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Inositol phosphates (IPs) comprise a network of phosphorylated
molecules that play multiple signaling roles in eukaryotes. IPs
synthesis is believed to originate with IP; generated from PIP, by
phospholipase C (PLC). Here, we report that in mammalian cells
PLC-generated IPs are rapidly recycled to inositol, and uncover the
enzymology behind an alternative “soluble” route to synthesis of
IPs. Inositol tetrakisphosphate 1-kinase 1 (ITPK1)—found in Asgard
archaea, social amoeba, plants, and animals—phosphorylates
1(3)P, originating from glucose-6-phosphate, and I(1)P; generated
from sphingolipids, to enable synthesis of IPg. We also found using
PAGE mass assay that metabolic blockage by phosphate starvation
surprisingly increased IPg levels in a ITPK1-dependent manner, estab-
lishing a route to IPs controlled by cellular metabolic status, that
is not detectable by traditional [*H]-inositol labeling. The presence
of ITPK1 in archaeal clades thought to define eukaryogenesis indi-
cates that IPs had functional roles before the appearance of the
eukaryote.
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Inositol phosphates (IPs) are a class of small molecules dis-
playing a large number of functional roles across the spectrum
of life (1). In metazoa, IPs are essential for calcium signaling,
thanks to the calcium release factor I(1,4,5)P; (IP3) that is pro-
duced by the action of phospholipase C (PLC) on PI(4,5)P,.
Many other IPs are found in eukaryotic cells, with the fully
phosphorylated IPs the most abundant. Surprisingly, even more
highly phosphorylated species exist: The IPs-derived inositol
pyrophosphates IP; and IPg (2). Among the numerous physio-
logical functions regulated by IPs are energy metabolism (3),
phosphate homeostasis (4), virus structure stability (5), insulin
signaling (6, 7), and necroptosis (8).

The biosynthetic pathway of IPs synthesis was initially defined
through biochemical characterization of kinase and phosphatase
activities present in cell extracts that converted one IP into an-
other (9-11). These early efforts led to the definition of bio-
chemical fluxes between IPs, but rarely to identification of the
specific enzymes. A subsequent wave of studies used the genetic
power of Saccharomyces cerevisiae to discover the genes involved.
A yeast genetic screen that aimed to identify genes affecting
nuclear mRNA export led to the identification of PLC, and two
kinases that sequentially acted on IP; to produce 1P (12). This
resulted in the cloning of inositol polyphosphate multikinase
(IPMK; in yeast known as Arg82, Ipk2) (13, 14) and inositol
pentakisphosphate kinase (IPPK; in yeast called Ipkl) (12, 15).
The budding yeast was also instrumental in identifying and char-
acterizing both known classes of inositol pyrophosphates synthe-
sizing enzymes (16, 17). The highly influential role played by S.
cerevisiae research in discovering the IP kinases, and in defining a
simple linear IPs biosynthetic pathway starting from PLC, gener-
ated trust in the universal nature of this pathway. However, we
should always keep in mind that yeast have lost much genetic
information present in other eukaryotes, and have simplified
metabolic and regulatory signaling networks (18).

www.pnas.org/cgi/doi/10.1073/pnas.1911431116

The potential pathways to IPs 7. synthesis have a profound
impact on how we interpret their signaling roles. If they are
synthesized from IP3, their function has evolved in relation to
lipid-dependent PLC and/or calcium signaling. This constraint is
relieved if IPg synthesis occurs lipid-independently, originating
directly from inositol, a “soluble” pathway. In yeast, which do not
have IPs-regulated calcium signaling, IP¢ synthesis strictly depends
on the PLC-generated IP; (Figs. 14 and 2D). The higher com-
plexity of other eukaryotes might allow different pathways for IPs
synthesis. For example, the social amoeba Dictyostelium dis-
coideum (10) and plants (19) have been proposed to possess a
PLC-independent route to produce IPs. However, the enzymatic
machinery remains elusive.

Another difficult issue is the source of inositol used to synthesize
IPs. Myo-inositol, the most abundant sterecoisomer (hereafter re-
ferred to as inositol), in mammalian cells and yeast, can be ac-
quired from the extracellular milieu, or be generated endogenously
by isomerization of glucose-6-phosphate (G6P) into 1(3)P;. This
reaction is catalyzed by inositol 3-phosphate synthase (IPS; known
as ISYNA1 in mammals; Inol in yeast) (20). I(3)P; can then be
dephosphorylated to inositol by the inositol monophosphatase
IMPA1 (21). Most studies of IPs metabolism over the past 4
decades have used [*H]-inositol labeling to monitor IPg.7.g syn-
thesis, an experimental set-up that precludes the analysis of G6P-
derived inositol. Therefore, virtually no attention has been given
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Fig. 1. PLC-generated IP; is converted to inositol but not to IPs. (A) Depiction
of the pathway for the synthesis of phosphorylated inositol derivatives. Soluble
inositol is incorporated into lipids by the action of the phosphatidylinositol
synthase (PIS) to produce PI. After successive phosphorylation, PI(4,5)P, (PIP,) is
generated. Upon activation, PLC hydrolyzes PI(4,5)P, and releases two second
messengers: IP; and DAG. IP; can be recycled to inositol through dephos-
phorylation or be used to generate highly phosphorylated species. A second
route, strictly lipid-independent, has also been proposed in social amoeba and
plants. Here, inositol is directly phosphorylated successively to generate IPs. (B)
Activation of PLC induces the recycling of IP; but not the synthesis of IPs. SAX-
HPLC profile of HEK293T cells transiently overexpressing the constitutively ac-
tive mutant G protein « subunit (p9, red line) or an empty vector (p=™°TY,
blue line) pulse labeled for 5 h with [*H]-inositol. Elution positions of radiola-
beled standards ([H]I(1,4,5)Ps, [2H]I(1,3,4,5,6)Ps, and [>H]IPg) are shown on top.
(C) Quantification of results in B. The fold-change of the different IPs species
over the control cells is presented, n = 6. Significant differences are shown as
P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****). n.s., not significant.
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to the contribution of endogenously generated inositol to the
synthesis of IPs.

A recent study reported the genome of the archaea Lokiarcheum
candidatus, which shed new light on eukaryogenesis (22). Archaea,
including L. candidatus, usually possess a rudimental inositol
metabolism (SI Appendix, Fig. S1), able to synthesize I(3)P, and
inositol. Surprisingly, genes encoding homologs of the inositol
tetrakisphosphate 1-kinase 1 (ITPK1) were also found in this
organism. ITPK1 has been described to phosphorylate 1(1,3,4)P;
and I(1,3,4,5)P, to generate 1(1,3,4,5,6)Ps (23). Its presence in this
organism suggested that ITPK1 may have additional substrate
specificity.

Here, we investigated the possibility of ITPK1 as the enzyme
responsible for the first steps of the soluble route to IPs synthesis.
We show that ITPK1 phosphorylates IP; [I(1)P; and I(3)P4] to
produce substrates for other IP kinases, such as IPMK and IPPK.
Mammalian cells depleted for ITPK1 show a strong decrease in IPg,
indicating that ITPK1 is a crucial enzyme of the pathway. More
importantly, we propose that the PLC-independent route to IPg
synthesis is coupled with de novo inositol synthesis. The ITPK1-
dependent increase in IPs we observed after phosphate starvation
when visualizing IP¢ with PAGE is much smaller when observed by
metabolic labeling using [*HJ-inositol. This suggests that the two
pathways (lipid-dependent and soluble) are independently regulated.

Results

PLC-Generated IP; Is Rapidly Recycled to Inositol. To assess the
relevance of PLC-dependent IP; production for IP synthesis in
mammalian cells, we activated PLC by expressing the constitu-
tively active G protein mutant GaqQL (24), and studied rapid
[*H]-inositol metabolism by following its fate after 5 h of label-
ing. The PLC-activated cells showed a 5- to 16-fold increase in
1Py 534 levels. In contrast, IPs levels remained unchanged
following PLC activation (Fig. 1 B and C). It is clear that, rather
than being used for higher IPs synthesis, most of the PLC-
generated IP; was recycled back to inositol. This is consistent
with inositol fluxes studied in rat cortical neurons after PLC
activation induced by carbachol or neuronal depolarization (25).
The observed IP; recycling was greater than what has been ob-
served after steady-state metabolic labeling (26), which high-
lights the importance of studying rapid IP fluxes. The increase in
IP, probably results from the activity of IP;—3-kinases that are
activated by calcium (27-29). Therefore, similarly to what has
been proposed for the amoeba D. discoideum and plants (10, 30),
it is possible that IPs in mammals is synthesized by an unchar-
acterized lipid-independent, soluble pathway.

ITPK1 Is a Conserved IP Kinase. While inositol synthesis is a shared
characteristic of two of the three kingdoms of life, archaea, and
eukaryotes (31), IPs have been proposed to be a hallmark of
eukaryotic cells (1, 32). However, the sequencing of Asgard ar-
chaea revealed the presence of IP kinases in a prokaryotic ge-
nome (22). We identified 4 genes homologous to ITPK1 (23) in
the genome of L. candidatus, which we named LcIKA to LcIKD
(Fig. 24). Structural and homology modeling found that these
proteins share the ATP-grasp domain found in both Homo sa-
piens HsITPK1 and Entamoeba histolytica ERITPK1 (Fig. 2B).
Comparison of HsITPK1, EAITPKI and LcIKs found that ATP
and IP binding sites were the most conserved regions and, im-
portantly, most residues involved in catalysis were conserved.
The most highly conserved IPs-contact residues (H167, K199,
and R212 in HsITPK1) are proximal to the ATP binding site,
while less conserved residues (K18, K59, H162, and G301 in
HsITPK1) sit on the opposite side of the IPs substrate from the
active site. This suggests that these less-conserved distal residues
contribute to variations in substrate selectivity across the ITPK1
homologs. For example, when 1(1,3,4)P; was modeled into the
human structure, a steric clash with H162 was reported, which
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Fig. 2. ITPK1 is evolutionarily conserved and mediates the synthesis of IPs independently of Plc1. (A) Phylogenetic tree of ITPK1. At: A. thaliana, Dd: D.
discoideum, Dr: Danio rerio; Eh: E. histolytica; Gg: Gallus gallus; Hs: H. sapiens; Mm: Mus musculus; Mb: Monosiga brevicollis; Os: O. sativa; Zm: Z. mays. (B) A
surface representation of human ITPK1 (2gb5) docked with 1(1,3,4)P; and colored according to sequence conservation between ITPK1s from human, E.
histolytica, and L. candidatus (blue is highly conserved, yellow is low conservation). The IP binding site for human ITPK1 (2QB5) (Upper) and predicted LcIKC
homology model (Lower) are shown in close-up. The human structure is again colored by sequence conservation. Both structures have 1(1,3,4)P; docked into
the binding sites. Key catalytic residues are marked. (C) Schematic representation of the localization of the four L. candidatus inositol kinase (LcIK) genes
relative to the position of two IPS genes. The sequences of the contigs were retrieved from Spang et al. (22). (D-G) SAX-HPLC analysis of IPs from the indicated
[®H]-inositol-labeled yeast strains. A plc1A strain (red line) does not accumulate IPs as illustrated by the complete absence of IPs compared to a wild-type strain
(blue line) (D). Expression of H. sapiens (E), A. thaliana (F), or L. candidatus (LcIKC) (G) ITPK1 (blue line) restored synthesis of IPs. Shown are representative
HPLC traces of at least 3 independent experiments.

likely contributes to its greater selectivity compared to the EAITPK1
enzyme (33). In the LcIKC model, this histidine is replaced with
Argl56, indicating the LcIKC enzyme will also have a more re-
stricted substrate selectivity than EAITPKI1. In addition, the
LcIKA, -B, and -C have additional basic residues modeled to sit
in the IP-binding pocket that are absent in the E. histolytica and
human structures.

Desfougeéres et al.

L. candidatus also possesses the typical archaeal inositol-related
genes, and is therefore able to synthesize a range of inositol-
containing molecules: I(3)Py, inositol, the archaea-specific di-
inositol phosphate, and both archaeal- and eukaryotic-type
phosphoinositides (SI Appendix, Fig. S1). Given that L. candidatus
cannot synthesize the known substrates of ITPK1, IPs, or IP,, we
predicted that ITPKI1 is, and was originally, an inositol or an IP;
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kinase. Thus, ITPK1 using these substrates might be responsible ~ Sphingolipid Hydrolysis Generates I(1)P; as Substrate for ITPK1.
for the soluble route of IPs synthesis. This idea is further rein-  Recombinant ITPK1s were unable to phosphorylate [*H]-inositol;
forced by the observation that the two pairs of LcIK genes flank  a phosphorylated inositol must therefore be required as sub-
two IPS genes in the L. candidatus genome, suggesting a functional  strate. To identify candidates that could perform this first step
link between I(3)P; synthesis and LcIKA-D activity (Fig. 2C). To  of the soluble pathway in generating the in vivo initial substrate
test this hypothesis, we expressed ITPK1, which is naturally absent ~ of ITPK1, we looked for putative inositol kinases in the yeast
in yeast, in a yeast plcIA strain. Strains lacking PLC1 are com- genome that could potentially generate IP;. Two genes,
pletely devoid of IP4 and other higher IPs (Fig. 2D). The expression =~ MAK32 and RBKI, encode members of the ribokinase family
of human or plant (Arabidopsis thaliana and Oryza sativa) ITPK1  and have high homology with social amoeba and plant inositol
restored wild-type level of IP¢ (Fig. 2 E and F and SI Appendix, Fig.  kinases. However, the simultaneous depletion of these genes
S24). Production of IPg was also observed using D. discoideurn and  did not prevent ITPK1-mediated IP4 synthesis (SI Appendir,
L. candidatus homologs, although to a lesser extent presumably  Fig. S34). We therefore searched for alternative sources of IP;.
due to suboptimal reaction conditions and/or expression (Fig. 2G  Besides phosphoinositides, radiolabeled [*H]-inositol can be
and SI Appendix, Fig. S2 B and D). These data indicate that ITPK1  incorporated into glycophosphatidylinositol (GPI) anchors and
is able to bypass the yeast requirement for PLC in the synthesis of  sphingolipids (S Appendix, Fig. S3B). Phospholipase D (yeast
IPs, and that this activity is conserved through evolution. Spol4) uses phosphatidylinositol (PI) as substrate, releasing
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Fig. 3. ITPK1 uses I(1)P; generated from sphingolipids. (A) Schematic of IPC degradation by Isc1 that releases 1(1)P;. (B) SAX-HPLC analysis of labeled IPs from a
strain deleted for both PLC7 and ISC7, and expressing HsITPK1 or the empty vector. (C) SAX-HPLC analysis of IPs from a wild-type strain expressing empty vector
(Left) and a plc1A strain expressing HsITPK1 (Right) treated with Myriocin (1 M) or Aureobasidin A (1 uM) for 1.5 h. [PHl-inositol was added to the culture medium
and the cells were pulse labeled for 2 h in the presence of the drugs. (D) Vacuole morphology of the wild-type and the plc7A strains expressing GST or GST-HsITPK1
observed after staining with FM4-64. (Scale bar, 5 pm.) (E) PolyP was extracted from exponentially growing cells and analyzed by PAGE. PolyP45 and PolyP13 are
synthetic polyP standards of average chain length of 45 and 13 phosphate units, respectively. The gel is representative of 3 experiments. (F) PolyP was quantified
using a Malachite Green assay after acidic extraction and column purification, n = 3. (G) ATP levels measured by luciferase assay for the indicated strains expressing
GST or GST-HsITPK1. Results are shown relative to wild-type, n = 4. Significant differences are shown as P<0.01 (**) and P<0.0001 (****).
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I(1)P; (34, 35). However, expression of ITPK1 in plcIAspol4A
still generates IP¢ (SI Appendix, Fig. S3C).

Next, we tested the hypothesis that the ITPK1 substrate orig-
inates from the degradation of GPI anchors. However, 1P is still
generated in the plclAgpilA strain harboring ITPK1 (SI Appendix,
Fig. S3D). Yeast, like plants and protists, produce sphingolipids

called inositol phosphorylceramides (IPC) (Fig. 34). These lipids
are degraded by the inositol phosphosphingolipid phospholipase
(Iscl), an ortholog of the mammalian neutral sphingomyelinase, to
generate I(1)P; and phytoceramide (36) (Fig. 34). IP¢ is present in
the iscI A strain, but absent in the plclAiscIA strain (SI Appendix,
Fig. S4 A and B). Expression of ITPK1 in the plc/Aisc1A strain did
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Fig. 4. ITPK1 phosphorylates I(3)P; and contributes to IPs synthesis in mammalian cells. (A) In vitro assay with [3H]-inositol and recombinant ITPK1 and the
inositol kinase TK2285. Reactions were stopped after 30 min (blue line), 60 min (red line), or 120 min (green line) before IPs were extracted and analyzed by
SAX-HPLC. (B) In vitro kinase assay using I(1)P; and I(3)P; as substrates. The products of the reaction were analyzed by PAGE followed by Toluidine blue
staining. IPs and IPg standards were loaded as controls. The gel is representative of 3 experiments. (C) Expression of the archaeal inositol kinase TK2285 with
HsITPK1 (blue line) or AtITPK1 (red line) rescues IPs synthesis in the plc1Aisc1A strain, which does not otherwise accumulate IPs (red line). (D) Verification by
Western blotting of the ITPK1™~ clones generated in HCT116 by CRISPR/Cas9. Histone H3 was used as a loading control. (E and F) PAGE analysis of IPs
extracted from wild-type HCT116 and 2 knockout clones, ITPK17~ cl1 and ITPK1~"~ cI2, grown in DMEM supplemented with 10% serum (E). Quantification of
IPg in the indicated lines by densitometry, n = 6 (F). (G and H) SAX-HPLC analysis of IPs from the same cells as in E labeled with [*H]-inositol and grown in
inositol-free DMEM supplemented with 10% dialyzed serum. The chromatogram (G) is representative of 4 experiments. Quantification of IPg in the indicated
lines, n = 3 (H). (I and J) A region of the chromatogram presented in G is enlarged to highlight the basal level of 1(1,4,5)Ps (/). Quantification of I(1,4,5)P3 in the
indicated strains, n = 3 (J). The elution time of standard I(1,4,5)P3 is shown on top. Significant differences are shown as P < 0.001 (***) and P < 0.0001 (****),
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not rescue IP; synthesis, thereby demonstrating that degradation of
sphingolipids generates the ["H]-I(1)P; used by ITPK1, which
leads to IPg synthesis (Fig. 3B and SI Appendix, Fig. S44). This
result was confirmed by pharmacological inhibition of sphingolipid
synthesis using Myriocin or Aureobasidin A (S Appendix, Fig. S4
C and D). In plclA expressing ITPK1, IPs synthesis was blocked
upon incubation with the drugs, while the wild-type was only
slightly affected (Fig. 3C). Given the rapid synthesis of wild-type
level of [*H]-IPs in a plcIA strain expressing human or plant
ITPK1 (SI Appendix, Fig. S34), our data indicate that sphingoli-
pids turnover rapidly in exponentially growing yeast.

ITPK1 Expression in Yeast Allows Uncoupling of PLC Signaling from IP-
Dependent Phenotypes. PLC generates two intracellular messen-
gers: diacylglycerol (DAG) and IP;, which in yeast is converted
to higher IPs. The rescue of IP4_7.g level by overexpressing ITPK1
in plcIA allows the distinguishing of phenotypes caused by ac-
cumulation of PI(4,5)P;, or lack of DAG, or loss of IPs. The
fragmented vacuoles phenotype observed in plcIA was not res-
cued by ITPK1 expression, while the synthesis of inorganic pol-
yphosphate (polyP) was restored (Fig. 3 D-F) (4, 37). Therefore,
in plclA yeast the fragmented vacuoles are a consequence of
both PIP, accumulation (or lack of DAG) and lack of inositol
pyrophosphates, since the latter are known to regulate vacuole
physiology (38). Conversely, polyP synthesis depends only on the
presence of IPs. The inositol pyrophosphates IP; and IPg are
involved in energy homeostasis, and are required to maintain a
normal cytosolic ATP concentration (3). In accordance with this,
we found high levels of ATP in a plcIA strain. Expression of
ITPKI1 restored completely the levels of ATP, indicating that
only highly phosphorylated IPs are required for controlling cel-
lular energetics (Fig. 3G).

ITPK1 Can Use I(3)P, to Generate Higher IPs. We have demonstrated
the ability of yeast to take advantage of exogenously expressed
ITPK1 for IPs synthesis from sphingolipids rather than from
phosphoinositides. Mammals and L. candidatus have ITPK1 but
do not contain IPC to provide I(1)P;: Their soluble pathways
require an alternate source of IPy. L. candidatus, like virtually all
eukaryotes, is able to convert G6P to I(3)P; with its IPS (S/
Appendix, Fig. S1). Therefore, we wondered if I(3)P; could be
used by ITPK1 to initiate IPs synthesis in a lipid-independent
fashion. To test this hypothesis, we used the Thermococcus
kodakarensis inositol kinase TK2285, which selectively generates
I(3)P; (39). In vitro reactions conducted in the presence of [*H]-
inositol and both TK2285 and ITPK1 showed a time-dependent
synthesis of IPs (Fig. 44). This enzymatic plasticity of ITPK1
confirms the structure-based prediction of catalytic flexibility;
this enzyme can accommodate several different IP substrates
(40). We then analyzed ITPK1 activity on I(1)P; and I(3)P, using
PAGE with Toluidine staining. This technique allows visualiza-
tion of highly phosphorylated IPs only, since lower phosphory-
lated species stain poorly. Recombinant ITPK1 phosphorylated
both isoforms I(1)P; and I(3)P; to IPs (Fig. 4B). Simultaneous
expression of ITPK1 with the inositol kinase TK2285 in plcAisc1A
yeast strain restored the IPg level (Fig. 4C), which confirmed that
ITPKI1 can use I(3)P; both in vitro and in vivo. These data implied
that I(3)P; de novo synthesis from G6P could be involved in IPs
synthesis. To verify the importance of ITPK1 in IP¢ synthesis and
the role of the soluble route in IPs metabolism, we developed
human cell lines devoid of ITPKI.

ITPK1 Is Required for Mammalian IPs Metabolism and IPs Synthesis.
The role of ITPK1 in higher IPs synthesis in mammalian cells was
assessed using CRISPR/Cas9-generated knockout in the human
colon carcinoma cell line HCT116. We obtained several clonal
lines, and focused our study on two randomly selected lines devoid
of ITPK1 protein (Fig. 4D), called ITPK1~~ cl1 and ITPK1~/~ cl2.
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Both lines showed a 90% reduction of IPg level when analyzed by
PAGE (Fig. 4 E and F) with cells grown on normal media. Analysis
by [*H]-inositol metabolic labeling, performed using inositol-free
media to improve sensitivity, and strong anion exchange (SAX)
high-performance liquic chromatography (HPLC), not only con-
firmed the dramatic reduction of IPs observed by PAGE but
revealed a similar decrease in IPs levels (Fig. 4 G and H). To
eliminate any artifact arising from using different media compo-
sition, we performed a PAGE analysis with extracts from cells
grown in normal media and in inositol-free media. This analysis
demonstrated that the IPg reduction observable in ITPK1™~ cll
and ITPK17~ cI2 is independent of the presence of inositol in the
growing media (SI Appendix, Fig. S5).

These data confirm the results from the ITPK1 knockout re-
cently generated in a different human colon carcinoma cell line,
HT?29 (8). That paper reported similar levels of IP; and IP,4 in
wild-type and ITPK1~~ cells but did not closely analyze lower
IPs. Our full SAX-HPLC analysis showed substantial reduction
in the levels of all IPs in ITPK1~~ cll and ITPK1™~ cl2, in-
cluding even the lower phosphorylated IP; and IP, (Fig. 4G).
Notably, the level of PLC-generated [*H]-I(1,4,5)P3 was not af-
fected in ITPK1~~ cells, suggesting that its synthesis is not al-
tered (Fig. 4 I and J). Conversely, a second IP; isomer, likely
1(1,3,4)P5, appears to be down-regulated in ITPK1™~ cells.
These analyses demonstrate that ITPK1 plays a key role in IPs
metabolism.

Metabolism Controls the Soluble Pathway. We next assessed the
physiological relevance of the soluble IPs synthesis pathway. We
hypothesized that the presence of ITPK1 in Asgard archaea
suggests an evolutionarily ancient origin for the soluble route. It
might be regulated not by receptor activation, absent in archaea,
but by core regulatory networks, such as alteration of cellular
metabolic status. Therefore, we investigated whether metabolic
signals could regulate IPg synthesis through ITPK1 in mamma-
lian cells. The regulation of IPs levels by phosphate (P;) has been
reported in several organisms (41-43). Particularly, a decrease in
P; availability has been shown to result in a decrease of the
inositol pyrophosphates IP;.g. To investigate this in the context
of the lipid-independent pathway, cells were cultivated in P;-free
media as previously described (44, 45). We also observed a de-
crease in IP;g during P; starvation (Fig. 54). This decrease oc-
curred concomitantly with a reduction in ATP, as well as ADP
and AMP levels (SI Appendix, Fig. S6). Surprisingly, we recorded
a 150% increase in IPg level after 24 h of P; starvation (Fig. 5 4
and B). This observation was not restricted to HCT116 cells, as a
similar increase was observed in all mammalian cell lines ana-
lyzed (SI Appendix, Fig. S7). The PAGE analysis detects total IPg
cellular mass: The bands seen are a mixture of molecules origi-
nating from environmentally acquired inositol, or from inositol
synthesized from G6P. A similar P; starvation protocol was ap-
plied to cells metabolically labeled with [H]-inositol for 5 d.
SAX-HPLC analysis, which can only detect IPs arising from
exogenous [*H]-inositol, gave only a 15% increase in ["H]-IPq
(Fig. 5 C and D). Although inositol media availability does not
affect the decrease in IPg level observable in ITPK17~/~ cells (Fig.
4 E and F and SI Appendix, Fig. S5), we further validated our P;
starvation observations by repeating the experiment using cells
grown in inositol-free media for matched SAX-HPLC and
PAGE analysis. We also performed an additional SAX-HPLC
[*H]-inositol labeling analysis in the presence of 40 pM inositol
throughout. These experiments confirmed that the increase in
IP¢ level is only clearly observable by PAGE analysis (SI Ap-
pendix, Fig. S8).

These results suggest that de novo synthesis of IPs from G6P is
induced upon P; starvation, while exogenous inositol contributes
minimally to the increase in IPs. As ITPK1 is able to act on G6P-
generated I(3)P; (Fig. 4), we tested ITPK1’s involvement in the
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Fig. 5. Phosphate starvation induces an ITPK1-dependent IPg accumulation.
(A) PAGE analysis of IPs extracted from wild-type HCT116 cells during
phosphate (P;) starvation. Cells were collected at different time points (0, 6,
24, 48 h). Synthetic polyP of average length 13 phosphate units was used as
ladder. (B) Quantification of IPg after 24 h in the absence or presence of P;
(0.9 mM) in HCT116 by densitometry, n = 4. (C) SAX-HPLC analysis of IPs from
wild-type HCT116 cells labeled with [*H]-inositol inositol-free DMEM sup-
plemented with 10% dialyzed serum. Cells were labeled for 4 d, then cul-
tivated for a further 24 h of labeling in absence or presence of 0.9 mM P; in
Pi-free DMEM supplemented with 10% dialyzed serum. (D) Quantification of
IPg in chromatogram shown in C, n = 4. (E) PAGE analysis of IPs extracted
from wild-type and ITPK17~ HCT116 cells following 24 h in absence or
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induction of IP¢ on P; starvation. Unlike wild-type HCT116, de-
priving the ITPK17~ cl1 and ITPK17~ cI2 cells of P; did not result
in an increase in IPg (Fig. SE). Altogether, the data demonstrate
that ITPK1 is a key enzyme in the metabolism-regulated synthesis
of IPs from G6P. Next, we labeled HCT116 cell with [*H]-glucose
to demonstrate a carbon flux from glucose to IPs. All organic
molecules of mammalian cells are generated from the glucose
carbons backbone. Therefore, a very small fraction of radioactivity
may end up accumulating in IPs and ultimately in IPs. The SAX-
HPLC analysis of [*H]-glucose labeled cells confirmed this pre-
diction, with most of the radiolabeled molecules eluting in the first
20 min (Fig. 5F). The highly charged nature of IP4 results in late
elution of this metabolite in a clean section of the chromatogram.
We confirmed the IPs genuine nature by comparison of the elution
time with a [*H]-IPs standard, and by treating the extract with
phytase (Fig. 5SF). These data clearly demonstrate that inositol first
and then IPg can be synthesized from glucose in vivo.

Discussion

IPs comprise an important family of signaling molecules, far
more complex than the lipid phosphoinositides. Only seven
phosphoinositides exist, while the combinatorial attachment of
phosphate groups on the inositol ring allows 64 different IPs:
These possibilities define the “inositol phosphate code™ (1). This
number is an underestimation of the actual complexity of this
family, since inositol pyrophosphates are also commonly present
in eukaryotic cells (2). The evolution of the elaborate IPs net-
work underlines their fundamental roles in biology. However, IPs
are less well understood than their phosphoinositide cousins.
Other factors, aside from the complexity, have contributed to
delaying our understanding and our full appreciation of IP sig-
naling roles. In particular, the almost dogmatic translation of S.
cerevisiae findings to other organisms may have misguided our
investigation. Here we have demonstrated that ITPK1, a kinase
absent in the yeast genome, is responsible for a “soluble” lipid-
independent metabolic pathway leading to IP¢;.g synthesis, a
biosynthetic route that can originate directly from the conversion
of G6P to I(3)P, (Fig. 6). This brings into focus a major issue
present in most IPs-related literature, which is based on exoge-
nously added [*H]-inositol: the inability to measure IPs origi-
nating endogenously from glucose. The demonstration that
phosphate starvation leads to a substantial IPs increase when
analyzed by PAGE but not by SAX-HPLC analysis demonstrates
the failure of traditional [3H]-inositol labeling to account for the
complete IPs metabolism and signaling. By defining the enzy-
mology of the IPs soluble pathway, and revealing the IP¢ change
following metabolic alteration, our work gives a fresh perspective
and impetus to future IPs research.

Mammalian ITPK1 was originally characterized as a kinase
able to phosphorylate I(1,3,4)P; at positions 5 and 6 of the
inositol ring (23). Over time, its catalytic flexibility was discov-
ered, and it has been demonstrated that this enzyme can also act
as phosphatase to dephosphorylate position 1 (46, 47). Initial
work mainly in vitro suggested that this activity was behind the
synthesis of the plasma membrane chloride channel inhibitor
1(3,4,5,6)P4, but ITPK1 was found not to be responsible in vivo
(48). Still, the catalytic flexibility was further underlined by the
crystal structures of ITPK1 from E. histolytica and H. sapiens (33,
40). This important work predicted that up to 18 different IP;

presence of 0.9 mM P; in Pi-free DMEM supplemented with 10% dialyzed
serum. (F) Synthesis of IPs from glucose in HCT116 cells determined by SAX-
HPLC analysis. Elution profile of extract prepared from cells labeled for 2
d with [3H]-glucose in low glucose DMEM supplemented with 10% dialyzed
serum (blue trace) and after phytase treatment (red trace). The elution times
of ATP and [H]-IPg standards are indicated on top. Significant differences
are shown as P < 0.05 (*), P < 0.001 (***).
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Fig. 6. Schematic of the proposed pathway of IPs synthesis. The lipid
pathway of IPs synthesis (green), foresees the synthesis of IPs by PLC as the
starting point for the generation of the whole spectrum of IPs. Our data
indicate that the soluble route (red) starts from the conversion of G6P to IP,
by ISYNA1, and continues with ITPK1 converting IP; to higher phosphory-
lated species. The existence of an inositol kinase, described in plants,
amoebae, and archaea, remains to be demonstrated in mammals.

and IP, substrates could occupy the ITPK1 catalytic pocket. We
show that it can act on even lower IPs. The presence of ITPK1
in the Asgard archaea L. candidatus, which possesses a rudi-
mental inositol metabolism (SI Appendix, Fig. S1), led us first to
hypothesize then to demonstrate in vitro and in vivo that ITPK1
uses IP; as a substrate to feed the soluble route of IPs synthesis.
Evolution has likely taken advantage of the general substrate
flexibility of ITPK1 and might have adapted this kinase to
species-specific preferred substrate. Mammalian ITPK1 are
prone to convert 1(1,3,4)P; to 1(1,3,4,5,6)P5 (49). Conversely,
plant ITPK1 might even have evolved to use IPg as a substrate to
synthesize IP; (50).

IPC Are a Relevant Source of Substrate for the Soluble Route. We
first demonstrated that ITPK1 could use I(1)P; as substrate. This
molecule is generated in yeast from the hydrolysis of IPC (36).
We showed that the human and plant ITPK1 fully rescued IPg
synthesis in plc1 A yeast, while D. discoideum and LcIKC proteins
only partially restored IP¢ levels. The poor rescue might be due
to the nonoptimal heterologous expression conditions, particu-
larly related to culture temperature. It is also possible that L.
candidatus, expected to have a simple IP network, does not re-
quire the same degree of catalytic flexibility for its ITPK1 as
higher eukaryotes. IPC could be a relevant source of I(1)P;
substrate in plants, especially where this type of sphingolipid is
particularly abundant (51). We have uncovered an unexpected
rapid turnover of IPC in yeast cells, potentially representing an
unexpected cross-talk between IPC and IPs signaling. In plants,
IPg is called phytic acid (from phyton, meaning part of a plant); it
is the major phosphate storage molecule in seeds (52). The
biotechnological objective of producing crops with low accumu-
lation of IP¢ (53, 54) in the seeds should therefore consider IPC
metabolism. Interestingly, the Zea mays (maize) low-phytic acid
mutant lpa2 is caused by mutation in one of its six ITPK1 en-
zymes (55). Additionally, an Arabidopsis thaliana mutant with a
mutation in one of its four ITPK1 genes (itpk4) also shows a
decrease in IPg levels compared to wild-type plants after labeling
with [**Pi] (42). These observations support a major role for
the soluble route mediated by ITPK1 for synthesizing plant
phytic acid.
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Compartmentalization of the IPs Metabolic Routes. The compart-
mentalization of the inositol acquired from the extracellular
milieu, the inositol synthesized from G6P, and diverse IPs pools,
is an important concept that comes with the description of the
soluble route. Results obtained in Trypanosoma support the idea
that exogenously acquired inositol has a different fate from G6P-
derived inositol. It has been clearly demonstrated that the syn-
thesis of phosphoinositides relies only on inositol uptake from
the environment, while the synthesis of GPI anchors requires de
novo synthesis of inositol from G6P (56-58). Exogenous inositol
is rapidly incorporated into PI, suggesting that PI synthesis may
even be coupled to cellular import (56). In addition, G6P-
derived inositol must be synthesized and utilized in a different
location (56). In line with these observations, IPs analysis in
Trypanosoma revealed that although this organism possesses 1P
as demonstrated by PAGE analysis, radiolabeling using [*H]-
inositol failed to detect significant amount of the same metab-
olite (59), indicating that in Trypanosoma, highly phosphorylated
IPs synthesis is achieved through conversion of G6P-derived
inositol and the cytosolic route.

ITPK1 Is a Tool to Uncouple Phenotypes Induced by Loss of Pl(4,5)P,/
DAG or IPs. Yeast IPC regulates diverse cellular processes in-
cluding cell growth and stress responses. The turnover of IPC
that we observed during our short time-course experiments (S/
Appendix, Fig. S3A4) is probably an underestimation of the actual
rate. The activity of Iscl is known to be down-regulated by Slm1/
2 proteins when bound to P1(4,5)P, (60). Our experiments were
performed in a plcI A strain that is unable to hydrolyze, and thus
accumulates, PI(4,5)P,. Therefore, it is likely that the actual
turnover rate is higher in wild-type cells. Although the focus of
past literature was on the lipid side of sphingolipids, it seems
natural to ask about the fate of the other degradation products of
inositol-containing sphingolipids. Our data indicate that exponen-
tially growing yeast hydrolyze IPC, and probably mannosylinositol
phosphorylceramide (MIPC) and mannosyldiinositol phosphor-
ylceramide [M(IP)2C], as fast as PI(4,5)P,. Therefore, I(1)P,, MIP,
and M(IP),, will be also released in abundance. The fate of these
products, and their potential as signaling molecules, remains to
be tested.

In yeast, most experiments affecting the levels of PI(4,5)P,
also affect the level of IPs, which themselves control a plethora
of cellular activities. Expressing ITPK1 in plc/A yeast is there-
fore a powerful tool to properly dissect phosphoinositide sig-
naling. We can now separate the phenotypes originating from
the loss of IPs and identify those induced by altered DAG sig-
naling or phospholipid accumulation. For example, invasive fil-
amentous growth is required for virulence of pathogenic fungi.
Both Plcl and Kcsl are required for filamentous growth (61, 62);
however, the importance of Plcl activity in this process could
not be definitely ascertained as the knockout was also missing
inositol pyrophosphates.

ITPK1 Is Essential for IPs Synthesis in Mammals. The analysis of
mammalian HCT116 or HT29 (8) ITPK1~~ cell lines demon-
strates that this enzyme plays a major role in maintaining IPg4
cellular levels. However, the other multikinase, IPMK, is also
important: Mouse embryonic fibroblast cell lines from Ipmk™~
mice, or CRISPR-generated human cell lines, possess <20% of
wild-type IPg levels (8, 63, 64). It is likely that ITPK1 catalyzes
the first steps of I(3)P; phosphorylation, with IPMK phosphor-
ylating a subsequent substrate to I(1,3,4,5,6)Ps, which is then
converted to IPg by IPPK (yeast Ipkl). While in vitro ITPK1
synthesized IPs, we did not succeed in characterizing specifically
which IPs isomer was made. Nevertheless, the IPs synthesized by
ITPK1 is not the 1(1,3,4,5,6)Ps substrate of IPPK, as expected,
since expression of ITPK1 in yeast null for both PLC and IPMK
(plc1Aarg82A) failed to rescue the normal IPg level.
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One surprising observation is the strong decrease in IP; and
IP, observed in the ITPK17/~ cells. The lifespan of the inter-
mediates of IP¢ synthesis depends on the activity of kinases and
phosphatases. It is possible that in the absence of ITPK1, the IP,
and IP, cannot be phosphorylated and trapped trough the cy-
tosolic route, and are therefore rapidly degraded to inositol.
Alternatively, we can speculate that these species are degrada-
tion products of IPg. Since the IPg level is highly reduced in
ITPK17™~ cell lines, the levels of those metabolites are neces-
sarily lower. More work is required to infer metabolic relation-
ships between the different metabolites.

The efficient recycling of PLC-dependent IP; to inositol, and
the PLC-independent increase in IP¢ during P; starvation in
mammalian cells, are suggestive that the soluble pathway that
produces highly phosphorylated IPs is compartmentalized from
the lipid route. This could be a physical compartmentalization in
different areas of the cell: It becomes imperative to localize the
endogenous untagged IP kinases to avoid GFP overexpression
artifacts. Even more important would be to localize the IPs
themselves. This will certainly be challenging. However, the
ability of Raman spectroscopy to identify IPs in plant seeds (65)
opens an investigative path to follow. We cannot exclude a
possible cross-talk between the PLC-dependent and soluble
pathways. Inactivation of one may be compensated for by an
overactivation of the other, although this appears not to be the
case in our HCT116 ITPK1~~ cell lines. Nor can we assume that
the soluble route contributes to IPs synthesis to the same extent
in all cell types or tissues.

IPs Synthesis Is Tightly Connected to the Metabolic Status of the Cell.
Until now, the cellular level of 1P was considered to be highly
stable, in contrast to IP;g that are known to have a very rapid
turnover. The view of IPs synthesis was restricted by their quan-
tification by metabolic labeling using [*H]-inositol as a precursor.
Our work now demonstrates that during phosphate starvation
most IP¢ in mammalian cells is generated from G6P. One essential
next step is to characterize the external or endogenous signals that
regulate the soluble pathway, including deciphering the relation-
ship between basic metabolism and IPs synthesis. A multilayered
connection between IP; g and ATP had already been discovered.
First, IP6Ks have been described as ATP sensors, their K, for
ATP being close to 1.0 to 1.5 mM in vitro (14, 66). Second, the
cellular ATP level is increased in IP6K-null cells (3). Third, IP;
controls metabolism by altering Akt signaling, and mice devoid of
IP; are resistant to obesity (7). Besides IPs, G6P is the starting
point of three fundamental metabolic pathways: glycolysis, the
pentose phosphate pathway and, in liver and muscle, glycogenesis.
The diversionary metabolic route to inositol and then to IPg is a
new angle on how IPg ;¢ regulate metabolism. Interestingly, the
IPS genes, INO1 in yeast and ISYNA1 in mammals, are tran-
scriptionally regulated by IP; (67, 68). This could indicate a
feedback loop, in which reduction in IP; levels during metabolic
inhibition, for example during phosphate starvation, de-represses
ISYNAL transcription and enables the synthesis of inositol from
GoP. Further supporting a close metabolic connection between
glycolysis and inositol synthesis, knockout of the D. discoideum
INOL1 leads to the accumulation of 2,3-bisphosphoglycerate (69),
derived from the glycolytic intermediate 1,3-bisphosphoglyceric
acid. Our results and this model give new perspectives on how
highly phosphorylated IPs, and especially inositol pyrophosphates,
regulate basic metabolism. One future direction of this work will
be to investigate the synthesis of IPs in cell types with different
metabolic activities, such as quiescent cells.

Our data demonstrate that the IPs signaling network, which
has been considered exclusive to nucleated cells, originated in
the ancestors of the Asgard archaea L. candidatus, and that
highly phosphorylated IPs evolved independently of, and before,
PLC-dependent IP; synthesis. Evolution has taken advantage of
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inositol’s metabolic stability to create a sophisticated network of
signaling molecules (32). The signaling paradigm of G protein-
coupled receptor activating the PLC-IP5-Ca* axis likely repre-
sents the evolutionary pinnacle for the lipid-/PLC-dependent IPs
pathway. However, our work proposes an independent evolu-
tionary history for higher phosphorylated IPs signaling, with a
noteworthy connection to basic metabolism, whose pinnacle is
yet to be discovered.

Materials and Methods

Detailed methods are provided in S/ Appendix, Supplementary Information Text.

Genetic Manipulations.

CRISPR/Cas9 mutation of ITPK1 in HCT116 cells. Low-passage HCT116 cells were
originally purchased from ATCC. An ITPK1-specific crRNA oligo (5-AltR1-
GGUUGGCGAGUCCUACACCGGUUUUAGAGCUAUGCU-AItR2-3’) was obtained
from IDT (ID: Hs.Cas9.ITPK1.1.AA; Integrated DNA Technologies). Cells were
transfected with the crRNA oligo and the Alt-R S.p. HiFi Cas9 Nuclease V3
using Amaxa Nucleofector kit (Lonza) following the manufacturer’s in-
structions. Single clones were isolated by limiting dilution in 96-well plates
and confirmed by visual examination. The clonal cell lines were amplified
before screening by Western blotting using an anti ITPK1 antibody
(ab175222, Abcam).

Transfection of mammalian cells. For plasmid transient transfection experi-
ments, cells were seeded into 6-well plates and transfected 24 h later. Lip-
ofectamine 2000 was used with 1 pg DNA per well unless otherwise stated.
Cells were harvested 24-h posttransfection.

Isotope Labeling and Inositol Phosphate Extraction.

Labeling of yeast strains. Labeling and extraction of IPs were performed as
described previously (70). Briefly, yeast precultures in synthetic complete
media without uracil (SC-URA) were used to inoculate 5 mL of SC-URA-
Inositol containing 5 uCi/mL of [*H]-inositol. Cells were grown overnight to
logarithmic phase at 30 °C (or 22 °C in the case of the temperature-sensitive
gpi1A derivatives), collected by centrifugation (2 min, 2000 x g), and washed
once in water. IPs were extracted by adding 1 M perchloric acid containing
3 mM EDTA and glass beads. Cells were broken by shaking with a vortex (5
min, 4 °C) and debris were removed by centrifugation (5 min, 15, 000 x g).
The supernatant, obtained as described above, was neutralized by adding
potassium carbonate. Samples were kept on ice for 2 h to allow for salt
precipitation. Insoluble material was removed by centrifugation (5 min,
15,000 x g) and the supernatant was kept at 4 °C until HPLC analysis.

For the labeling of the plc1Amak32Arbk1A strain, the indicated strains
were grown overnight at 30 °C in SC-URA. In the morning, the cells were
diluted to OD = 0.3 and incubated for 2 h at the same temperature. Next,
the cells were washed twice in SC-URA-inositol and resuspended in this
media supplemented with 5 pCi/mL of [*H]-inositol. The cells were incubated
for 2 h at 30 °C before IPs were extracted as described below.

For the labeling in the presence of inhibitors of sphingolipid synthesis, the
indicated strains were grown exponentially in SC-URA, washed 3 times in SC-
URA-inositol, and resuspended at OD = 0.4 in the same medium in the
presence of 1 pM Myriocin (Sigma-Aldrich) or Aureobasidin A (Clontech), or
an equal volume of methanol. After 1.5 h of incubation at 30 °C, 5 pCi/mL of
[3H]-inositol was added to the cell suspensions. After 2 h of labeling, IPs were
extracted as described below.

Labeling of mammalian cell lines. Cells were seeded into 6-well plates and grown
for 5 d in inositol-free DMEM (MP Biomedicals) containing 10% dialyzed FBS
(Sigma-Aldrich) and 5 pCi/mL of [3H]-inositol (PerkinElmer). The medium was
partially renewed once during the labeling. To harvest, cells were washed
once with PBS before adding 400 pL of 1 M perchloric acid directly onto the
cells. After 10 min of incubation on ice, the supernatant was collected and
centrifuged (16,000 x g, 5 min, 4 °C) to remove cell debris. The soluble ex-
tract was neutralized as described for yeast. For the [3H]-inositol turnover
experiments, cells were seeded into 6-well plates to 70% confluence in
inositol-free DMEM, and transfected after 24 h with 1 pg pcDNA3.1+ G
protein o g Q209L (p©*92, UMR cDNA Resource Center). After a further 24 h,
cells were treated with 5 pCi/mL of [*H]-inositol for 5 h before harvesting. For
P; starvation experiments, cells were seeded into 6-well plates and labeled
for 4 d, as above. Cells were then washed in P,-free DMEM (Thermo Fisher
Scientific), before incubation in P;-free DMEM containing 10% dialyzed FBS
and 5 pCi/mL of [H]-inositol for 24 h, then harvesting as described. Of note:
P;-free DMEM contains 40 pM inositol. Alternatively, to keep inositol con-
centration constant throughout the experiment, cells were seeded into 6-
well plates and labeled in normal DMEM containing 10% dialyzed FBS for 4
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d before incubation in Pi-free DMEM containing 10% dialyzed FBS. For [3H]-
glucose labeling experiments, cells were grown in low glucose DMEM con-
taining 10% dialyzed FBS in the presence of 20 uCi/mL of [*H]-glucose
(PerkinElmer NET100C001MC) for 2 d before harvesting, as described for
[H]-inositol labeling experiments. Phytase treatment was performed by
adding recombinant Aspergillus niger phytase PhyA (Natuphos, a gift from
BASF, Ludwigshafen, Germany) to the neutralized extract and incubation for
1 h at room temperature before precipitating the added phytase with
perchloric acid, followed by neutralization.

SAX Analysis of Labeled IPs. The extraction and analysis of IPs was performed
as described (70). The samples were separated onto a PartiSphere SAX (4.6 x
125 mm) column (Hichrom). The column was eluted with a gradient gen-
erated by mixing 1 mM EDTA and buffer B [1 mM EDTA/1.3 M (NH,4),HPO,,
pH 3.8]; 0 to 5 min, 0% B; 5 to 10 min, 0 to 10% B; 10 to 60 min, 10 to 100%
B; 60 to 80 min 100% B. To resolve [*H]-glucose labeled extracts a stepper
gradient was employed 0 to 5 min, 0% B; 5 to 10 min, 0 to 30% B; 10 to 60
min, 30 to 100% B; 60 to 80 min 100% B. Fractions (1 mL) were collected and
mixed with 4 mL of Ultima-FLO AP liquid scintillation mixture (PerkinElmer).
The number of counts was estimated over 3 min. The different IPs species
were identified using the following standards: [*H]-I(1,4,5)P; (PerkinElmer),
[®H]-1(1,3,4,5,6)Ps, and [*H]-IPs. The latter two were purified from [°H]-
inositol labeled ipk71AkcsTA and kcsTA yeast, respectively, and desalted us-
ing a Sep-Pak Accell Plus QMA cartridge, as previously described (71).

Analysis of Inorganic Polyphosphate and Unlabeled IPs by PAGE. For inorganic
polyphosphate, 15 ug of RNA were loaded onto of a 25% polyacrylamide gel
and run overnight at 4 °C at 5 mA and a maximum of 400V, as previously
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using 1 M perchloric acid (Sigma). Titanium dioxide beads (Titansphere TiO
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