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Inositol polyphosphate multikinase (IPMK) is required for 
the biosynthesis of inositol phosphates (IPs) through the 
phosphorylation of multiple IP metabolites such as IP3 
and IP4. The biological significance of IPMK’s catalytic 
actions to regulate cellular signaling events such as growth 
and metabolism has been studied extensively. However, 
pharmacological reagents that inhibit IPMK have not 
yet been identified. We employed a structure-based 
virtual screening of publicly available U.S. Food and Drug 
Administration-approved drugs and chemicals that identified 
the antidepressant, vilazodone, as an IPMK inhibitor. 
Docking simulations and pharmacophore analyses showed 
that vilazodone has a higher affinity for the ATP-binding 
catalytic region of IPMK than ATP and we validated that 
vilazodone inhibits IPMK’s IP kinase activities in vitro. The 
incubation of vilazodone with NIH3T3-L1 fibroblasts reduced 
cellular levels of IP5 and other highly phosphorylated IPs 
without influencing IP4 levels. We further found decreased 
Akt phosphorylation in vilazodone-treated HCT116 cancer 
cells. These data clearly indicate selective cellular actions 
of vilazodone against IPMK-dependent catalytic steps in 
IP metabolism and Akt activation. Collectively, our data 
demonstrate vilazodone as a method to inhibit cellular IPMK, 
providing a valuable pharmacological agent to study and 

target the biological and pathological processes governed by 
IPMK.
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INTRODUCTION

Inositol phosphates (IP) are a group of inositol metabolites 

that contain multiple phosphates. IPs act as second mes-

sengers for external signals and are highly conserved across 

all eukaryotes from budding yeasts to humans (Berridge et 

al., 2000; Streb et al., 1983). Biosynthesis of IP metabolites 

begins with the synthesis of inositol 1,4,5-trisphosphate 

(InsP3, IP3), which is produced by phospholipid-specific 

phospholipase C (PLC). PLCs are activated by external stimuli 

such as growth factors to cleave phosphatidylinositol 4,5-bi-

sphosphate and produce IP3, which is then released from 

the cell membrane into the cytosol. In higher eukaryotes, IP3 

stimulates Ca2+ release from the endoplasmic reticulum by 

binding to IP3 receptors, which are IP3-gated Ca2+ channels. 

Higher inositol polyphosphates, including IP4, IP5, and IP6, 

are generated by IP kinase phosphorylation of the inositol 
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ring at each of six hydroxyl groups (Fig. 1A). IP6 can be fur-

ther metabolized by the inositol-hexakisphosphate kinases 

(IP6Ks), which add a phosphate at the 5-position to produce 

5-diphosphoinositol pentakisphosphate (5-PP-IP5,5-IP7). The 

identification of diphosphoinositol-pentakisphosphate kinas-

es (PP-IP5Ks), which phosphorylate the 1/3-position of IP6 

to produce 1/3-PP-IP5 (1/3-IP7), demonstrates the complex 

control of IP metabolism in eukaryotes (Chakraborty et al., 

2011; Park et al., 2018). 

	 Insights into the biological functions of IPs have come from 

genetic studies in yeast and by manipulating inositol poly-

phosphate multikinase (IPMK) expression in mammalian cells. 

IPMK is essential for the production of IP4 and IP5, making it 

crucial for the synthesis of other highly phosphorylated IP me-

tabolites (Odom et al., 2000; Saiardi et al., 1999). As IPMK 

is the only enzyme in the mammalian genome that mediates 

IP5 synthesis (Lee et al., 2012), its deletion in mammalian 

cells leads to marked depletion of IP5 and downstream IPs, 

including IP6 and IP7. In yeast, the kinase activity of IPMK 

regulates the activities of the chromatin remodeling SWI/

SNF and Ino80 complexes in response to phosphate avail-

ability (Shen et al., 2003; Steger et al., 2003). IPMK products 

like Ins(1,4,5,6)P4 suppress human cancer cell growth by 

inhibiting the activation of Akt/PKB (Jackson et al., 2011; 

Piccolo et al., 2004; Razzini et al., 2000). Conversely, IPMK 

can also function as (Lee et al., 2012) a phosphatidylinositol 

3-kinase (PI3K) to phosphorylate phosphatidylinositol 4,5-bi-

sphosphate and produce phosphatidylinositol 3,4,5-trisphos-

phate, a major growth signal for activation of Akt kinase. 

Ins(1,4,5,6)P4 was also found to bind tightly to the highly 

basic interface between HDAC3 and the SMRT-DAD domain 

when they form a complex (Watson et al., 2012), suggesting 

that IPMK functions as a primary regulator of class I HDACs 

in mammalian cells. Ins(1,3,4,5,6)P5, also produced by IPMK 

(Watson et al., 2012), is important in the Wnt signaling cas-

cade for initiating translocation of β-catenin to the nucleus 

(Gao and Wang, 2007; Wang and Wang, 2012). Recent 

studies on IPMK knock-down in mammalian cells have found 

that decreased levels of IP6 mediated the activation of necro-

ptosis and B cell receptor signaling via IP6-binding targets like 

MLKL (Dovey et al., 2018) and Btk kinase (Kim et al., 2019). 

Together, these studies reveal the critical roles of IPMK in the 

Fig. 1. Discovery of vilazodone as an IPMK inhibitor. (A) IP metabolic pathway. (B) In silico virtual screening workflow. (C) Structure of 

vilazodone. (D-F) Predicted binding modes: docking scores are indicated in parentheses, respectively. The docking poses of vilazodone (D), 

ATP (E), and quercetin (F) within the ATP-binding core of human IPMK.
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regulation of IP signaling. 

	 Due to the lack of a reliable IPMK inhibitor, however, we 

cannot fully understand the effects of IPMK and related IP 

metabolic actions. Computational drug repositioning or re-

purposing is a promising and efficient strategy for discovering 

new uses for existing drugs. To develop pharmacological 

tools for IPMK research, we investigated the possibility that 

existing drugs inhibit IPMK via structure-based virtual screen-

ing, which led to our identification of vilazodone, an U.S. 

Food and Drug Administration (FDA)-approved antidepres-

sant (Cruz, 2012), as an IPMK inhibitor.

MATERIALS AND METHODS

Structure modeling
We performed in silico structural modeling on > 3,000 com-

pounds from public database Drugcentral using Discovery 

Studio 3.1 (DS) from Accelrys (USA). Quercetin was used as 

a reference structure model as its efficacy has been reported 

recently (Gu et al., 2019). We analyzed two-dimensional 

(2D) structural similarities between vilazodone and ATP using 

pipeline pilots. We converted the 2D structures to extended 

connectivity fingerprints (ECFP) and functional class finger-

prints (FCFP) molecular descriptors (Rogers and Hahn, 2010), 

standard circular fingerprints based on the Morgan algorithm 

(Morgan, 1965). The similarity between compound pairs was 

calculated by the Tanimoto similarity. The Tanimoto similarity 

is calculated with the bits of the binary fingerprint vectors 

Tc(A, B)=
C

(A + B − C) ,
where A and B are the number of bits present in compounds 

A and B, respectively, and C is the number of bits shared by A 

and B.

	 Docking simulations using the Libdock algorithm (Rao et 

al., 2007) in DS were performed with three compounds, 

vilazodone, quercetin, and ATP. The X-ray crystal structure 

complex of IPMK with ATP was obtained from the protein 

data bank (PDB ID: 6M88) (Gu et al., 2019). The proposed 

binding site was centered on the ligand and a site sphere was 

created at coordinates 4.717, 27.452, 23.075 with a 14.01Å 

diameter for IPMK. The protocol included 100 hotspots with 

a docking tolerance of 0.25. The FAST conformation method 

was also used with CHARMM. For the similarity analysis of 

the binding modes, we analyzed the hydrogen bonds and 

van der Waals interactions, key factors for binding, from the 

docking simulation results, and used the results to construct a 

binary matrix. Hierarchical clustering was performed with the 

constructed matrix.

	 The receptor-ligand pharmacophore generation module 

in DS was used to generate a set of selective pharmacophore 

models from the target-compound interactions in the com-

plex structures of ATP and IPMK. This protocol considered the 

hydrogen bond acceptor/donor, hydrophobic feature, nega-

tive/positive ionizable feature, aromatic rings, and exclusion 

volumes for feature types to generate a selective pharmaco-

phore model from the interactions. A set of candidate phar-

macophore models were enumerated from the interactions.

IPMK protein purification
Human IPMK was expressed in Sf9 cells using a baculovirus 

expression vector system. Cells were harvested in 300 mM 

NaCl, 50 mM Tris pH 8.0, 5% glycerol and 1 mM phenyl-

methylsulfonylfluoride (PMSF) and lysed by 3 freeze-thaw cy-

cles in liquid nitrogen. Lysates were cleared by centrifugation 

at 18,000 rpm for 90 min. Supernatants were applied to Ni-

NTA resins (Qiagen, Germany) with 20 mM imidazole and 

incubated for 2 h. The N-terminal his-tagged human IPMK 

was eluted with 100 mM imidazole and treated with TEV 

protease to remove the tag, followed by HiTrap SP HP (GE 

Healthcare, USA) and Superdex 200 60 600 (GE Healthcare) 

in a buffer containing 300 mM NaCl, 50 mM Tris-HCl (pH 

8.0).

IPMK enzymatic activity assays
Inositol kinase activity of IPMK was measured using the ADP-

Glo Kinase kit (V9101; Promega, USA) followed by the man-

ufacturer’s protocol. Briefly, assays were carried out in 96 well 

immuno plates with 50 ng of recombinant IPMK, 10 µM ATP, 

and 100 µM of either vilazodone or quercetin in kinase assay 

buffer (50 mM HEPES [pH 7.4], 10 mM MgCl2, 50 mM KCl) 

at 30°C with shaking for 30 min. Reactions were quenched 

with ADP-Glo reagent at room temperature for 40 min. The 

kinase detection substrate was added, and the reaction incu-

bated for another 30 min. The luminescence was detected 

with a plate reader.

Immunoblotting
HCT116 cells (4 × 105 cells) were seeded into 6 well at the 

day before treatment. After 4 h of treatment with 10 µM 

vilazodone, cells were lysed with 1% NP-40 buffer (50 mM 

Tris-HCl [pH 7.5], 150 mM NaCl, 1% NP-40, 1 mM EDTA [pH 

8.0], 50 mM NaF, 10 mM Na-pyrophosphate, and protease 

inhibitor cocktail [Roche, Switzerland]). Whole cell lysates (20 

µg) were loaded into lands of 4% to 12% Bis-Tris SDS-PAGE 

gels in 1× glycine buffer, and transferred to nitrocellulose 

membrane. Anti-phospho-S473 Akt, total Akt (Cell Signal-

ing Technology, USA), and α-tubulin (Sigma Aldrich, USA) 

antibodies were diluted 1:1,000 in 1× TBST with 5% BSA. 

Secondary antibodies were diluted in 1:2,000 in 1× TBST with 

5% nonfat dry milk. Proteins were detected with chemilumi-

nescence immunoblot detection system (Bio-Rad, USA).

Cell culture and high-performance liquid chromatography 
analysis of intracellular inositol phosphates
NIH3T3-L1 fibroblasts (2 × 105 cells) were seeded into 60 mm 

dishes in DMEM supplemented with 10% bovine calf serum. 

The cells were labeled with 60 µCi [3H]-myo-inositol for 3 

days. Vilazodone (Sellekchem, USA) and quercetin (Sigma 

Aldrich) were dissolved in dimethyl sulfoxide (DMSO) so that 

the final concentration of DMSO in the cell cultures would 

be 0.1% and were treated for 4 h at 10 µM concentration. 

Soluble inositol metabolites were extracted with perchloric 

acid buffer and the remaining insoluble inositol metabolites 

were extracted with 0.1 M NaOH and 0.1% Triton X-100 for 

normalization as previously described (Lee et al., 2016). 3H-la-

beled IPs were resolved by high-performance liquid chroma-

tography (HPLC), and each fraction was counted in a liquid 
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scintillation counter.

RESULTS

To screen potential IPMK inhibitors, we performed an in silico 

structure-based modeling approach using > 3,000 com-

pounds available from public database (Fig. 1B). Twenty-two 

candidate compounds with a 2.5-fold higher than quercetin 

which was used as a positive control compound in analysis 

scores and included in the same cluster, were derived which 

determined to be potent from in silico assay. From these can-

didates, we selected vilazodone, an FDA-approved serotonin 

transporter inhibitor for the treatment of major depressive 

disorder for the further study (Fig. 1C). To investigate wheth-

er vilazodone is structurally similar to ATP, we performed a 

structural similarity analysis based on the ECFP and FCFP. 

Tanimoto scores were calculated to measure the similarities 

of compound pairs. In the similarity analysis, the Tanimoto 

scores of ECFP and FCFP were only 0.10 and 0.11, respec-

tively, which indicates that vilazodone is structurally dissimilar 

from ATP. 

	 Next, we performed docking simulations with IPMK that 

predicted the docking scores of vilazodone and ATP to be 

128.8 and 117.0, respectively. These results suggest that 

vilazodone binds to the kinase pocket of IPMK more stable 

than ATP. For further analyses, we included quercetin as a 

reference compound, as it has shown potent inhibition for 

IPMK in vitro (Gu et al., 2019). The docking score of querce-

tin with IPMK was 93.3, suggesting that the interaction be-

tween vilazodone and IPMK is stronger than that of quercetin 

and IPMK (Figs. 1D-1F). In our docking models for IPMK with 

vilazodone, ATP, and quercetin, we found that vilazodone 

has hydrogen bonds with T193 and A387; quercetin with 

R182 and Q196; and ATP with Q196. These results suggest 

that vilazodone binds to the IPMK’s ATP-binding catalytic core 

including the residues I142, M143, D144, G180, R182, T193, 

E194, and A387.

	 We analyzed the binding modes of vilazodone from the 

docking simulation results and found that the binding modes 

of vilazodone showed similar patterns to that of ATP, and 

belonged to the same cluster as ATP (Fig. 2A). In addition, 

considering the complementary pharmacophores of IPMK 

and its ligand, we performed a receptor-ligand pharmaco-

phore model analysis. Pharmacophore models were derived 

for ATP-bound IPMK with two dominant hydrogen bonding 

acceptors, one hydrogen bonding donor pharmacophores, 

and their excluded volumes. The spatial distances between 

the features in the generated model are 10.43, 13.03, and 

18.53 (Supplementary Fig. S1). Vilazodone fitted the models 

well, since all three dominant pharmacophores were mapped 

to IPMK. Since ATP is well fitted to the same pharmacological 

model (Figs. 2B and 2C), we predict that vilazodone targets 

the ATP-binding pocket of IPMK.

	 To confirm the inhibitory effect of vilazodone on the en-

zymatic activity of IPMK, we set up a kinase assay system 

using 10 µM (1,4,5,6) IP4 as a substrate and 10 µM ATP. By 

measuring the amount of ATP exhausted during the kinase 

reaction, we found that vilazodone lowers the catalytic ac-

tivity of IPMK by 60%, compared to the DMSO control (Fig. 

3A). To validate the assay, we used quercetin as a positive 

control inhibitor of IPMK (Gu et al., 2019). Next, we sought 

to characterize the cellular effect of vilazodone on inositol 

phosphate metabolism. Similar to the in vitro assays, the 

levels of highly phosphorylated IP metabolites synthesized by 

IPMK, including IP5, IP6, and IP7, were significantly dimin-

ished in the presence of 10 µM vilazodone for 4 h (Fig. 3B, 

Fig. 2. Clustered models and the best pharmacophore model of IPMK aligned to either vilazodone or ATP. (A) Docking simulation 

results indicate that villazodone and ATP have similar binding modes in the same cluster. The black compound is ATP and yellow is 

villazodone. (B and C) Generated pharmacophore models. Fitted pharmacophore model of vilazodone (B) and ATP (C), respectively. The 

hydrogen bond acceptor is green and the hydrogen bond donor variables are magenta.
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Supplementary Fig. S2). However, IP4 level was not altered 

by vilazodone which suggests a selective inhibition of IPMK at 

IP5 generation. We confirmed vilazodone treatment did not 

influence the expression of IPMK protein (Supplementary Fig. 

S3). From further analyses on the effect of vilazodone in cel-

lular signaling events, we observed that in HCT116 cells, Akt 

phosphorylation level was decreased following 10 µM vilazo-

done treatment for 4 h (Fig. 3C), which implies an inhibition 

of IPMK in Akt activation. Taken together, vilazodone expo-

sure results in the typical cellular phenotypes of IPMK-deplet-

ed cells in a catalytically dependent fashion (Frederick et al., 

2005; Kim et al., 2011; Maag et al., 2011; Morgan-Lappe et 

al., 2006), suggesting its potential as a novel IPMK inhibitor.

DISCUSSION

Despite long-standing efforts, the discovery of pharmaco-

logical interventions to inhibit IP kinases proceeds slowly. We 

performed a computer-aided virtual screening to find small 

molecular inhibitors of IPMK. We identified vilazodone, an 

FDA-approved drug, as an inhibitor of IPMK both in vitro and 

in cell culture. Vilazodone-treated NIH3T3-L1 fibroblasts re-

sulted in the significant reduction of IP5 and its downstream 

IP metabolites, such as IP6 and IP7. The level of cellular IP4 

was not influenced by vilazodone. Given that IPMK and 

other IP3 kinases are involved in the production of IP4, no 

changes in IP4 by vilazodone treatment suggest a selective 

action against IPMK and not other IP3Ks. Importantly, the 

cellular effects of vilazodone on IP metabolism (e.g., specific 

depletion of IP5, IP6, IP7 but not IP4) are identical to the 

phenotypes reported from IPMK-depleted mouse fibroblasts 

and IPMK-deleted stem cells, further supporting the selective 

inhibitory effect of vilazodone on IPMK.

	 Vilazodone was originally approved by the FDA for use as 

a therapy for the treatment of major depressive disorders. 

Mechanistically, vilazodone is known to inhibit serotonin 

transporters, increasing the bioavailability of serotonin and 

extending its duration of action at the synapse in the brain. 

Based on our findings, vilazodone’s unexpected activity in the 

suppression of IPMK and IP homeostasis might be critical to 

interpreting vilazodone’s pharmacological actions. 

	 Our data suggest that the pharmaceutical drug vilazodone 

could serve as a useful compound to study the functions of 

IPMK and related IP metabolism. Further studies will need to 

characterize the pharmacological actions of vilazodone on 

the PI3 kinase activities of IPMK in vitro and in cells. It will also 

be advantageous to develop vilazodone analogs with im-

proved pharmacokinetic properties for the selective and po-

tent inhibition of IPMK. Future research could use the bind-

ing characteristics of our proposed IPMK-bound vilazodone 

model structure as a foundation to design a new generation 

of IPMK or other IP kinase inhibitors. 

	 In conclusion, our discovery of vilazodone as an IPMK 

inhibitor greatly augments the available strategies for study-

ing the significance of IPMK metabolism and complements 

genetic approaches. Vilazodone rapidly depletes IP5 and 

other downstream IP levels in mammalian cells, allowing us 

to quantitatively and dynamically manipulate the IP pathway. 

This will ultimately contribute to identifying the molecular 

mechanisms it controls.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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