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ABSTRACT

Increased phosphoinositide signaling is commonly associated with cancers. While “one-drug one-target” has been
a major drug discovery strategy for cancer therapy, a “one-drug multi-targets” approach for phosphoinositide
enzymes has the potential to offer a new therapeutic approach. In this study, we sought a new way to target
phosphoinositides metabolism. Using a high-throughput phosphatidylinositol 5-phosphate 4-kinase-alpha
(PISP4Ka) assay, we have identified that the immunosuppressor KRP203/Mocravimod induces a significant
perturbation in phosphoinositide metabolism in U87MG glioblastoma cells. Despite high sequence similarity of
PI5SP4K and PI4K isozymes, in vitro kinase assays showed that KRP203 activates some (e.g., PI5SP4Ka, PI4KIIB)
while inhibiting other phosphoinositide kinases (e.g., PISP4Kg, v, PI4KlIa, class I PI3K-p110aq, 8, y). Furthermore,
KRP203 enhances PI3P5K/PIKFYVE’s substrate selectivity for phosphatidylinositol (PI) while preserving its
selectivity for PI(3)P. At cellular levels, 3 h of KRP203 treatment induces a prominent increase of PI(3)P and
moderate increase of PI(5)P, PI(3,5)P; and PI(3,4,5)P3 levels in US7MG cells. Collectively, the finding of
multimodal activity of KRP203 towards multi-phosphoinositide kinases may open a novel basis to modulate
cellular processes, potentially leading to more effective treatments for diseases associated with phosphoinositide
signaling pathways.

1. Introduction

Phosphoinositides, phosphorylated forms of phosphatidylinositol
(PI), are second messenger lipids important for fundamental cellular
processes, and they are critically involved in multiple human diseases,

including cancers [1-4]. In pursuing novel therapeutic strategies, most
pharmacological interventions have focused on perturbing a specific
phosphoinositide kinase, such as class I PI3K. This “one-drug one-target”
approach has been the major drug discovery strategy in cancer therapy.
On the other hand, another less explored approach is the “one-drug
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multi-targets” approach, which uses a single drug with the ability to
simultaneously modulate multiple targets associated with the patho-
genesis of the diseases. For instance, salicylic acid and its prodrug form
acetylsalicylic acid, aspirin, exert their effects (e.g., suppression of pain,
fever, and inflammation) through modulating divergent targets, in
addition to the originally expected targets, cyclooxygenase-1 (COX-1)
and COX-2 [5]. A dichotomic advantage of the one-drug multi-target
approach is to be able to decrease or technically eliminate, risk of
drug—drug interactions compared to the cocktail approach [6,7].

In this study, we explore if the one-drug multi-targets approach could
be a paradigm for multilevel modulation of phosphoinositide meta-
bolism resulting in an altered phosphoinositide equilibrium. In general,
most identified kinase inhibitors are structural ATP analogs that bind to
the catalytic pocket of the kinases. In the present work, we hypothesized
that some activators interact with kinase at a site allosteric to the ATP-
binding sites and may inhibit or activate other kinases, leading to the
imbalance of phosphoinositides metabolism. By taking advantage of our
previously developed high-throughput screening format to identify
small molecules that inhibit PISP4K activity [8,9], we explored PI5SP4Ka
activators, leading to the discovery of an immunosuppressive com-
pound—KRP203/Mocravimod—that possesses a novel type of multi-
modal effect on phosphoinositide metabolism by activating some, while
inhibiting other, phosphoinositide kinases despite their high sequence
similarity.
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2. Results

2.1. Chemical library screening identifies KRP203 as a multi targets drug
for phosphoinositide kinases

To identify phosphoinositide kinases modulators, we sought com-
pounds that could activate PI5P4K signaling, as opposed to the general
approach to screen the inhibitors. Among the three PISP4K isotypes,
PI5P4Ko uses ATP and GTP equally as phospho-donor [10-13]. We took
advantage of our high-throughput screening system for PI5SP4Ka [8,9],
which utilizes a DMSO-based 1536-well format to assay PI5SP4Ka ac-
tivity with D-myo-dil6-PI(5)P substrate by bioluminescence readout.
The product, ADP was coupled through a two-step reaction to lumi-
nescence produced by firefly luciferase (ADP-Glo™). We screened the
339,992 compounds in the NIH Molecular Libraries Small Molecule
Repository (MLSMR) library, annotated collections in 4-point
dose-response, and ranked the hits by curve class, ACsy values, and
maximum activation obtained from the primary screen. Following the
removal of synthetically intractable and promiscuous hits (defined as
compounds active in >50% efficacy of NCATS-run assays), the
counter-screening assays were performed to eliminate luciferase acti-
vators. The remaining seven compounds (Fig. 1B, Suppl. Table 1) were
then tested by in vitro kinase assay with radio-labeled y-2P -ATP or -GTP
using recombinant PI5SP4Ka and PI(5)P. Most of the compounds failed to
activate PI5SP4Ka; however, KRP203 caused an increase of the PISP4Ka
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Fig. 1. Chemical library screening identifies KRP203 as a potential modifier for phosphoinositide metabolism.

A. Phosphoinositide metabolism pathways.

B. Chemical screening to modulate the activity of type II PIP4Ks by kinase assay. A chemical structure of KRP203 (NCGC00250388), 2-amino-2-{2-[4-(3-benzylox-
yphenylthio)-2-chlorophenyl]ethyl}-1,3-propanediol hydrochloride, is shown below.

C. Quantification of the effect of screened chemicals (10 pM) on the activity of type II PIP4Ks by in vitro kinase assay with y->2P -ATP or -GTP

D. The GTP hydrolysis activity of PISP4Kp. KRP203 (20 uM) did not affect the GTP hydrolysis activity of PISP4Kp. The color of orange signifies values that are
significantly higher than the control, whereas blue indicates values that are lower than the control. N = 3, error bars indicate SD.
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activity at 10 pM concentration (Fig. 1C).

KRP203 is a prodrug that exerts its immunosuppressive effect
through a unique inside-out activation mechanism. Specifically, upon in
vivo administration, KRP203 becomes phosphorylated intracellularly, is
secreted into plasma, and binds to sphingosine 1-phosphate (S1P) re-
ceptors, leading to the S1P receptor internalization [12-14]. Various in
vivo animal experiments show that KRP203 possesses a potent immu-
nosuppressive effect in organ transplantation models and autoimmune
diseases [13,15-17]. While the in vivo effect of KRP203 on immunity
through S1PR binding is compelling, its effect requires phosphorylation.
Whether non-phosphorylated KRP203 has another bioactivity remained
unknown.

2.2. KRP203 could differentially modulate each isotype of
phosphoinositide kinases

To further characterize, we focused on the highly homologous
PI5P4Ka isozymes, PISP4Kp, and PISP4Ky. Surprisingly, regardless of
their high sequence identity, KRP203 inhibits PISP4Kp and y activities
(Fig. 1C). These results suggest that KRP203 possesses a novel activity to
modulate PISP4K activity in vitro. It should be noted that KRP203 did not
inhibit the GTPase activity of PISP4Kp (Fig. 1D). This indicates that
KRP203 does not directly compete the nucleotide-binding site with GTP
in aqueous condition to exert the inhibition of kinase activity—i.e.,
conversion of PI(5)P to PI(4,5)P-.

Given that KRP203 increases the activity of PISP4Ka while sup-
pressing the PISP4Kf and y isotypes, we were interested in the possible
effect of KRP203 on the other families of phosphoinositide kinases. For
this purpose, we took advantage of a kinase panel assay and selected
representative kinases in the phosphoinositide metabolism (Suppl.
Table 2). Well-studied isotypes were selected for the pathways con-
taining multiple isotypes. As shown in Fig. 2, KRP203 inhibited class I
PI3K isotypes a, §, and y, but not isotype . KRP203 inhibited PI4K
isotypes, type-Ila and type-IIIp, whereas KRP203 increased the activity
of isotype type-IIf. KRP203 inhibited PI4P5K isotypes a and f, while
KRP203 increased the activity of isotype y. Both class II PI3K C2a and
C2y are slightly suppressed. These results suggest that KRP203 has
multiple targets within phosphoinositide kinases. Furthermore, KRP203
can activate one isotype while suppressing another isotype within the
same family of enzymes. To the best of our knowledge, this is the first
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Fig. 2. Chemical library screening identifies KRP203 as a potential mod-
ifier for phosphoinositide metabolism. Effects of 10 pM KRP203 on the ac-
tivity of each phosphoinositide kinase were tested using of a kinase panel assay
(see method).
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report of a chemical drug that possesses multimodal activity against
phosphoinositide kinases, activating one isotype while inhibiting the
other isotype.

2.3. KRP203 increases PI-dependent, but not PI(3)P-dependent, kinase
activity of PIKFYVE

PI3P5K/PIKFYVE is considered to produce two phosphoinositides, PI
(5)P and PI(3,5)P,, from PI and PI(3)P, respectively [18-20]. However,
the relative contribution to these pathways remains unclear [21,22].
Consistent with a previous report [23], the purified PIKFYVE phos-
phorylates PI and PI(3)P to generate PI(5)P and PI(3,5)Py, respectively
(Fig. 3). Surprisingly, KRP203 significantly increased PIKFYVE’s kinase
activity against PI, forming more PI(5)P (Fig. 3). On the other hand,
KRP203 showed negligible effects on the PIKFYVE-dependent formation
of PI(3,5)P, from PI(3)P. The results suggest that KRP203 could alter the
substrate selectivity of phosphoinositide kinase. Given its hydrophobic
feature as well as its dissimilarity to phosphodonor purine nucleotide
(Fig. 1B), it is plausible that KRP203 likely affects the substrate recog-
nition site of phosphoinositide kinase.

2.4. KRP203 induces an imbalance of phosphoinositide metabolism in
glioblastoma cells

Next, we examined the in vivo effect of KRP203 on phosphoinositide
metabolism. Cellular phosphoinositides were radio-labeled by 3H-
myoinositol and treated with or without KRP203 for 3 h. The phos-
phoinositides were extracted and deacylated for high-performance
liquid chromatography (HPLC) analysis [24]. Among the seven
measured phosphoinositides, the most dramatic changes were observed
in increased PI(3)P levels in KRP203. While such robust PI(3)P accu-
mulation was known to occur upon PI3P5K inhibition, it was also
accompanied by depletion of PI(3,5)P; and PI(5)P [18,19,22,25]. Thus,
it is surprising that KRP203-treated cells exhibited increased PI(3,5)P5
and PI(5)P levels more than wuntreated cells (Fig. 4). The
KRP203-dependent elevation of PI(5)P synthesis from PI by PIKFYVE
may also be a part of this phenomenon. It is worth noting that PI(4)P and
PI(4,5)P5 were the most abundant phosphoinositides. The ratio of PI1(4)P
to PI(4,5)P; is slightly but significantly increased by the KRP203 treat-
ment. This could be a consequence of the increased PI 4-kinase activity
detected in the kinase assay (Fig. 2). Collectively, these results show that
KRP203 has a novel activity that modulates isozymes of phosphoinosi-
tide kinases differentially in vitro and induces the unique changes in
phosphoinositide profiles.

3. Discussion

3.1. Discovery of a multimodal activity of KPR203 to phosphoinositide
kinases

Most pharmacological or genetic interventions have focused on
perturbing a specific phosphoinositide kinase. For example, to inhibit
the enzyme activity of PI3K, researchers have sought inhibitors for the
kinase activity of class I PI3K. In this study, we describe a previously
identified compound KRP203 that, in contrast, modulates more than one
phosphoinositide kinase simultaneously. This has the effect of altering
the balance of phosphoinositides in a way that a single inhibitor cannot
accomplish. KRP203 was developed as an immunosuppressive S1P
functional antagonist. Mechanistically, KRP203 requires phosphoryla-
tion in a cell and secretion to outside cells to react with S1P receptors
[14]. Thus, our finding is the first instance that non-phosphorylated
KRP203 has another activity to modulate phosphoinositide kinases in
vitro.
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A

PIKFYVE
Pl + [y-32P-ATP —% PI(5)P + ADP

Biochemical and Biophysical Research Communications 679 (2023) 116-121

PIKFYVE
PI(3)P + [y-32P]-ATP — PI(3,5)P2 + ADP

Fig. 3. KRP203 changes PIKFYVE substrate selec-
tivity.

A. Kinase assay of PIKFYVE using phosphatidylinosi-
tol (PI) and PI(3,5)P, as a substrate.
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Fig. 4. KRP203 modulates the entire phosphoinositide metabolism.
A. Scheme of the quantification of phosphoinositides.

B. Effect of KRP203 on the level of each phosphoinositide. Data were shown as mean of two independent experiments.

3.2. KRP203 changes the intracellular balance of phosphoinositide
metabolism

Our results show that KRP203 induces unique changes in phos-
phoinositide profiles, namely, the elevation of PI(3)P levels without
decreases of PI(3,5)P and PI(5)P (Fig. 4). This suggests that the
elevation of PI(3)P is not due to the inhibition of PIKFYVE, but rather
due to the enhanced production of PI(3)P, or PI5SP4K inhibition. Alter-
natively, given that the activities of tested class IT and class III PI3K were
unaffected by KRP203 (Fig. 2), another possible model would be the
enhanced PI(3,4,5)P3 synthesis followed by dephosphorylation to PI(3)
P, or specific class II PI3K isotype (e.g., PI3KC2p), might be increased. It
is also possible that KRP203’s effect on phosphoinositide kinases may be
influenced by their subcellular localization and upstream regulators.

3.3. Discovery of a pharmacologically tunable feature of PIKFYVE for its
PI dependent activity

Our results also show an unexpected effect of KRP203 on substrate
reactivity of PIKFYVE; KRP203 increased the rate of PI phosphorylation
by PIKFYVE, whereas the rate of PI(3)P phosphorylation was marginally
affected (Fig. 3). To our knowledge, this is the first evidence that sub-
strate specificity of phosphoinositide kinases, or the kinase activity to
specific substrate among the multiple, could be tuned pharmacologi-
cally. These results are reminiscent of the history of class I PI3K, which
were originally designated to PI as a substrate and phosphorylate 3-
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position of the hydroxy group of the inositol ring, leading to the name
of PI 3-kinase or PI3K [26-30]. Further mechanistic study of
KRP203-dependent increase of PI 5-kinase activity of PIKFYVE may
clarify the mystery of why in vivo and in vitro substrate selectivity is
different not only in class I PI3K but also perhaps in the other phos-
phoinositide kinases.

3.4. Limitation of the work and future directions

While this study identified KRP203 as a novel phosphoinositide ki-
nase modulator with dual action in vitro, we did not test all 19 inositol
phospholipid kinases. The specific molecular mechanism of KRP203
remains unknown and needs clarification. It is also important to analyze
how the multimodal regulation of inositol phospholipid metabolism by
KRP203 affects cellular functions and whether it can be used as a ther-
apeutic strategy for cancer cells. Future research should clarify the effect
of KRP203 on cell functions and the growth of normal and transformed
cells.

4. Materials and methods
4.1. Materials
Bacterially expressed PISP4K isozymes were prepared as in Refs. [10,

11]. For PIKFYVE, the plasmid encoded FLAG-tagged PIKFYVE was
transfected into HEK293T cells and and subjected to
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immunoprecipitation with anti-FLAG-M2-agarose beads followed by 3x
FLAG peptide elution as in Ref. [31]. 3X FLAG peptide was prepared in
20 mM Tris-HCl, pH7.5, 100 mM NaCl, 0.5 mM EGTA, and 0.1%
fatty-free BSA was added to the eluates.

4.2. Invitro kinase assay

The in vitro kinase reaction for PI5SP4Ks was performed as previously
[10,11]. Using similar format, PIKFYVE assay was carried out. Briefly, a
total of 50 pl of reaction buffer (6.5 mM HEPES, pH7.4, 10 mM MgCl,,
2.5 mM MnCly, 1 mM p-glycerophosphate, 50 pM ATP and 50 pCi/ml
y-32P radiolabeled ATP) was prepared with 1 pg of PI (D-myo-phos-
phatidylinositol, diC16, Echelon Bioscience #P-0016) or 1 pg of PI(3)P
(D-myo-phosphatidylinositol 3-phosphate, diC16, Echelon Bioscience
#P-3016) and 1 pg of phosphatidylserine (Avanti #840037) that were
suspended by sonication before addition to form liposomes. 1 ug of re-
combinant PIKFYVE was added to start the reaction and incubated for
15 min at room temperature, followed by lipid extraction and thin-layer
chromatography (TLC) assay as in previously [10], and signals were
quantified with a phosphoimager (Typhoon FLA7000, GE Healthcare,
100 pm/pixel image). The data were analyzed and drawn by Prism7
software.

4.3. Lipid kinase assay

We used a commercially available compound profiling assay for lipid
kinases (SignalChem). Lipid protein kinases targeted were prepared at
SignalChem using proprietary methods. The various lipid substrates
were purchased from Echelon Biosciences. The activity of each kinase
was examined in duplicate using ADP-Glo™ assay (Promega) in the
presence of 20 pM KRP203.

4.4. 3H-Labeling of phosphoinositides and HPLC analysis

Subconfluent cells in 10-cm dishes were labeled in 8 mL of inositol-
free DMEM and 10% dialyzed FBS supplemented with 160 pCi *H-myo-
inositol (PerkinElmer, NET1168001MC, specific activity = 20.1 Ci/
mmol) for 48 h. Cells were washed with ice-cold PBS and then incubated
with 1.5 mL of ice-cold aqueous solution (1 M HCI, 5 mM tetrabuty-
lammonium bisulfate, 25 mM EDTA). Then 2 mL of ice-cold methanol
and 4 mL of CHCl3; were added to each sample. Samples were vortexed
and then centrifuged at 1000 rpm for 5 min. The organic (lower) phase
was cleaned using theoretical upper, while the aqueous layer was
cleaned using theoretical lower (theoretical upper and lower made by
combining CHCl3: methanol: aqueous solution at 8:4:3 v/v ratio).
Organic phases were collected and dried under nitrogen gas. Lipids were
deacylated using monomethylamine solution (47% methanol, 36% of
40% methylamine, 9% butanol, and 8% water, by volume). Samples
were incubated at 55° for 1 h and dried under nitrogen. To the dried
vials, 1 mL of theoretical upper and 1.5 mL of theoretical lower were
added (theoretical upper and lower made by combining CHClz:meth-
anol: water in 8:4:3 v/v ratio). Samples were vortexed and spun at 1000
rpm. The aqueous phase was collected and dried under a speed-vac.
Samples were resuspended in 150 pL of 1 mM EDTA and filter prior to
HPLC analysis.

Deacylated phosphoinositides were resolved by HPLC using an Agi-
lent 1200 Quaternary system, and radioactivity detected in-line using a
Packard Flo-one Radiomatic detector. HPLC Buffer A is 1 mM EDTA, and
Buffer Bis 1 mM EDTA and 1 M NaH,PO4. Two Partisphere SAX columns
(5 pm, 4.6 x 250 mm) in tandem were eluted by a gradient program
(from 100% A to 2% B at 1 min, 14% B at 30 min, 30% B at 31 min, 66%
at 60 min, 100% B at 85 min, 100% A at 86 min, and hold at 100% An
until 110 min) at a flow rate of 1 ml/min.
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4.5. NMR based GTP hydrolysis assay

All experiments were performed on Bruker Avance 700 MHz spec-
trometer equipped with a triple resonance probe. All spectra were
collected in the NMR buffer (10 mM sodium phosphate (pH 6.8), 100
mM NaCl, 10 mM MgCI2, 2 mM DTT, and 99.6% D20) at 25 °C. Spectra
were processed using TOPSPIN (Bruker).

For the GTP-hydrolysis assay, 250 pM GTP were mixed with 2 pM
PISP4Kg, and hydrolysis reactions were carried out at 25 °C for 20 h.
Sample volume was 500 pL. The reaction was monitored by the ratio of
the intensity of the H8 position signal from the dinucleotide-over
trinucleotide-forms in the 1D 'H experiments and the amount of pro-
duced dinucleotide-forms was normalized against DMSO condition and
plotted as the GTP hydrolysis activity.
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