Lysates were analyzed for total Akt and phospho-Akt-T308 by immunoblotting. Data are means of three independent experiments
and error bars represent SEs. For representative raw data, see Fig. S3B. (E) IPMK promotes the EGF-dependent translocation of Akt to the plasma membrane.
Equal numbers of wild-type and IPMK−/− MEFs were plated, serum-starved overnight, stimulated with EGF for 3 min, and fractionated into S100 and P100
fractions. Fractions were analyzed for total Akt by immunoblotting. Wortmannin treatment of cells before and during EGF treatment abolishes the EGF-
dependent translocation of Akt into the P100 fractions, indicating that this experiment reflects the levels of PIP3 in the plasma membrane. Data are means of
three independent experiments and error bars represent SEs. For representative raw data, see Fig. S4A.
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regulation of Akt signaling by IPMK impacts cell growth, which is
markedly diminished with IPMK deletion.
The inositol phosphate kinase and the PI3K activities of IPMK

appear to be differentially regulated. For example, in intact cells

wortmannin inhibits the PI3K activity but not the inositol
phosphate kinase activity. The products of these two activities
generally oppose one another in their effects on cellular physi-
ology and the Akt pathway. PIP3 promotes cellular proliferation

Fig. 3. The PI3K activity of IPMK is required for full activation of Akt in response to EGF. (A) Comparison of in vitro specific activities of mouse IPMK, mouse
IPMK-K129A, and atIpk2β. His-tagged recombinant proteins were purified from Escherichia coli, as previously described for IP6K1 (35). All reactions were
monitored over time and specific activities were calculated based on the linear range of the reaction curves. (B) Wild-type IPMK, and atIpk2β fully restore higher
inositol phosphate production in IPMK−/− MEFs, but IPMK-K129A does not. Wild-type IPMK, IPMK-K129A, and atIpk2β were stably expressed in IPMK−/− MEFs.
Equal numbers of each cell type were labeled to with [3H]myo-inositol. After extraction, inositol phosphates were resolved by HPLC and quantified by scin-
tillation counting. Data represent the sums of cellular IP5, IP6, and IP7, and are means of three independent experiments. Error bars represent SEs. (C) Wild-type
IPMK restores EGF-induced Akt phosphorylation in IPMK−/− MEFs, but IPMK-K129A and atIpk2β do not. Equal numbers of the same stable cell lines used in the
experiment shown in Bwere plated, serum-starved overnight, stimulatedwith EGF, and lysed. Lysates were analyzed for phospho-Akt-T308, total Akt, andmyc-
IPMK expression by immunoblotting. Data are means of three independent experiments and error bars are SEs. For representative raw data, see Fig. S5.

Fig. 4. IPMK promotes the proliferation of both MEFs and U87MG glioma cells. (A) Comparison of proliferation of wild-type and IPMK−/− MEFs. Equal
numbers of each cell type were plated, and then harvested and counted at the indicated time intervals. Trypan blue staining indicated that viability was >98%
throughout the experiment for all cell lines. Data are means of three independent experiments and error bars represent SEs. Two IPMK−/− cell lines were
tested to control for clonal variation. In all panels, P values were calculated using a two-tailed unpaired student’s t test. Statistical comparisons were made
between wild-type and IPMK−/− cells at each time point. (B) Depletion of IPMK by RNA interference impairs the proliferation of U87MG cells stably expressing
either control or IPMK-targeting siRNAs. Equal numbers of each cell line were plated, allowed to proliferate for 72 h, and analyzed for relative cell number by
the MTT assay (Millipore). Data are means of eight replicates and the error bars represent the SDs. (C) Depletion of IPMK by RNA interference reduces
anchorage-independent growth of U87MG cells. Anchorage-independent growth was assayed using the Cytoselect soft agar colony-formation assay (Cell
Bioloabs), as recommended by the manufacturer. Data are means of six replicates and error bars represent SEs. (D) The PI3K activity of IPMK promotes
anchorage-independent growth of U87MG cells. U87MG cells were transfected with myc vector, myc-hIPMK, a kinase dead variant of myc-hIPMK (KD) or myc-
atIpk2β (AT), and analyzed for anchorage-independent growth. Data are means of six replicates and error bars represent SEs. Only wild-type IPMK causes
a statistically significant increase in anchorage-independent growth relative to control cells. *P < 0.05, **P < 0.01; no designation indicates P > 0.05.
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and survival, largely via activation of Akt. In contrast, a number of
reports indicate that higher-order inositol phosphates antagonize
proliferation and tumorigenesis and promote apoptosis (24–29).
Moreover, several studies indicate that higher inositol phosphates
specifically decrease Akt activity (26, 27, 30–32). The differential
regulation of PIP3 and inositol phosphate production by IPMKmay
provide a process enabling cells to switch between Akt activation
and inhibition, with corresponding influences upon cellular pro-
liferation and survival (Fig. 5). Recently we showed that IP7 gen-
erated by IP6 kinase-1 physiologically inhibits Akt by preventing its
phosphorylation and activation by PDK1 (30). Thisfinding suggests
that IP6K1 and IPMK, both members of the same family, have
opposing physiologic activities. Interestingly, IPMK−/− cells have
depleted levels of PIP3 and IP7 (Fig. 1), yet still have reduced Akt
activity, which suggests that the fraction of Akt activation attrib-
utable to IPMK could be greater than what we have observed here.
At the very least, it appears that, under normal growth conditions in
embryonic fibroblasts, the ability of IPMK to activate Akt is dom-
inant to the inhibition of Akt by IP7. Key to understanding the
interplay between these opposing activities will be elucidation of
themechanismwhereby IPMK switches between PI3K and inositol
phosphate production. It is thus essential to identify the kinases
responsible for phosphorylation of IPMK. Many kinases, both
proximal and distal, are activated by PIP3. Given that IPMK
localizes to plasma membranes, we hypothesize that a proximal
kinase, such as Akt or PDK1, could be responsible for activating its
PI3K activity. However, we cannot rule out a downstream kinase,
such as mTOR or S6 kinase. Regarding activation of IPMK’s
inositol phosphate kinase activity, it is tempting to speculate that
a conventional isoform of PKC is responsible. Given that elevated
IP3 levels lead to activation of such kinases, phosphorylation and
activation of IPMK would coincide with elevated levels of a sub-
strate necessary for higher order inositol phosphate production.
We are currently pursuing both pharmacological and genetic
approaches to address these possibilities.
Finally, these findings may have therapeutic relevance. De-

pletion of IPMK either by genetic deletion or RNA interference
leads to decreased cell growth. Accordingly, drugs that inhibit
IPMK might offer therapeutic utility in inhibiting the growth
of tumors.

Materials and Methods
Generation and Maintenance of Mice and Cell Lines. For generation and
maintenance of mice and cell lines, see SI Materials and Methods.

Measurement of Cellular Inositol Phosphates and Phosphoinositides. For ino-
sitol phosphate measurements, MEFs were plated at a density of 2 × 105 per
well in six-well plates and incubated for 3 d in complete culture medium in
the presence of 60 μCi per well [3H]myo-inositol (PerkinElmer). After
washing three times with ice-cold PBS, inositol phosphates were extracted
into 200 μL ice-cold lysis buffer (0.6 M perchloric acid, 0.2 mg/mL IP6) and
neutralized with 1 M K2CO3. Extracts were clarified by centrifugation and
inositol phosphate species were resolved by anion exchange HPLC, as pre-
viously described (12).

For phosphoinositide measurements, isolated glycerophosphoinositides
were prepared as in ref. 12 after 72 h of labeling using 20 uCi/mL [3H]inositol
(Perkin-Elmer).

Preparation of Immunoprecipitates for in Vitro Enzyme Activity Assays. For
assays using immunoprecipitated enzyme, HEK-293T cells were transiently
transfected with either empty myc vector, myc-WT-mIPMK, or myc-mIPMK-
K129A using PolyFect (Qiagen) according to the manufacturer’s recom-
mendations. Thirty-six hours after transfection, cells were treated with either
wortmannin or DMSO vehicle. Cells were washed twice in cold PBS and lysed
in 40 mM Hepes, pH 7.5, 120 mM NaCl, 1 mM EDTA, 0.3% CHAPS, protease
inhibitor mixtures 1 and 2 (Sigma), and phosphatase inhibitor mixtures 1 and
2 (Sigma). Immunoprecipitations were performed using 1 mg of cell lysates,
0.4 μg of anti-myc antibody (Roche), and 40 μL of protein G Plus/protein
A-agarose suspension (Calbiochem). Immnoprecipitates were washed three
times in lysis buffer and then once in 1× NEBuffer for protein metal-
lophosphatases (PMP). Immunoprecipitates were then incubated in 1×
NEBuffer for PMP supplemented with 1 mMMnCl2 in the presence or absence
of lambda protein phosphatase (New England Biolabs) for 45 min at 30 °C.
Immunoprecipitates were again washed three times in lysis buffer, and then
washed once in 1× IPMK reaction buffer. Reactions were performed as de-
scribed below. After removing the reaction mixture, immunoprecipitates
were washed twice with PBS and then resuspended in 2× NuPAGE LDS
Sample Buffer (Invitrogen). HRP-conjugated anti-myc antibody (Roche) was
used in immunoblots to confirm the presence of equal amounts of immu-
noprecipitated enzyme in each assay.

In Vitro PI3-Kinase Activity Assays. PI(4,5)P2 was resuspended via sonication in
of 20 mM Hepes (pH 7.4), 1 mM EDTA, and 0.5% deoxycholate. Reactions
were performed with immunoprecipitates or with 200 nM His-tagged puri-
fied recombinant protein in a total volume of 50 μL containing 10 μL of lipid

Fig. 5. Model describing a role for IPMK in both activation and inhibition of Akt. In response to extracellular stimuli such as growth factors, the p110/p85
PI3Ks produce PIP3 in the plasma membrane, which results in the activation of a host of kinases, including Akt. One such kinase phosphorylates IPMK, ac-
tivating its PI3K activity and resulting in a feed-forward loop necessary for maximal PIP3 levels and Akt activity. A distinct kinase, perhaps in response to some
other specific signal, phosphorylates IPMK on a different site, thus activating its inositol phosphate kinase activity. Inositol phosphates including IP4, IP5, and
IP7 have been reported to antagonize Akt signaling.
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resuspension, providing a final concentration of 0.03 mg/mL purified syn-
thetic PI(4,5)P2 (Avanti Polar Lipids). Reaction buffer consisted of 20 mM
Hepes (pH 7.4), 6 mM MgCl2, and 10 μCi of [γ-32P]ATP (PerkinElmer–NEN;
6,000 mCi/mmol; 1 Ci = 37 GBq) in a carrier of 100 μM unlabeled ATP.
Reactions were incubated at 37 °C for 15 min, and stopped by adding the
reaction mixture to 90 μL of 1 M HCl/methanol (1:1, by volume). Lipids were
extracted twice with 100 μL of choloroform, dried down, and resuspended in
chloroform/methanol (2:1, by volume). Lipids were resolved on silica gel 60
TLC plates in a solvent system consisting of water/n-propanol/glacial acetic
acid (34:65:1, by volume). Alternatively, reactions were stopped by spotting
aliquots on nitrocellulose for analysis by the membrane capture method, as
described (33). For all in vitro PI3K assays, reactions were monitored as
a function of time and activities were calculated based on the linear range.

In Vitro Inositol Phosphate Kinase Activity Assays. Reactions were carried out
with immunoprecipitates or with 500 nM purified His-tagged enzyme, as
previously described (12).

Growth Factor Treatments and Immunoblotting. Before growth factor treat-
ment, MEFs were plated at a density of 5 × 105 cells per well in six-well plates.
To minimize the impact of differences in growth rates of various cell lines,
cells were growth-arrested by overnight serum-starvation 3 h after plating
(the minimum time necessary for attachment to the plates). Cells were then
stimulated (for 5 min if not otherwise indicated) with 10% FBS, 33 nM
EGF, 10 nM IGF, or 20 nM insulin. For EGF time courses, 0.4 nM EGF was
used. Treatment was stopped by washing with ice-cold PBS and then flash-
freezing the plates in liquid nitrogen. Cells were thawed into PBS, 0.1%
Triton X-100, protease inhibitor mixtures 1 and 2, and protein phosphatase
inhibitor mixtures 1 and 2 (all inhibitors from Sigma). Lysates were nor-
malized for total protein content using Coomassie Plus Protein Assay Re-
agent (Thermo Scientific). No systematic differences were apparent in total
protein yields from different cell lines, suggesting that the number of cells
present during growth factor treatment were very similar. Visual inspection
of plates under a microscope also confirmed that all cell lines were at nearly
identical confluence before growth factor treatment.

After addition of LDS loading buffer to a final concentration of 1×, 20 μg
of each lysate were analyzed by Western immunoblotting. Blots were
blocked for 1 h at room temperature with 1% fish-skin gelatin in TBS and
then incubated overnight with primary antibody at 4 °C. Secondary antibody
incubations were for 1 h at room temperature. For phospho- and total Akt
blots, infrared dye-conjugated secondary antibodies were used for two-color
detection using a Licor imaging system. For all other blots, HRP-conjugated
secondary antibodies were used for detection with SuperSignal West Pico
chemiluminescence reagent (Thermo Scientific).

Primary antibodies were total Akt (R&D Systems; MAB2055), myc (Roche;
11667203001), caveolin (BD Transduction Laboratories; 610059), pPRAS40
(Upstate; 07–888), and GAPDH (Biogenesis; MCA4739). The following were
from Cell Signaling Technologies: HDACII (2540), pAkt-T308 (2965), pAkt-
S473 (4058), pGSK3β (9331), GSK3β (9315), pFoxO1/3a (9464), FoxO1 (9462),
pTSC2 (3617), TSC2 (3612), pErk1/2 (4376), Erk1/2 (4695), and PRAS40 (2610).
Anti-IPMK was a custom rabbit polyclonal antibody from Covance raised
against a synthetic peptide starting with Cys followed by mouse IPMK amino
acids 295–311 (SKAYSRHRKLYAKKHQS).

Subcellular Fractionation. For determination of Akt membrane translocation,
MEFs were plated at a density of 6 × 106 per 10-cm plate. After 3 h to allow
the cells to attach, cells were serum-starved overnight. After stimulation
with 0.4 nM EGF for 3 min, cells were washed with ice-cold PBS and frac-
tionated into S100 and P100 fractions, as previously described (34). Fractions
were analyzed by immunoblotting. Caveolin was used as a marker for
plasma membrane and GAPDH was used as a marker for cytoplasm. For
determination of cytoplasmic/nuclear distribution of IPMK, 6 × 106 MEFs
were fractionated into cytoplasmic and nuclear fractions using a Nuclear/
Cytosol Fractionation Kit (BioVision), as described by the manufacturer.
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