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The inositol pyrophosphates 5-InsP; (diphosphoinositol pentaki-
sphosphate) and 1,5-InsPg (bis-diphosphoinositol tetrakisphosphate)
are highly energetic cellular signals interconverted by the diphos-
phoinositol pentakisphosphate kinases (PPIP5Ks). Here, we used
CRISPR to KO PPIP5Ks in the HCT116 colon cancer cell line. This pro-
cedure eliminates 1,5-InsPg and raises 5-InsP levels threefold. Expres-
sion of p53 and p21 was up-regulated; proliferation and G1/S
cell-cycle transition slowed. Thus, PPIP5Ks are potential targets for
tumor therapy. Deletion of the PPIP5Ks elevated [ATP] by 35%; both
[ATP] and [5-InsP;] were restored to WT levels by overexpression of
PPIP5K1, and a kinase-compromised PPIPSK1 mutant had no effect.
This covariance of [ATP] with [5-InsP;] provides direct support for an
energy-sensing attribute (i.e., 1 mM K, for ATP) of the 5-InsP,—
generating inositol hexakisphosphate kinases (IP6Ks). We consolidate
this conclusion by showing that 5-InsP; levels are elevated on direct
delivery of ATP into HCT116 cells using liposomes. Elevated [ATP]
in PPIP5K~'~ HCT116 cells is underpinned by increased mitochon-
drial oxidative phosphorylation and enhanced glycolysis. To distin-
guish between 1,5-InsPg and 5-InsP; as drivers of the hypermetabolic
and p53-elevated phenotypes, we used IP6K2 RNAi and the pan-IP6K
inhibitor, N2-(m-trifluorobenzyl), N6-(p-nitrobenzyl) purine (TNP), to
return 5-InsP, levels in PPIP5K~'~ cells to those of WT cells without
rescuing 1,5-InsPg levels. Attenuation of IP6K restored p53 expression
but did not affect the hypermetabolic phenotype. Thus, we conclude
that 5-InsP; regulates p53 expression, whereas 1,5-InsPg regulates ATP
levels. These findings attribute hitherto unsuspected functionality for
1,5-InsPg to bioenergetic homeostasis.
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Inositol pyrophosphates (PP-InsPs) are diffusible, intracellular
signaling molecules with a uniquely crowded arrangement of
phosphate and “high-energy” diphosphate groups; up to seven or
eight phosphates are tightly distributed around the six-carbon ino-
sitol ring, yielding InsP; and InsPg, respectively (1-3). The highly
electronegative and energetic properties of the PP-InsPs enable
them to regulate protein function through electrostatic interactions
(2) and by protein pyrophosphorylation (4, 5). A number of bi-
ological effects have been attributed to the PP-InsPs, but evidence is
emerging that a primary role is to regulate metabolic circuitry (1, 2,
6-8) as part of an overarching process by which signaling cascades
interface with cellular and organismal homeostasis (9).

Most previous work on the roles of PP-InsPs in metabolic ho-
meostasis has focused on the inositol hexakisphosphate kinases
(IP6Ks) that synthesize 5-InsP; from InsPs (Fig. 1A4). Such experi-
ments have, for example, shown that IP6Ks regulate insulin secre-
tion from pancreatic B-cells (10). IP6K1 KO mice exhibit increased
adipose tissue browning, insulin sensitivity, and resistance to diet-
induced obesity (11, 12). Another metabolic consequence of IP6K
KO is an increase in glycolysis and a reduction in mitochondrial
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oxidative phosphorylation (6). Pharmacological inhibition of TP6K
activity in mice enhances thermogenesis and inhibits progression of
diet-induced obesity (13), and it also increases mitochondrial mass
and ATP levels in cardiomyocytes (14). Thus, 5-InsP;, the IP6K
product, is the PP-InsP that has received the most attention in this
field. It is also the predominant PP-InsP to accumulate in mam-
malian cells (15, 16).

Nevertheless, IP6Ks are essential for the synthesis of not only
5-InsP; but also, 1,5-InsPg (Fig. 14). Thus, either or both PP-InsPs
could, in theory, contribute to any phenotype that results after
manipulating IP6K activity. However, with some exceptions (17,
18), this is a complication that does not receive much attention,
despite cellular 1,5-InsPg turnover having some metabolic prop-
erties that suggest that it could be an independent signaling
molecule. For example, 1,5-InsPg levels decrease during bio-
energetic stress (19, 20). Conversely, in HCT116 colonic epithelial
cells, 1,5-InsPg levels increase several fold in response to raising
extracellular [Pi] from 1 to 6 mM (20). These observations un-
derscore the potential value of developing methods that can help
to distinguish the individual biological roles of 1,5-InsPg from
5-InsP;. This has been a major goal of this study.

Significance

Therapeutic improvements to human health can accrue from un-
derstanding the bidirectional relationship between cell signaling
and bioenergetic homeostasis. Key players in this communication
interface are inositol pyrophosphate cellular signals 5-InsP; and
1,5-InsPg, which are interconverted by diphosphoinositol penta-
kisphosphate kinases (PPIP5Ks). Here, an intestinal tumor cell line
is used for CRISPR-based KO of PPIP5Ks, which eliminates 1,5-InsPg
and raises 5-InsP; levels several fold. PPIP5K~/~ cells exhibit a
growth-inhibited phenotype, indicating that PPIP5Ks are potential
targets for tumor therapy. PPIP5K~'~ cells also have elevated
levels of ATP because of increased mitochondrial biomass and
accelerated rates of glycolysis. This hypermetabolic state is at-
tributed to hitherto unsuspected functions for 1,5-InsPg in bio-
energetic homeostasis, thereby suggesting that PPIP5Ks could
offer approaches to treat metabolic diseases.
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Fig. 1. PPIP5K”~ HCT116 cells show reduced cell proliferation. (A) A proposed cyclical pathway of PP-InsP turnover involving IP6Ks, PPIP5Ks, and DIPPs (2). B-H
compare phenotype-relevant parameters obtained from WT and PPIP5K~~ HCT116 cells as follows: (B) Western analysis of PPIPSK1 and PPIP5K2; (C and D) HPLC
analysis of [BHInsPg, 5-[3H]InsP5, and [*H]InsPg; (E) growth curves; (F and G) staining with EdU; (H) cell-cycle analysis performed either with or without 50 nM noco-
dazole for 6 h. In F-H, data are means + SEM from three to four independent experiments. ***P < 0.001, PPIP5K™~ vs. WT. D.P.M., disintegrations per minute.

Diphosphoinositol pentakisphosphate kinases (PPIP5Ks) cat-
alyze the final step in 1,5-InsPg synthesis (2) (Fig. 14); mammals
express two isoforms, PPIPSK1 and PPIPSK2 (21-23). PPIP5Ks
are of particular interest, because they maintain 1,5-InsPg levels
through the actions of competing 5-InsP; kinase and 1,5-InsPg
phosphatase domains (20). The rationale for this study has been
that genetic manipulation of PPIPSK catalytic activities is an
experimental strategy that can distinguish between the biological
functions of 1,5-InsPg and 5-InsP;. Thus, we used CRISPR to
KO both PPIP5Ks in a human cell line, HCT116. This approach
leads us to show functionality for PP-InsPs in regulating cell
growth and energy metabolism, suggesting that pharmacological
targeting of PPIP5Ks offers a potential approach for tumor
therapy and for ameliorating metabolic syndromes.

Results and Discussion

PPIP5K~'~ HCT116 Cells Exhibit Elevated 5-InsP; Levels and a Growth-
Inhibited Phenotype. We used CRISPR-Cas9 to KO both PPIP5K1
and PPIP5K2 from the colonic epithelial cell line, HCT116, which is
a popular human model system for genetic investigations into PP-
InsP biology (20, 24, 25). The efficacy of the KO was verified by
(¢) genomic sequencing, (i) Western blot analysis (Fig. 1B), (iii) the
inability of lysates prepared from PPIPSK™~ cells to phosphorylate
5-InsP; to InsPg (Fig. S14), and (iv) the absence of InsPg in intact
PPIPSK™~ cells (Fig. 1 C and D) [PPIP5Ks also have a limited ca-
pacity to synthesize 1-InsP;, but that PP-InsP was below detectable
levels in both WT HCT116 cells (16) and PPIPSK '~ cells (Fig. S1B)].

We found that elimination of PPIPSK activity in HCT116 cells
is accompanied by a threefold increase in the cellular levels of
5-InsP5, which is nearly 25-fold greater than the quantity of InsPg
that is lost (Fig. 1 C and D). This is a startling result, which we
interrogated by creating another CRISPR-based PPIPSK~~ KO,
this time using HEK293 cells (Fig. S1C). Again, loss of PPIPSK
activity is accompanied by a substantial elevation in 5-InsP;
levels (Fig. S1D). Interestingly, a similar outcome has previously
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been reported on deletion of the single PPIPSK ortholog in
two microorganisms: Saccharomyces cerevisiae and Cryptococcus
neoformans (26-28); no explanation has previously been offered
that might address this result. Our data show this to be a widely
conserved phenomenon, and therefore, it is likely to be highly
significant.

We found that the increased 5-InsP; accumulation in PPIPSK™'~
cells is not driven by a greater supply of InsPg substrate (Fig. 1C) or
by higher levels of expression of IP6K2 (Fig. S1E). The expres-
sion of other /P6K genes is not up-regulated, because total IP6K
activity in cell lysates was not increased by the PPIPSK KO (Fig.
S1E). We considered the possibility that loss of InsPg from
PPIPSK™~ cells could lead to an activation of IP6K if the latter
kinase was normally directly inhibited by InsPs. However, IP6K
activity against 20 pM InsPg is not affected by 1 pM 1,5-InsPg
(Fig. S1F), a concentration that is 10-fold higher than that in
HCT116 cells (16). However, from data described below, we
provide evidence for a physiologic signaling mechanism that is
not evident in assays of cell lysates, which nevertheless, enhances
IP6K activity in intact PPIP5K ™'~ cells.

A strong phenotype of PPIPSK™~ HCT116 cells is a consider-
able reduction in their proliferation rate (Fig. 1E). This is ac-
companied by a dramatic reduction in 5-ethynyl-2’-deoxyuridine
(EdU) labeling of newly synthesized DNA (Fig. 1 F and G). Cell-
cycle analysis indicated a slowed G1/S-phase transition that was
particularly pronounced after nocodazole treatment (Fig. 1H).
There was no change in the generation of reactive oxygen spe-
cies or pRb expression or the expression of two proinflammatory
cytokines, IL-8 and IFN-B (Fig. S2). Thus, according to current
criteria (29), inhibition of proliferation in PPIPSK~'~ HCT116 cells
does not seem to reflect acquisition of a senescent state. PPIPSK
knockdown in HEK293 cells also decreased proliferation rate (Fig.
S3A4), which was associated with a slower G1 to S transition after
nocodazole treatment (Fig. S3B), although these effects were not
as strong as in HCT116 cells (Fig. 1 E and H).
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5-InsP; Regulates p53 Expression. A major goal of this study has
been to establish an experimental paradigm for intact cells that
can distinguish the functions of 5-InsP; from those of 1,5-InsPg.
We noted that previous work (24) showed 5-InsP; to stimulate
the Ttil/Tti2/Tel2/DNA-PK/ATM cascade, which up-regulates
expression of the p53 protein (30). We observed that the
higher levels of 5-InsP; in our PPIPSK~'~ HCT116 cells (Fig. 1C)
are associated with up-regulated expression of p53 (Fig. 24).
Expression of p21, a cell-cycle inhibitor, is also elevated in
PPIPSK~'~ HCT116 cells (Fig. S4), which may contribute to the
slowed cell-cycle transition (Fig. 1H). Expression of both p53 and
p21 is also elevated in PPIPSK~'~ HEK293 cells (Fig. S1C).

In PPIPSK™~ HCT116 cells, levels of p53 expression and
cellular [5-InsP;] and [1,5-InsPg] were all restored to WT levels
on transfection of PPIP5K1 (Fig. 2 B-D and Fig. S5). The
PPIP5K1™3**A kinase-impaired mutant had no effect (Fig. 2 B
and C). Since PPIP5Ks contain separate 1-kinase and 1-phos-
phatase domains (20), we transfected PPIPSK™~ cells with the
“hyperkinase” PPIPSK1?*** phosphatase mutant (Fig. S5). This
approach rescued levels of p53 and 5-InsP;; the 1,5-InsPg levels
now surpassed those of WT cells (Fig. 2 B-D). These data in-
dicate that p53 expression is normally repressed by PPIPSK
catalytic activity. While 1-InsP; is potentially functional, it did
not reach detectable levels, even after expression of the hyper-
kinase PPIPSK1%%°* phosphatase mutant (Fig. S1B). Thus, we
propose that, in PPIPSK™'~ cells, p53 expression is either stim-
ulated by the increased [5-InsP5] or inhibited by loss of 1,5-InsPs.
To distinguish between these two alternatives, we treated
PPIPSK™"~ cells with a submaximally effective concentration of
N2-(m-trifluorobenzyl), N6-(p-nitrobenzyl) purine (TNP), a pan-
IP6K inhibitor (26), specifically to return 5-InsP; levels to those of
WT cells (Fig. 2 E-G); this procedure does not rescue 1,5-InsPg
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levels (Fig. 14). In contrast, this TNP treatment returned p53 ex-
pression to the level seen in WT cells (Fig. 2H). Thus, we conclude
that 5-InsP; stimulates p53 expression, consistent with previous work
(24, 30). These experiments serve as proof of principle that, in
PPIPSK™ cells, separate functions of 5-InsP; and 1,5-InsPg can be
resolved by attenuation of IP6K.

Loss of InsPg from PPIP5K—'~ Cells Promotes a Hypermetabolic Phenotype.
Most of the work on the roles of PP-InsPs in bioenergetic
homoeostasis has focused on the IP6Ks that synthesize 5-InsP7 from
InsPs. For example, cellular levels of ATP have been shown to be
elevated on KO of IP6K activity in MEFs (mouse embryonic fi-
broblasts) (6) and after TNP-mediated inhibition of IP6K in car-
diomyocytes (14). We note here that both experimental approaches
would have reduced levels of 1,5-InsPg as well as 5-InsP;. This is a
significant point, because we found that ATP levels are higher in
both PPIPSK™'~ HCT116 cells and PPIPSK™'~ HEK293 cells com-
pared with the corresponding WT cells (Fig. 34). However, in both
cell types, PPIPSK KO is associated with increased levels of
5-InsP; (Fig. 1C and Fig. S1D). Thus, in four different mammalian
cell lines—MEFs (6), cardiomyocytes (14), HCT116 cells (Fig. 34),
and HEK293 cells (Fig. 34)—the change in PP-InsP turnover that is
consistently associated with elevated [ATP] is a loss of 1,5-InsPg
rather than an effect on 5-InsP; levels.

The elevation in ATP levels in PPIPSK™~ cells was signifi-
cantly reversed by transfection of either WT PPIP5K1 or the
PPIP5K1%*% phosphatase mutant but not by the PPIPSK1%324
kinase mutant (Fig. 3B), thereby underscoring that changes in
5-InsP; kinase activity are what underlies the hypermetabolic phe-
notype of PPIPSK™~ cells. To further pursue which PP-InsP is re-
sponsible, we used TNP to reduce IP6K activity in PPIPSK™~ cells
(as described above). This did not affect ATP levels (Fig. 3C). We
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Fig. 2. The influence of PP-InsP turnover on p53 expression. HCT116 cells used in these experiments were, as indicated, WT, PPIP5K™=, or PPIP5K~~ transfected
with vector, PPIP5K1 (K1), the D332A kinase mutant, or the R399A phosphatase mutant. (A and B) Representative Western analyses of p53 expression. (C and D)
Levels of 5-InsP; and 1,5-InsPg, respectively, determined by HPLC. Bar graphs display means + SEM from three independent experiments. ***P < 0.001 vs. cells
transfected with vector alone. (E and F) Representative HPLC analyses of 5-InsP; levels in extracts prepared from WT and PPIP5K ™'~ cells, respectively, after 48 h of
treatment with either 10 pM TNP (white circles) or vehicle (Ctrl; black circles). (G) Bar graphs show means + SEM from five experiments as described by E and F.
**P < 0.01 (one-way ANOVA). (H) Western analysis of p53 expression in WT and PPIP5K™'~ cells after 48 h of treatment with either 10 uM TNP or vehicle.
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in PPIP5K~'~ HCT116 cells transfected with vector, PPIP5K1 (K1), the D332A kinase mutant, or the R399A phosphatase mutant. Data are means + SEM from
eight independent experiments. **P < 0.02 vs. vector control; ***P < 0.01 vs. vector control. (C) ATP levels in PPIP5K™'~ HCT116 cells incubated for 48 h with
either vehicle or 10 pM TNP. Data are means + SEM from seven independent experiments. (D-G) [ATP], [5-InsP;], [InsPg], and [InsPg], respectively, in WT
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also reduced 5-InsP; levels in PPIPSK™'~ cells by RNAi against
IP6K2 (Fig. S64), the major source of 5-InsP; in HCT116 cells
(Fig. S6B) (25); again, [ATP] was not affected (Fig. S6C). Thus,
we conclude that, in PPIPSK~'~ cells, elevated [ATP] is because
of the loss of 1,5-InsPg, not the gain of 5-InsP;. Additionally,
[ATP] was not affected on inhibition of p53 with pifithrin-o (Fig.
S6D). This negative result is significant, because expression of
p53, a master metabolic regulator (31), is up-regulated down-
stream of 5-InsP; (see above).

Our conclusion that elevated levels of 5-InsP5 in PPIP5K™~ cells
do not promote the associated increase in [ATP] prompted us to
next investigate if, conversely, it might be [ATP] that regulates
[5-InsP;]. Indeed, it is a long-standing proposal (32) that 5-InsP;
synthesis is tied to cellular bioenergetic status through the un-
usually low K, value for ATP (1 mM) of the IP6Ks. However,
direct evidence that this mechanism operates in intact cells has
been lacking. Thus, we starved WT HCT116 cells of glucose
overnight; this caused ATP levels to fall from 17 (Fig. 34) to
7 nmol/mg protein (zero time point in Fig. 3D). In parallel, 5-InsP;
levels dropped from a value of around 0.05 (as a ratio to [InsPg])
(Fig. 2C) to 0.015 (zero time point in Fig. 3E). Next, we rescued
ATP levels directly by using liposomes as a vehicle for delivering
the nucleotide directly into cells (33). Cellular levels of both ATP
and 5-InsP; rose in parallel time courses (Fig. 3 D and E). The
degree of the increase in 5-InsP; levels was also dependent on
the concentration of ATP-loaded liposomes that were added to the
cells (Fig. S7). The effect on 5-InsP; is specific; levels of InsPs and
InsPg did not change (Fig. 3 F and G and Fig. S7). Thus, our data
provide direct support for the idea (32) that IP6K-driven 5-InsP;
synthesis is a specific metabolic sensor response.
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We explored how the absence of 1,5-InsPg might modify
metabolic parameters to facilitate [ATP] being increased. We
recorded mitochondrial mass in PPIPSK~'~ HCT116 cells using
Mitotracker Green (MTG). Microscopic analysis indicated that
mitochondria in PPIPSK~'~ HCT116 cells are more tubular and
less fragmented compared with WT cells (Fig. 44); such a phe-
nomenon is associated with enhanced oxidative phosphorylation
(34). Analysis by flow cytometry recorded a 30% increase in
median MTG fluorescence intensity in the PPIPSK~'~ cells (Fig.
4 B and C), indicating increased mitochondrial mass. We also
assessed mitochondrial bioenergetic competence in both WT
and PPIPSK~'~ HCT116 cells by extracellular flux analysis using
Seahorse technology. PPIPSK™'~ cells show the following per-
centage increases in oxygen consumption under various condi-
tions: basal, 53%; ATP-coupled, 39%; and maximal, 108% (Fig.
4D and Fig. S84). These data are consistent with the mito-
chondrial biomass being increased. Nevertheless, the “spare re-
spiratory capacity” (35) of the mitochondria in PPIPSK~'~ cells
outstripped that of the WT cells by a greater degree (i.e., 5.5-
fold) (Fig. S84) than can be accounted for by the increase in
mitochondrial biomass alone (Fig. 4C). Thus, it can be con-
cluded that the loss of 1,5-InsPg after PPIPSK KO in HCT116
cells also elevates mitochondrial bioenergetic capacity.

We also recorded higher rates of extracellular acidification by
the PPIPSK~~ HCT116 cells, indicative of up-regulation of
glycolytic lactate production (Fig. 4E and Fig. S8B). This con-
clusion was confirmed by direct assays showing elevated glucose
consumption and lactate production in PPIPSK™'~ cells (Fig. 4 F
and G) that could also contribute to elevated [ATP]. Thus, in
HCT116 cells, glycolysis and mitochondrial respiration are not
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Fig. 4. Bioenergetic metabolism in WT and PPIP5K™~ cells. (A) Microscopic analysis of WT and PPIP5K™~ HCT116 cells labeled with MTG. (Scale bar: 10 pm.) (B) Rep-
resentative analysis of MTG labeling of WT and PPIPSK~~ HCT116 cells by flow cytometry. (C) Means + SEM of flow cytometry analysis of MTG labeling of WT (black bars)
and PPIP5K™~ (white bars) HCT116 cells and HEK293 cells; n = 7 for HCT116 cells, and n = 3 for HEK293 cells. ***P < 0.001. (D and E) Representative respiration rates and
extracellular acidification rates (ECARs), respectively, for WT HCT116 cells (black circles) and PPIP5K™~HCT116 cells (white circles). Data are means + SEM from five technical
replicates. Data combined from four independent experiments are shown in Fig. S8. (F and G) Glucose consumption and lactate production, respectively, from WT (black
bars) and PPIP5K™~ (white bars) HCT116 cells and HEK293 cells; means + SEMs are from four to five independent experiments. **P < 0.02 vs. corresponding WT cells.

reciprocally regulated. Such a phenomenon is not entertained by
the classical Warburg hypothesis. However, this is not the cur-
rent viewpoint of cancer cell metabolism. Instead, it is accepted
that different tumor populations may utilize varied bioenergetic
strategies to satisfy their high-energy requirements (36).

The elevated MTG signal in PPIPSK~'~ cells is insensitive to
either TNP (Fig. S94) or RNAI against IP6K2 (Fig. S9B), in-
dicating that it is not gain of 5-InsP; but loss of 1,5-InsPg that
promotes elevated mitochondrial biomass. That conclusion is also
consistent with previously published data showing increased mito-
chondrial mass in cardiomyocytes after pharmacological inhibition
of IP6K (which inhibits 1,5-InsPg synthesis) (14). Furthermore,
previous work with IP6K1~'~ adipocytes found a higher rate of
uncoupled respiratory activity of mitochondria (13), which could
also reflect increased mitochondrial mass.

The elevated rates of glucose consumption and lactate pro-
duction in PPIPSK™'~ HCT116 cells were not reversed by either
treatment with TNP or by RNAI against /P6K2 (Fig. S9 C-F),
indicating that glycolysis is not stimulated by elevated levels of
5-InsP;. Instead, we propose that glycolysis is deinhibited on de-
pletion of 1,5-InsPg in PPIPSK™'~ cells. A previous study (6) has
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described elevated rates of glycolysis in JP6K1~'~ MEFs (i.e., cells
in which levels of both 5-InsP; and 1,5-InsPg are reduced). How-
ever, glycolysis is unaffected by deletion of IP6K1 in adipocytes, but
mitochondrial respiration is increased (13). As for HEK293
PPIP5K ™'~ cells, they show elevated rates of glycolysis (Fig. 4 F and
G), although mitochondrial mass does not increase (Fig. 4C).
Nevertheless, in each of these mammalian cell types as well as in
HCT116 cells, a hypermetabolic phenotype (i.e., elevated [ATP]) is
consistently associated with depletion of 1,5-InsPs.

Concluding Comments

This study breaks ground in its approach to studying metabolic
regulation by PP-InsPs. Previous work in this field has focused on
proposed functions for 5-InsP; based on data obtained after ge-
netic and/or pharmacological manipulation of the IP6Ks. Despite
1,5-InsPg synthesis also being dependent on IP6Ks, that particular
PP-InsP has received little attention as a regulator of bioenergetic
homeostasis. PPIPSK™~ cells have allowed us to show that ATP
levels are elevated in the absence of 1,5-InsPg. This result gener-
ates a hypothesis that 1,5-InsPg normally exerts a constraint on
ATP synthesis. Consequently, our previous report that 1,5-InsPg
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levels fall when cells undergo relatively mild bioenergetic stress
(19) may now be viewed as a potential adaptive response that up-
regulates ATP synthesis. In PPIPSK~'~ HCT116 cells, increased
[ATP] (Fig. 34) reflects greater glycolytic and mitochondrial ac-
tivities; such expansive metabolic changes likely involve more than
one molecular mechanism of action for 1,5-InsPg. Our data also
provide direct support for the idea (32) that, in intact cells, IP6K-
driven 5-InsP; synthesis is a sensor of cellular ATP levels. This is a
mechanism that is not exposed by assays of IP6K activity in cell-
free lysates in which [ATP] is held constant (Fig. S1E).

Our data indicate that deinhibition of ATP synthesis on de-
pletion of 1,5-InsPy is responsible for the elevation of 5-InsP; levels
in PPIPSK™ cells. A substantial increase in 5-InsP- levels has also
been observed on PPIP5K KO in two species of microorganisms:
S. cerevisiae and C. neoformans (26-28); thus, functionality of 1,5-
InsPg as an inhibitor of ATP production may be extremely well
conserved. It has also been proposed that PP-InsP turnover is cy-
clical in nature (2) (Fig. 14). Interruption of such cyclical PP-InsP
flux, by elimination of PPIP5Ks, could disturb the dynamic meta-
bolic equilibrium between 5-InsP; and InsPg, accentuating accu-
mulation of 5-InsP-.

Among major targets for the treatment of metabolic diseases,
such as diabetes and obesity, is to increase glucose consumption
(37). PPIPSK™~ cells display just such a phenotype. Thus, phar-
macological targeting of PPIP5Ks may have beneficial effects in
metabolic diseases. Finally, the finding that the proliferation rate of
the HCT116 colonic epithelial cell line is particularly susceptible to
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PPIP5K knockdown suggests that this enzyme might be a thera-
peutic target in tumor biology.

Materials and Methods

Cell Culture. HEK293 and HCT 116 cells were cultured in DMEM or DMEM/F12,
respectively, each supplemented with 10% FBS (Germini Bio-product) and
100 U/mL Penicillin-Streptomycin (ThermoFisher Scientific) at 37 °C with 5%
CO,. Details for CRISPR-based PPIP5K KO and other genetic manipulations
are given in S/ Materials and Methods.

Assays. Assays of enzyme activity and protein levels by Western blotting;
assays of cellular [ATP], glucose consumption, and lactate production and
metabolic analyses using Seahorse technology; mitochondrial mass analysis
using microscopy and flow cytometry; growth curve assays; cell-cycle analysis;
and assays of cellular inositol phosphates are described in S/ Materials
and Methods.

Preparation of ATP-Loaded Liposomes. These procedures, which are adapted
from ref. 33, are described in S/ Materials and Methods.

Statistics. Statistical significance was assessed by paired t tests or where
stated, one-way ANOVA; P < 0.05 is considered significant.
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