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Abstract
Background  Phospholipase C gamma 1 (PLCγ1) is an important mediator of the T cell receptor (TCR) and growth 
factor signaling. PLCγ1 is activated by Src family kinases (SFKs) and produces inositol 1,4,5-triphosphate (InsP3) from 
phosphatidylinositol 4,5-bisphosphate (PIP2). Inositol polyphosphate multikinase (IPMK) is a pleiotropic enzyme with 
broad substrate specificity and non-catalytic activities that mediate various functional protein-protein interactions. 
Therefore, IPMK plays critical functions in key biological events such as cell growth. However, the contribution of IPMK 
to the activation of PLCγ1 in TCR signaling remains mostly unelucidated. The current study aimed to elucidate the 
functions of IPMK in TCR signaling and to uncover the mode of IPMK-mediated signaling action in PLCγ1 activation.

Methods  Concanavalin A (ConA)-induced acute hepatitis model was established in CD4+ T cell-specific IPMK 
knockout mice (IPMKΔCD4). Histological analysis was performed to assess hepatic injury. Primary cultures of naïve CD4+ 
T cells were used to uncover the role of mechanisms of IPMK in vitro. Western blot analysis, quantitative real-time PCR, 
and flow cytometry were performed to analyze the TCR-stimulation-induced PLCγ1 activation and the downstream 
signaling pathway in naïve CD4+ T cells. Yeast two-hybrid screening and co-immunoprecipitation were conducted to 
identify the IPMK-binding proteins and protein complexes.

Results  IPMKΔCD4 mice showed alleviated ConA-induced acute hepatitis. CD4+ helper T cells in these mice showed 
reduced PLCγ1 Y783 phosphorylation, which subsequently dampens calcium signaling and IL-2 production. IPMK 
was found to contribute to PLCγ1 activation via the direct binding of IPMK to Src-associated substrate during mitosis 
of 68 kDa (Sam68). Mechanistically, IPMK stabilizes the interaction between Sam68 and to PLCγ1, thereby promoting 
PLCγ1 phosphorylation. Interfering this IPMK-Sam68 binding interaction with IPMK dominant-negative peptides 
impaired PLCγ1 phosphorylation.

Conclusions  Our results demonstrate that IPMK non-catalytically promotes PLCγ1 phosphorylation by stabilizing the 
PLCγ1–Sam68 complex. Targeting IPMK in CD4+ T cells may be a promising strategy for managing immune diseases 
caused by excessive stimulation of TCR.
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Introduction
IPMK is an enzyme that catalyzes the production of 
inositol polyphosphates (InsPs) and phosphatidylino-
sitol 3,4,5-trisphosphate (PIP3) [1, 2]. Specifically, the 
activation of the phospholipase C (PLC) product, inosi-
tol 1,4,5-trisphosphate (InsP3), mediated by the 3- and 
6-kinase activities of IPMK, yields inositol 1,3,4,5-tet-
rakisphosphate (Ins (1,3,4,5) P4) and 1,4,5,6-tet-
rakisphosphate (Ins (1,4,5,6) P4) [2]. Recent studies have 
highlighted the key roles of IPMK in immune cells [3–6]. 
IPMK-mediated production of InsP6 in B cells is required 
for B cell receptor activation via Bruton’s tyrosine 
kinase (Btk) [5]. IPMK depletion in regulatory T (Treg) 
cells results in reduced Ins(1,3,4,5)P4, which leads to 
impaired Treg differentiation via reduced store-operated 
Ca2+ entry [6]. Furthermore, the non-catalytic actions 
of IPMK broaden the enzyme’s signaling repertoire by 
directly interacting with key signaling molecules, such 
as SWI/SNF, p53, serum response factor (SRF), mecha-
nistic target of rapamycin (mTOR), adenosine 5′-mono-
phosphate–activated protein kinase (AMPK), and tumor 
necrosis factor receptor–associated factor 6 (TRAF6) [3, 
7–11].

PLC yields the intracellular messengers of inositol 
InsP3 and diacylglycerol (DAG) by catalyzing the hydro-
lysis of phosphatidylinositol 4,5-bisphosphate (PIP2). 
Among the various PLC isoforms, PLC gamma 1 (PLCγ1) 
has particularly unique domain structures that harbor 
the Src homology 2 (SH2) and SH3 domains between 
the X and Y region [12]. Activation of PLCγ1 is a criti-
cal event that involves the phosphorylation of target pro-
teins by non-receptor tyrosine kinases, such as Src family 
kinases (SFKs) and interleukin-2-inducible T-cell kinase 
(Itk) [12, 13]. Indeed, SFK-mediated phosphorylation of 
tyrosine 783 (Y783) in PLCγ1 is essential for stimulating 
its activities [14–16].

T cell activation is initiated in response to the antigen 
binding to the T cell receptor (TCR), triggering an adap-
tive immune response that eliminates pathogens [17, 
18]. In this stimulation, PLCγ1 serves as the main effec-
tor of the TCR signaling cascade in CD4+ helper T (Th) 
cells [19]. The activation of PLCγ1 produces InsP3 and 
DAG, which are responsible for increasing the cytosolic 
Ca2+ levels and for activating nuclear factor of activated 
T cells (NFAT) and protein kinase C theta (PKCθ) [20]. 
Subsequently, this activates NF-κB, which results in the 
production of various cytokines, T cell proliferation, and 
the activation of the T cell effector functions. Despite 
recent advancements in TCR signaling research, our cur-
rent understanding of the biochemical basis of PLCγ1 
Y783 phosphorylation remains incomplete. In particular, 
little is known about the upstream events of this process, 
including how specific SFKs are engaged by PLCγ1 to ini-
tiate its phosphorylation and functional activation.

PLCγ1 phosphorylation involves a couple of extensive 
protein-protein interactions among various TCR signal-
ing factors [21–24]. In particular, Src-associated substrate 
during mitosis of 68  kDa (Sam68) has been implicated 
to play an important role in PLCγ1 signaling [25, 26]. 
Sam68, also known as KH domain containing RNA 
binding signal transduction associated 1 (KHDRBS1), 
is a member of the signal transduction and activation of 
the RNA (STAR) family, which controls RNA alterna-
tive splicing [27, 28]. In response to TCR activation and 
independent of its RNA metabolism, SFKs (e.g., Fyn) 
phosphorylate Sam68 in the cytosol to form a signalo-
some with various signaling proteins, including Grb2, 
p120GAP, Cbl, and PLCγ1 [29–33]. Despite previous 
findings that propose the importance of Sam68 in TCR 
signaling, the mechanism(s) underlying Sam68-mediated 
PLCγ1 activation is not fully understood.

Here, we report that the deletion of IPMK in CD4+ T 
cells diminishes PLCγ1 signaling and further ameliorates 
acute T cell activation-induced hepatic injury in vivo. 
Additionally, we identify binding between IPMK and 
Sam68, which is a critical event in the promotion of SFK-
mediated PLCγ1 phosphorylation. Our work expands the 
traditional view that IPMK functions as an InsP kinase 
acting downstream of PLCγ1; instead, IPMK was found 
to play an upstream role in mediating PLCγ1 activation 
by stabilizing the Sam68–PLCγ1 complex.

Methods
Animal experiments
Animal protocols were performed in accordance with 
approved guidelines by the KAIST Animal Care and Use 
Committee (KAIST, KA2018-52). All mice were bred 
and housed under specific pathogen-free conditions 
in a 12-hour light–dark cycle. They received food and 
water ad libitum. CD4-Cre mice and Ipmk-floxed mice 
(IPMKf/f), who exhibit C57BL/6 backgrounds, were used 
to generate CD4 helper T cell-specific IPMK knockout 
mice (IPMKΔCD4) [34]. Male and female mice aged 8–10 
weeks old were used for the experiments. Each mice-
related experiment used littermates.

Induction of ConA-induced hepatitis
To induce acute hepatitis with T cell activation, PBS 
or concanavalin A (Sigma-Aldrich, St.Louis, MO) was 
administered intravenously (IV) via the lateral tail veins 
to mice weighing 24–26 g at a dose of 12 mg/kg. Serum 
and livers were obtained from the mice 12  h after the 
Con A injection. Serum alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) were measured 
using VetTest® Chemistry Analyzer and Catalyst One 
Chemistry Analyser (IDEXX Laboratory Inc., West-
brook, ME, USA). Liver mononuclear cells (MNCs) 
were isolated from liver tissues by grinding on a 70 mm 
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strainer and centrifuging twice at 50 x g for 5 min. After 
the supernatant was pelleted (650 x g for 10  min), they 
were purified using 40% Percoll gradient medium (GE 
Healthcare; 1,800 x g for 20 minnutes), and RBS lysis buf-
fer (BioLegend).

Histological analysis
Mouse livers were fixed with 10% neutral buffered for-
malin (Sigma-Aldrich) and embedded in paraffin for 
histological analysis. Following deparaffinization and 
rehydration, the sectioned tissues (4 μm thickness) were 
stained with hematoxylin and eosin (H&E). For apop-
totic cell staining, terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) staining was per-
formed in liver tissues, in accordance with the data pro-
tocol provided with the In Situ Cell Death Detection Kit, 
Fluorescein (Roche).

Cell culture and transfection
Mouse embryonic fibroblasts (MEFs), HEK293T, and 
NIH3T3 cells were maintained in the following reagents: 
high-glucose Dulbecco’s modified Eagle’s medium 
(DMEM) (Biowest); 10% fetal bovine serum (FBS) (Atlas 
Biologicals); 100  mg/mL penicillin/streptomycin (Wel-
gene). MEFs were obtained from IPMKf/fUBCCre−ERT2 
mice and they were immortalized by transfecting an 
SV40 large T-antigen plasmid. To deplete IPMK, 1 µM 
4-hydroxytamoxifen was treated with MEFs for 48  h. 
Thereafter, 10 ng/mL PDGF was administered into cells 
for each reagent-suitable time and condition (serum star-
vation for 12 h), when required.

For transient transfection, we used several reagents: 
jetPRIME reagent (Polyplus) was used for DNA plasmid 
overexpression in HEK293T cells, following the manu-
facturer’s protocol. Lipofectamine LTX (Invitrogen) was 
used for DNA plasmid overexpression in NIH3T3 cells, 
following the manufacturer’s protocol. NIH3T3 cells 
were transfected siRNA using Lipofectamine RNAiMAX 
(Invitrogen). The list of siRNAs used for knockdown is 
provided as follows (Bioneer): IPMK (Sense: 5′-​C​A​G​A​G​
A​G​G​U​C​C​U​A​G​U​U​A​A​U​U​U​C​A-3′, Antisense: 5′-​A​G​U​G​
A​A​A​U​U​A​A​C​U​A​G​G​A​C​C​U​C​U​C​U​G​U​U-3′).

In vitro CD4+ helper T cell differentiation, proliferation, and 
TCR stimulation
Naïve CD4+ T cells were isolated from the mouse spleen 
and inguinal/mesenteric lymph nodes by MACS naïve 
CD4+ T cell isolation kit, mouse (Miltenyi Biotec) or 
MagniSort mouse CD4 naïve T cell enrichment kit (Invi-
trogen), following the manufacturer’s protocols. Isolated 
CD4+ T cells were plated on plates coated with 10  µg/
mL anti-CD3 (16-0031-85, eBioscience) and 10  µg/
mL anti-CD28 (16-0281-86, eBioscience) and 55 µM 
β-mercaptoethanol (Gibco) was also added to the media. 

The cells were incubated under Th0 cells using 5 µg/mL 
anti-IFN-γ (16-7311-85) and 5 µg/mL anti-IL-4 (16-7041-
85) (eBioscience) in RPMI 1640 medium (Welgene). To 
trace cell proliferation, the CellTrace™ Carboxyfluo-
rescein succinimidyl ester (CFSE) proliferation kit was 
used following the manufacturer’s instructions (C34554, 
Invitrogen).

For TCR signaling stimulation, cells were first stabi-
lized in RPMI 1640 medium at 37  °C for 10 min. Naïve 
CD4+ T cells were incubated with 5  µg/mL anti-CD3 
antibody and 2 µg/mL anti-CD28 antibodies in cold PBS 
at 4  °C for 20  min. Subsequently, 20  µg/mL anti-Arme-
nian hamster IgG secondary antibody (Jackson Immu-
noResearch Laboratory) was added to the RPMI 1640 
medium and the cells were treated for either 3–10  min 
in a 37  °C heat block, after which the medium was rap-
idly replaced with cold PBS. Additionally, 1 µM PTD and 
PTD_93–126 (synthesized at Peptron, Daejeon, Korea) 
were transduced into stabilized naïve CD4+ T cells prior 
to TCR stimulation in RPMI 1640 at 37 °C for one hour. 
For ConA-induced TCR signaling stimulation, 5  µg/mL 
ConA was used in place of antibody-induced TCR stimu-
lation and applied for either 15–30 min.

Plasmid construction
The full-length Sam68 pCMV-GST and fragments were 
constructed from pcDNA3.0 HA-Sam68 WT DNA plas-
mid (Addgene) with a pCMV-GST vector. Full-length 
IPMK pCMV-GST and fragments were constructed as 
described previously [3, 11]. A MIGR1-Flag-IPMK-DN 
DNA plasmid was constructed in a MIGR1 vector, which 
was a gift from Dr. Rho Hyun Seong. LentiCRISPRv2 
puro sgIPMK DNA plasmids were also constructed fol-
lowing a previous protocol from Zhang’s Laboratory 
(GeCKO, Addgene) using Ipmk or Khdrbs1 guided RNA, 
recommended from CHOPCHOP ​(​​​h​t​t​p​s​:​/​/​c​h​o​p​c​h​o​p​.​c​
b​u​.​u​i​b​.​n​o​​​​​) (sgIPMK_1: 5’-​A​G​G​C​C​G​T​C​C​G​C​A​T​C​C​G​T​
C​A​G-3’; sgIPMK_2: 5’-​G​G​A​C​C​A​G​A​C​G​C​C​G​T​A​G​T​A​T​
T-3’; sgSam68_1: 5’-​T​A​C​G​C​A​G​A​A​C​A​A​A​G​T​T​A​C​G​A-3’; 
sgSam68_2: 5’-​A​G​A​C​G​G​C​G​T​C​T​G​A​C​G​C​A​C​C​G-3’).

Virus production and transduction of cells
Viruses were generated in HEK293T cells by transfecting 
the lentiviral DNA plasmid (lentiCRISPRv2 puro vector) 
with pMD2G and psPAX2.0, or the retroviral DNA plas-
mid with pCL-Eco viral packaging vector. Viral superna-
tants were collected 48  h after transfection and used to 
transduce target cells with 8  µg/mL polybrene for 24  h, 
after which the medium was replaced with fresh medium. 
The lentiCRISPRv2 virus-transduced cells were selected 
with 2 mg/mL puromycin (Gibco) after 48 h of cell incu-
bation. Additionally, retroviruses were transduced into 
naïve CD4+ T cells, which already incubated for one day 
on anti-CD3/anti-CD28 antibodies-coated plates. The 
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medium was replaced with Th0 cell-conditioned media 
after 24 h of transduction, and cells were incubated for an 
additional 72 h either on anti-CD3/anti-CD28 antibody-
coated plates or 20 ng/ml IL-2 (Peprotech).

Yeast two-hybrid screening
The data from the yeast two-hybrid screening are the 
same as those presented by Beon, Han et al. [10]. The 
AH109 Saccharomyces cerevisiae strain (Clontech) 
underwent co-transformation with the full-length 
pGBKT7-hIPMK DNA plasmid, harboring the GAL4-
DNA binding domain (BD), and a human brain cDNA 
activation domain (AD) library (Clontech). Selection 
markers included two different reporter genes, HIS3 and 
ADE2. Transformants were plated on a selection medium 
lacking leucine, tryptophan, and adenine or histidine 
(SD-LWA and SD-LWH). Candidate prey genes from the 
library were either amplified via PCR or transformed into 
E. coli to validate interactions, then reintroduced into the 
AH1009 yeast strain alongside the IPMK bait plasmid. 
All procedures for yeast two-hybrid screening were out-
sourced to Panbionet (Pohang, South Korea, ​h​t​t​p​:​/​/​p​a​n​b​
i​o​n​e​t​.​c​o​m​​​​​)​.​​

SDS-PAGE and immunoblotting
For immunoblot analysis, cells were washed with PBS 
and lysed in lysis buffer consisting of 40 mM (pH 7.4) 
Tris–HCl, 1 mM EDTA, 1.5 mM sodium orthovana-
date, 1% NP-40, 50 mM sodium fluoride, 10 mM sodium 
pyrophosphate, 200 mM NaCl, and protease inhibitor 
cocktail (Roche). Protein concentrations were deter-
mined by Bradford protein assay (Bio-rad) and the sub-
sequent protein lysates were boiled at 95  °C for 5  min 
with SDS sample loading buffer (25% glycerol, 0.1% 
bromophenol blue, 60 mM Tris–HCl, 2% SDS, and 14.4 
mM β-mercaptoethanol). A total of 10–20  µg of pro-
tein lysates was electrophoresed on SDS-PAGE gels and 
the separated proteins were transferred onto a nitrocel-
lulose membrane. After blocking with 5% skim milk in 
Tris-buffered saline (TBS-T, 0.1% Tween-20), the mem-
branes were blotted with primary antibodies and HRP-
conjugated secondary antibodies. Antibodies against 
the following proteins were obtained from the indicated 
sources: Flag (F1804), Tubulin (T5109) (Sigma Aldrich); 
Sam68 (sc-1238), normal rabbit IgG (sc-2027), GAPDH 
(sc-32233), LAT (sc-53550) (Santa Cruz Biotechnology); 
HA (MMS-101R, Biolegend); GST (2622), β-actin (4970), 
phospho-PLCγ1 (Tyr783) (2821), PLCγ1 (5690), phos-
pho-Src family (Tyr416) (6943), Src (2108), phospho-
PKCθ (Thr538) (9377), PKCθ (13643) (Cell Signaling 
Technology). IPMK (NBP1-32250, Novus Biologicals).

Immunoprecipitation and GST pull-down assays
For immunoprecipitation, 160 µg to 2 mg of total protein 
lysates were incubated with 0.5 µg to 2 µg of primary anti-
bodies or 10 µL net volume of anti-Flag M2 beads (Milli-
pore) overnight with rotation at 4 °C. A total net volume 
of 10 µL of TrueBlot beads (Rockland Immunochemi-
cals) was added to lysates with antibodies and incubated 
for additional 2 h, then, the samples were washed three 
times with lysis buffer and boiled at 95 °C for 5 min with 
10 µL of 1 M DTT and 2x Laemmli sample loading buf-
fer (100 mM Tris–HCl, 20% glycerol, 4% SDS, 28.8 mM 
β-mercaptoethanol, and 0.05% bromophenol blue).

For the GST pull-down assay, 10 µL net volume of 
glutathione agarose beads (Incopharm) were added to 
1.5  mg to 2  mg of total protein lysates and incubated 
overnight at 4  °C with rotation, then, the samples were 
washed three times with lysis buffer and boiled at 95 °C 
for 5 min with SDS sample loading buffer.

In vitro binding assay
For the in vitro binding assay, recombinant human IPMK 
protein was purified, as described previously [35]. 500 ng 
of Flag-Sam68 purified protein (TP300263, OriGene) was 
incubated with 10 µL net volume of anti-Flag M2 beads 
in 0.1 M NaCl TGEM buffer (20 mM Tris–HCl, 20% glyc-
erol, 1 mM EDTA, 5 mM MgCl2, 1 mM DTT, 0.2 mM 
PMSF, and 100 mM NaCl) for 2 h at 4  °C with rotation. 
Then, the samples were washed with 0.5 M NaCl TGEM 
buffer and 0.1 M NaCl TGEM buffer, twice each. After-
ward, 500 ng human IPMK purified protein was added 
to the samples with 0.1 M NaCl TGEM buffer and incu-
bated at 4 °C with rotation for an hour. Finally, the sam-
ples were washed three times with 0.1  M NaCl TGEM 
buffer and boiled at 95  °C for 5 min with 10 µL of 1 M 
DTT and 2x Laemmli sample loading buffer.

In vitro kinase assay
In vitro kinase assay was conducted using PLCγ1, Sam68, 
Src, and IPMK purified proteins, according to a previ-
ously described protocol by Jones N. P. et al. and Rodri-
guez R. et al. [36, 37]. A total of 100 ng Flag-PLCγ1 
(TP316448, OriGene), 150 ng Flag-Sam68 (TP300263, 
OriGene), and 150 ng GST-Src (10755-H20B, Sino Bio-
logical) were incubated at 37 °C for 10 min in kinase assay 
buffer (50 mM Tris pH 8, 0.2 mM MnCl2, 2 mM MgCl2, 
2 mM DTT, and 0.02% TritonX-100) to form a complex. 
Then, 150 ng His-human IPMK protein, 50 µM ATP, and 
1 mM Na3VO4 was added in an iced-cold protein mix-
ture, or kinase assay buffer was added alongside 50 µM 
ATP, and 1 mM Na3VO4, and used as the control. Kinase 
assay was incubated at 37  °C for 20  min. Samples were 
boiled at 95 °C for 5 min with SDS sample loading buffer.

http://panbionet.com
http://panbionet.com
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RNA isolation and RT-qPCR
RNA preparation and RT-qPCR protocols have been 
described previously [3]. Briefly, total RNA was isolated 
from cells using TRIzol reagent (Molecular Research 
Center), according to the manufacturer’s protocol. A total 
of 1 µg of total RNA was used for the synthesis of first-
strand cDNA by Superscript III reverse transcriptase 
(enzynomics). Quantitative real-time PCR analysis was 
performed using the SYBR Green master mix (Toyobo) 
and the Step One Plus Real-Time PCR system (Applied 
Biosystems). The primer sequences for RT-qPCR were as 
follows: Actb (forward: 5’-​G​T​G​G​C​A​T​C​C​A​T​G​A​A​A​C​T​A​
C​A-3’; reverse: 5’-​C​T​C​A​T​C​G​T​A​C​T​C​C​T​G​C​T​T​G​C-3’), 
Ipmk (forward: 5’-​C​C​A​A​A​A​T-​A​T​T​A​T​G​G​C​A​T​C​T​G-3’; 
reverse: 5’-​T​A​T​C​T​T​T​A​C​A​T​C​C​A​T​T​A​T​A​C-3’), Il2 (for-
ward: 5’-​A​A​C​C​T​G​A​A​A​C​T​C​C​C​C​A​G​G​A​T-3’; reverse: 5’-​
T​C​A​T​C​G​A​A​T​T​G​G​C​A​C​T​C​A​A​A-3’).

Flow cytometry
To assess cytokine production in CD4+ T cells, their 
stimulation was induced using 50 ng/mL PMA (Calbio-
chem) and 500 ng/mL ionomycin (Sigma Aldrich) with 
brefeldin A (Invitrogen; 1:1000) for 3 h. Fixable Viability 
Dye (65-0866-14, eBioscience) was administered to CD4+ 
T cells for 30 min to exclude any dead cells. Next, fluo-
rescent-conjugated antibodies were added for 20 min to 
stain the CD4 cell surface markers. Then, CD4+ T cells 
were fixed and permeabilized using each previously 
described step-appropriate buffer (Invitrogen). Finally, 
CD4+ T cells were incubated with fluorescent-conju-
gated antibodies for 30 min to stain IL-2 cytokines. Flow 
cytometry was performed by LSRII Fortessa (BD) and 
data were analyzed using the FlowJo software (FlowJo). 
The fluorescent-conjugated antibodies used to detect cell 
surface markers or cytokines were as follows: anti-mouse 
CD4 eFluor450 (48-0042-82), anti-mouse CD44 APC 
eFluor780 (47-0441-82), anti-mouse CD25 PE (12-0251-
82), anti-mouse TCRβ (11-5961-82), anti-mouse IL-2 
APC (17-7021-82), anti-mouse IFN gamma PE (12-7311-
82), anti-mouse IL-4 (12-7041-82), anti-mouse IL-17  A 
PE-Cyanine7 (25-7177-82, eBioscience); and anti-mouse 
CD69 Alexa Fluor® 700 (561238), anti-mouse TNF PE 
(561063, BD Biosciences); phospho-PLCγ1 (Tyr783) 
Alexa Fluor® 647 (88717, Cell Signaling Technology).

Calcium flux measurement
Calcium flux was measured in naïve CD4+ T cells by fol-
lowing the Fluo4 AM (F14201) and Fura Red (F3020, 
Invitrogen). A total of 2 µM Fluo4 or 5 µM Fura Red was 
added to naïve CD4+ T cells, and the cells were incubated 
at 37 °C for 25 min, followed by washing with DPBS. The 
calcium flux of anti-CD3 and anti-CD28-coated cells was 
analyzed in calcium-free HBSS medium (Welgene) by 
flow cytometry with a measurement time of 300 s (basal 

time: 0–30 s; activation time (treatment with anti-Arme-
nian hamster IgG secondary antibodies): 50–300 s). Cal-
cium flux measurement using Fura Red was calculated as 
ratiometric calcium flux (Qdot 655-A/PerCP-Cy5-5-A), 
with reference to Wendt ER. et al. [38].

Statistical analysis
Data analysis was performed using GraphPad Prism 
Software 9.0. All data were first analyzed for normal-
ity using the Shapiro-Wilk test. Statistical analyses were 
conducted using various methods, including unpaired 
two-tailed Student’s t-test, one sample t-test, one-sam-
ple Wilcoxon signed rank test, Mann-Whitney test, and 
one-way or two-way ANOVA. Means are presented as 
mean ± SD, with p values considered significant as fol-
lows: ns, non- significant; *p < 0.05; **p < 0.01; ***p < 0.001; 
and ****p < 0.0001.

Results
IPMK deletion in CD4+ helper T cells attenuates 
concanavalin A-induced acute hepatitis
To investigate the physiological role of IPMK in the regu-
lation of TCR signaling, we established a mouse model 
with conditional deletion of IPMK in CD4+ Th cells by 
crossing Ipmk floxed mice (IPMKf/f) and CD4-Cre mice 
(IPMKΔCD4). The development of T cells in the thymus, 
lymph node, and spleen is normal in IPMKΔCD4 mice 
[34]. Injecting concanavalin A (ConA), a lectin that acts 
as a TCR agonist [39], is a mouse model widely used to 
study T cell-dependent hepatitis since it mimics the 
pathogenesis and pathological symptoms of human 
autoimmune hepatitis [40, 41]. To examine the biologi-
cal effects of IPMK on CD4+ T cells in vivo, we applied 
the ConA-induced hepatitis model to the IPMKf/f and 
IPMKΔCD4 mice (Fig.  1A). Levels of the alanine amino-
transferase (ALT) and aspartate aminotransferase (AST), 
indicators of hepatic injury, were found to be lower in 
IPMKΔCD4 mice compared to IPMKf/f mice (fig. S1, A 
and B; Fig.  1, B and C). A reduction in hepatic damage 
was also observed in the liver and by H&E staining in the 
IPMKΔCD4 mice (Fig. 1D). Apoptosis of hepatocytes was 
also found to be diminished in the IPMKΔCD4 mice, as 
determined by the TUNEL assay (Fig. 1E). These results 
indicated that ConA-induced liver injuries were allevi-
ated in the IPMKΔCD4 mice.

As hepatitis is induced by the activation of lympho-
cytes around the liver tissue, we isolated hepatic mono-
nuclear cells (MNCs) and analyzed the levels of relevant 
cytokines. Although IFNγ remained unchanged, TNFα 
was shown to decrease in the IPMKΔCD4 MNCs (fig. S1C 
and Fig.  1F). Moreover, as ConA-induced acute hepa-
titis mainly occurs through CD4+ Th cell-dependent 
experimental hepatic damage [42–44], we measured 
the changes in cytokine levels in CD4+ Th cells. No 
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significant changes were observed in the total CD4+ Th 
cells (fig. S1D), CD4+ IFNγ+ cells, and CD4+ IL-4+ cells 
from MNCs between the IPMKf/f and IPMKΔCD4 mice 
(fig. S1, E and F). The numbers of both conventional 
CD4+ Th cells and natural killer T (NKT) cells remained 
similar between IPMKf/f and IPMKΔCD4 MNCs (fig. S2A). 
However, the percentages of CD4+ TNFα+, CD4+ IL-2+, 
and CD4+ IL-17  A+ cells were decreased in IPMKΔCD4 
MNCs (Fig.  1G, fig. S1G, and fig. S2B). These results 

suggest that IPMK depletion in CD4+ T cells impairs the 
activation of Th cells and the inflammatory responses 
associated with ConA stimulation.

IPMK depletion reduces TCR signaling through diminished 
activation of PLCγ1
Since ConA directly crosslinks with TCR to mimic 
TCR activation [45], we next measured the TCR signal-
ing response. As PLCγ1 is a major enzyme required for 

Fig. 1  IPMK deletion in CD4+ helper T cells attenuates Concanavalin A-induced acute hepatitis. (A) Schematic diagram of the experimental protocol. A 
total of 12 mg/kg ConA was injected into the tail vein of 24–26 g mice for 12 h before each mouse was sacrificed (n ≥ 15 per group). (B) Blood ALT levels 
of sacrificed mice; blood sample was acquired from the retro-orbital vein. (C) Blood AST levels of sacrificed mice; blood sample was acquired from the 
retro-orbital vein. (D) The gross mouse liver size and H&E staining of the indicated site are denoted by a yellow arrow. Damaged liver tissue is denoted 
by a yellow boundary. Scale bar: 100 μm. (E) TUNEL stain of ConA-injected mouse liver tissues. (F) Flow cytometry analysis of TNFα produced in the liver 
MNCs of IPMKf/f and IPMKΔCD4 ConA-injected mice. (G) Flow cytometry analysis of TNFα and IL-2 levels in CD4+ cells produced in the liver MNCs of IPMKf/f 
and IPMKΔCD4 ConA-injected mice. All flow cytometric plots and images presented are representative of the experiments. The normality of all data was 
analyzed using the Shapiro-Wilk test. Data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001, using the Mann-Whitney test (B and C) or unpaired 
two-tailed Student’s t-test (E, F, and G) compared to IPMKf/f
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TCR signaling, we next determined the activation of 
PLCγ1 and identified the time-dependent phosphory-
lation of Y783 in PLCγ1 in naïve CD4+ T cells. PLCγ1 
Y783 phosphorylation was also found to be impaired in 
IPMKΔCD4 naïve CD4+ T cells following direct treatment 
of ConA (fig. S3A). Directly stimulation using anti-CD3 
and anti-CD28 antibodies, a comparison of the ratio of 
PLCγ1 Y783 phosphorylation at 0  min in each group 
illustrated that it was reduced in the IPMKΔCD4 naïve 
CD4+ T cells (Fig.  2A). Given that calcium is released 
from intracellular stores as a consequence of PLCγ1 acti-
vation, we investigated the influence of IPMK on calcium 

flux during TCR engagement. Using flow cytometry, we 
observed diminished activation of IPMKΔCD4 naïve CD4+ 
T cells, specifically from the basal state to activation. 
(Fig. 2B). In addition, we analyzed PKCθ signaling, which 
is activated by PLCγ1 via its product, DAG. It was found 
that PKCθ T538 phosphorylation is markedly reduced in 
TCR-stimulated IPMKΔCD4 naïve CD4+ T cells (Fig. 2C). 
A rise in cytosolic calcium and the activation of PKCθ 
stimulated several transcription factors, including NFAT 
and NFκB, thereby inducing the expression of cytokines 
associated with T cell proliferation, such as IL-2. Next, 
we measured the kinetics of the Il2 RNA expression level 

Fig. 2  IPMK depletion reduces TCR signaling through diminished activation of PLCγ1. (A) Immunoblot analysis of PLCγ1 and its phosphorylation (Y783) in 
lysates of naïve CD4+ T cells stimulated with anti-CD3 and anti-CD28 antibodies for 3–10 min. (B) Calcium flux of naïve CD4+ T cells activated by anti-CD3, 
anti-CD28, and anti-Armenian hamster IgG secondary antibodies in calcium-free HBSS. Basal time: 0–30 s; activation time: 50–300 s. ΔMFI was measured 
as MFIActivation time – MFIBasal time. (C) Immunoblot analysis of PKCθ and its phosphorylation (T538) in lysates of naïve CD4+ T cells stimulated with anti-CD3, 
anti-CD28, and anti-Armenian hamster IgG secondary antibodies for 3–10 min. (D) Quantitative real-time PCR analysis of the expression of Il2 mRNA in 
naïve CD4+ T cells polarized into Th0 cells by anti-IFNγ and anti-IL-4 antibodies. (E) Flow cytometry analysis of IL-2 in naïve CD4+ T cells polarized into Th0 
cells for 16 h by anti-IFNγ and anti-IL-4 antibodies. All blots, kinetics, and flow cytometric plots presented are representative of at least three independent 
experiments. Densitometric quantitation results were normalized to control conditions. The normality of all data was analyzed using the Shapiro-Wilk 
test. Data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, using the unpaired two-tailed Student’s t-test (B and E) compared to 
IPMKf/f or two-way ANOVA with Šídák’s multiple comparisons test (A, C, and D)
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in naïve CD4+ T cells in response to TCR stimulation. 
Compared to IPMKf/f Th0 cells, IPMKΔCD4 cells failed to 
show a robust enhancement in Il2 RNA expression after 
6 h of CD3-CD28 stimulation (Fig. 2D). Consistently, the 
protein level of IL-2 was decreased in TCR-stimulated 
IPMKΔCD4 cells compared to IPMKf/f cells (Fig.  2E). To 
further investigate the role of IPMK in T cell prolifera-
tion, CD3-CD28-activated IPMKf/f and IPMKΔCD4 Th0 
cells were labelled with carboxyfluorescein succinimi-
dyl ester (CFSE). A decrease in CFSE staining intensity 
was observed in IPMKΔCD4 CD4+ T cells compared to 
controls (fig. S3B). Additionally, the level of CD25 was 
reduced in IPMKΔCD4 CD4+ T cells, while the level of 
CD69 remained unchanged (fig. S3, C and D). Overall, 
these results suggest that IPMK is required for the trans-
mission of TCR-induced CD4+ Th cell signaling and gene 
expression through PLCγ1 activation.

IPMK regulates PLCγ1 Y783 phosphorylation
We next focused on PLCγ1, as PLC acts as an upstream 
enzyme of IPMK in InsP metabolism. To dissect the role 
of IPMK in PLCγ1 activation, we first analyzed PLCγ1 
Y783 phosphorylation in mouse embryonic fibroblasts 
(MEFs). A marked reduction in PLCγ1 Y783 phosphory-
lation was observed in IPMK KO MEFs (Fig. 3A). A simi-
lar reduction in PLCγ1 Y783 phosphorylation was also 
observed in IPMK KO in NIH3T3 fibroblasts generated 
via CRISPR/Cas9 editing (Fig.  3B). IPMK KO NIH3T3 
fibroblasts also showed reduced PLCγ1 Y783 phosphory-
lation under the PDGF stimulation condition. However, 
Y783 phosphorylation was restored by overexpress-
ing wild-type (WT) IPMK in IPMK KO cells (Fig.  3C). 
Conversely, overexpression of IPMK in HEK293T cells 
was found to increase PLCγ1 Y783 phosphorylation 
(Fig. 3D). Collectively, these results further demonstrate 
the crucial role of IPMK in the regulation of PLCγ1 Y783 
phosphorylation.

IPMK is a Sam68-interacting protein
Next, we investigated the molecular mechanism of how 
IPMK promotes PLCγ1 tyrosine phosphorylation. IPMK 
performs a pleiotropic role in regulating various signal-
ing pathways, although only a few direct interaction part-
ners are known to serve as IPMK-mediated upstream or 
downstream mediators. To identify additional IPMK-
binding proteins, we previously performed a yeast two-
hybrid screening using IPMK as the bait and a human 
brain cDNA library as the prey [10]. A clone encoding a 
fusion protein containing the 188–443 region of Sam68 
was found to interact with IPMK in the yeast two-hybrid 
system (Fig. 4, A and B).

Since Sam68 is known as a signaling adaptor that 
binds to multiple proteins, including PLCγ1 [32, 46], we 
sought to further characterize this attribute. The physical 

interaction between IPMK and Sam68 was validated by 
performing an in vitro binding assay using recombinant 
proteins. It was observed that purified Sam68 indeed 
bound to purified human IPMK, confirming a direct 
protein-protein interaction (Fig. 4C). Additionally, IPMK 
pull-down experiments were performed using HEK293T 
cells overexpressing IPMK and Sam68 to confirm this 
interaction (Fig.  4D). Furthermore, endogenous IPMK 
and Sam68 proteins were co-immunoprecipitated in 
MEF lysates, confirming the interaction in vivo (Fig. 4E). 
To identify the IPMK domains responsible for Sam68 
binding, we used a series of IPMK-deleted mutants for 
co-immunoprecipitation experiments and found that 
Sam68 interacts with the amino acid regions of 93–182 
and 210–426 in IPMK (Fig.  4, F and G), which encom-
pass the inositol phosphate binding site and the kinase 
domain. To further map the reciprocal binding sites 
required for IPMK–Sam68 binding, various Sam68-
deleted constructs were designed and overexpressed in 
HEK293T cells (Fig. 4H). In line with the findings from 
the yeast two-hybrid assay, it was observed that IPMK 
selectively interacts with the C-terminus of Sam68, with 
no binding affinity for its N-terminus (Fig.  4I). We fur-
ther generated Sam68 mutants with deleted tyrosine-
rich region (YY) and nucleus localization signal (NLS) 
domain. IPMK failed to associate with the YY domain-
deleted Sam68 mutant (ΔYY) (Fig. 4J), indicating that the 
YY region of Sam68 is the primary binding site for IPMK.

IPMK stabilizes the interaction between Sam68 and PLCγ1
Direct interaction between IPMK and Sam68 made us 
speculate whether IPMK is critical for the regulation of 
Sam68-mediated signaling actions. We first checked 
the protein level of Sam68 in IPMK KO cells and found 
no apparent defect (Fig.  3). We next examined whether 
IPMK is required for stabilizing the formation of the 
Sam68–PLCγ1 complex. First, we overexpressed IPMK 
in HEK293T cells and detected both Sam68 and PLCγ1 
in the IPMK precipitates along with an increased level of 
phosphorylated PLCγ1 (Fig. 5A). To analyze the status of 
the Sam68–PLCγ1 complexes in the presence or absence 
of IPMK, we next isolated the Sam68 immunoprecipitates 
from WT (IPMKf/f) and IPMK KO MEF lysates. Deple-
tion of IPMK markedly reduced Sam68–PLCγ1 binding 
without influencing either the Sam68 or PLCγ1 levels 
(fig. S4A). We also examined the level of Src and found a 
significantly reduced association among PLCγ1, Sam68, 
and Src in the PLCγ1 immunoprecipitates from IPMK 
KO MEFs (Fig. 5B). Furthermore, a decrease in both the 
Sam68–PLCγ1 interaction and PLCγ1 Y783 phosphory-
lation was observed in IPMK-depleted NIH3T3 fibro-
blasts (fig. S4B). Thus, IPMK was found to stabilize the 
association between Sam68 and PLCγ1, presumably by 
mediating the recruitment of upstream SFKs, such as Src 
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to PLCγ1. Furthermore, when NIH3T3 fibroblasts were 
stimulated by platelet-derived growth factor (PDGF), the 
amount of IPMK increased in the Sam68 immunopre-
cipitates (Fig.  5C), suggesting that the formation of the 
IPMK-Sam68–PLCγ1 complex is induced in response to 
cellular activation.

To validate the functional significance of Sam68 in 
PLCγ1 signaling of T cells, we first depleted Sam68 in 

Jurkat T cells via CRISPR/Cas9 editing. A marked reduc-
tion in PLCγ1 phosphorylation was observed in these 
cells (fig. S4C). To analyze the status of the Sam68–
PLCγ1 complexes in CD4+ T cells, we isolated the 
Sam68 immunoprecipitates from the lysates of IPMKf/f 
and IPMKΔCD4 naïve CD4+ T cells. Depletion of IPMK 
in CD4+ T cells markedly reduced Sam68–PLCγ1 bind-
ing without influencing either the Sam68 or PLCγ1 

Fig. 3  IPMK regulates PLCγ1 Y783 phosphorylation. (A) Immunoblot analysis of PLCγ1 and Src as well as their phosphorylation (Y783 of PLCγ1 and Y416 
of Src) in lysates from IPMK KO MEFs. (B) Immunoblot analysis of PLCγ1 and Src as well as their phosphorylation (Y783 of PLCγ1 and Y416 of Src) in lysates 
from CRISPR/Cas9 mediated IPMK KO NIH3T3 cells. (C) Immunoblot analysis of PLCγ1 and Src as well as their phosphorylation (Y783 of PLCγ1 and Y416 
of Src) in lysates from CRISPR/Cas9-mediated IPMK KO NIH3T3 cells stimulated by PDGF (10 ng/mL) for 10 min after serum starvation for 12 h. ns, non-
significant, one-sample t-test compared to PDGF-, Flag-transfected NIH3T3 cells. *p < 0.05; **p < 0.01, one-way ANOVA with Tukey’s multiple comparisons 
test. (D) Immunoblot analysis of PLCγ1 and its phosphorylation (Y783) in Flag-hIPMK transfected HEK293T cells at different doses. All blots presented are 
representative of at least three independent experiments. Densitometric quantitation results were normalized to control conditions. The normality of all 
data was analyzed using the Shapiro-Wilk test. Data are presented as mean ± SD. ns; *p < 0.05; **p < 0.01, using the one-sample Wilcoxon signed rank test 
(A and D), one-sample t-test (B and C) compared to each control or one-way ANOVA with Tukey’s multiple comparisons test (C)
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Fig. 4 (See legend on next page.)
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levels (Fig.  5D). However, the level of another signaling 
adaptor, linker for activation of T cells (LAT), remained 
unchanged in the PLCγ1 immunoprecipitates from 
IPMKΔCD4 naïve CD4+ T cells compared to controls (fig. 
S4D). Similar to PDGF-stimulation in NIH3T3 cells, T 
cell stimulation led to an increase in IPMK in the PLCγ1–
Sam68 co-immunoprecipitates from T cells (fig. S4E). 
These results suggest that IPMK is critical for mediating 
PLCγ1 phosphorylation and activation of naïve CD4+ T 
cells by stabilizing the Sam68–PLCγ1 interaction.

IPMK non-catalytically promotes PLCγ1 phosphorylation
Next, we investigated the hypothesis that IPMK acts as 
a scaffold to regulate PLCγ1 phosphorylation via the 
IPMK-Sam68 interaction. Based on the Sam68–IPMK 
binding studies shown in Fig. 4, we employed the Sam68-
binding IPMK fragment 93–182 as a dominant-negative 
(DN) mutant. The overexpression of this GST-tagged 
dominant-negative IPMK peptide (IPMK-DN) in fibro-
blasts reduced the association of Sam68 with both 
endogenous IPMK and PLCγ1 (Fig. 6A). Under this con-
dition, the phosphorylation of PLCγ1 Y783 was mark-
edly decreased following the expression of IPMK-DN 
(Fig. 6B).

Next, we further examined whether this IPMK scaf-
folding action can be recapitulated by purified proteins 
in vitro. Using in vitro kinase assays with PLCγ1 as the 
substrate, treatment with either wild-type or catalyti-
cally-inactive mutant IPMK (K129A) proteins markedly 
increased the Src-catalyzed phosphorylation of Y783 in 
PLCγ1 (Fig.  6C). Collectively, these results suggest that 
IPMK non-catalytically mediates PLCγ1 phosphorylation 
by acting as a scaffold that functionally recruits Sam68-
associated SFKs to PLCγ1 (Fig. 6D).

Inhibiting the IPMK-Sam68 protein interaction suppresses 
PLCγ1 phosphorylation in T cells
To further validate our hypothesis for CD4+ Th cells, 
we also overexpressed the IPMK-DN peptide via viral 

transduction to achieve high expression efficiency 
(Fig.  7A and fig. S5A). The levels of Sam68 and IPMK 
in the PLCγ1 immunoprecipitates were found to be 
decreased in CD3/CD28-stimulated IPMK-DN−overex-
pressing T cells compared to controls (Fig. 7B), indicating 
impaired formation of the PLCγ1/Sam68/IPMK protein 
complex. Compared to empty vector-transduced control 
cells, IPMK-DN−overexpressing T cells showed reduc-
tions in PLCγ1 Y783 phosphorylation, calcium flux, and 
expression of IL-2 and CD25 (Fig.  7,  C-E and fig. S5B). 
We therefore concluded that IPMK-DN interferes with 
the stability of the protein complex, inhibits PLCγ1 acti-
vation, and impairs T cell activation.

We also generated a cell-permeable form of the IPMK-
DN peptide. Compared to the IPMK 93–182 fragment, 
the shorter fragment of IPMK 93–126 was shown to effi-
ciently lower PLCγ1 phosphorylation in fibroblasts (fig. 
S5C). This peptide was fused to the protein transduction 
domain (PTD), which promotes cell-permeable peptide 
delivery [47]. Naïve CD4+ T cells were treated with either 
control PTD or PTD–IPMK 93–126 (PTD_93–126) 
peptides and stimulated by anti-CD3 and anti-CD28 
antibodies (Fig.  7F). The delivery of the cell-permeable 
PTD_93–126 fragment significantly decreased PLCγ1 
Y783 phosphorylation in naïve CD4+ T cells in response 
to TCR activation (Fig.  7G). The level of IL-2 was also 
decreased in CD4+ T cells treated with PTD_93–126 (Fig. 
7H). Thus, these results corroborate the notion that the 
direct association of IPMK with Sam68 mediates SFK-
stimulated PLCγ1 phosphorylation, thereby enhancing 
TCR signaling (Fig. 8).

Discussion
Our study establishes that IPMK is a physiologic determi-
nant of PLCγ1 activation and its downstream signaling. 
IPMK was identified as a direct binding target of Sam68, 
which acts as a signaling scaffold that is responsible for 
linking SFKs with PLCγ1. Mapping studies showed recip-
rocal interactions between the YY domain of Sam68 and 

(See figure on previous page.)
Fig. 4  IPMK directly interacts with Sam68. (A) Schematic diagram of prey and bait for yeast two hybrid screening. The full-length. Homo sapiens IPMK 
was cloned into a pGBKT7 vector to generate a fusion protein that was downstream of the Gal4 DNA binding domain (BD). A pGBKT7 plasmid was used 
as bait. The 188–443 amino acid of Sam68 (red-frame box) was cloned into the pACT2 vector to form a fusion protein that was downstream of the Gal4 
activation domain (AD). A pACT2 plasmid was used as prey. (B) The AH109 yeast strain was co-transformed with either pGBKT7 or pGBKT7-IPMK and 
pACT2-Sam68-188-443aa. Yeast cells were incubated in SD-LW media, with either adenine removed (SD-LWA), histidine removed (SD-LWH), and both re-
moved (SD-LWHA). SD-LWH media had 5 mM 3-amino-1,2,4 triazole(3-AT) added to it. The gene expressions of ADE2 and HIS3 were examined to identify 
any positive clones. pGBKT7-p53 and pGADT7 plasmids were used as positive controls. (C) In vitro binding assay between purified Flag-human Sam68 
(hSam68) protein and purified human IPMK (hIPMK) protein. Anti-Flag M2 beads were used for immunoprecipitation. (D) GST pull-down assay and im-
munoblot were used to analyze the interaction between GST-IPMK and HA-Sam68 following their co-transfection in HEK293T cells. (E) Endogenous co-IP 
test and immunoblot on IPMK and Sam68 in MEFs. The cell lysate was immunoprecipitated with anti-IPMK antibodies. (F) Schematic depiction of IPMK 
domains. Numbers either indicate the start or final amino acids in each fragment. (G) IPMK mapping analysis of IPMK fragments or full-length (FL) protein 
interacting with HA-Sam68 following co-transfection in HEK293T cells. Anti-HA antibodies were used for the co-IP test. (H) Schematic depiction of Sam68 
domains and fragments. Numbers indicate the start or final amino acids for each fragment. KH: hnRNPK homology domain; YY: tyrosine-rich region; NLS: 
nucleus localization sequence; P1–6: proline-rich region; R/G: arginine/glycine-rich region. (I and J) Sam68 mapping analysis using Sam68 fragments or 
full-length (FL) protein, and Flag-mouse IPMK (mIPMK) co-transfected HEK293T cells. Anti-Flag M2 beads were used for the co-IP test. All blots presented 
are representative of at least three independent experiments
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the InsP kinase domain of IPMK. The depletion of IPMK 
in fibroblasts or CD4+ Th cells reduced the phosphory-
lation of PLCγ1 Y783 following TCR engagement or 
PDGF stimulation. We elucidated a mechanism underly-
ing IPMK-mediated regulation of PLCγ1 activation. We 
report that IPMK depletion in CD4+ Th cells destabilizes 

the interaction between PLCγ1 and the Sam68 scaffold. 
This reduction in PLCγ1–Sam68 binding downregulates 
efficient PLCγ1 phosphorylation by Sam68-associated 
SFKs, such as Fyn and Src, thereby leading to a decrease 
in both calcium influx and the PLC-dependent down-
stream signaling responses, such as PKC activation. In 

Fig. 5  IPMK stabilizes the interaction between Sam68 and PLCγ1. (A) Overexpression co-IP test and immunoblot analysis for PLCγ1, Sam68, and IPMK 
in Flag-hIPMK transfected HEK293T cells. The cell lysate was immunoprecipitated with anti-Flag M2 beads. (B) Endogenous co-IP test and immunoblot 
analysis for PLCγ1, Sam68, Src, and IPMK in IPMK KO MEFs. The cell lysates were immunoprecipitated with anti-PLCγ1 antibodies. (C) Overexpression co-IP 
test and immunoblot analysis for PLCγ1, Sam68, and IPMK in Flag-mIPMK transfected NIH3T3 cells following PDGF (10 ng/mL) stimulation for 3 min after 
serum starvation for 12 h. The cell lysate was immunoprecipitated with anti-Sam68 antibodies. (D) Endogenous co-IP test and immunoblot analysis for 
PLCγ1, Sam68, and IPMK in naïve CD4+ T cells. The cell lysate was immunoprecipitated with anti-Sam68 antibodies. All blots presented are representative 
of at least three independent experiments. Densitometric quantitation results were normalized to control conditions. The normality of all data was ana-
lyzed using the Shapiro-Wilk test. Data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001, using the one-sample t-test compared to each control
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vitro kinase assays indicated that either wild-type or 
catalytically-inactive mutant IPMK proteins promote 
Src-mediated PLCγ1 phosphorylation, demonstrat-
ing that IPMK performs a direct, non-catalytic action. 

Overexpression of a Sam68-binding IPMK-DN fragment 
interfered with the PLCγ1–Sam68 interaction and PLCγ1 
phosphorylation, which suggests the functional signifi-
cance of the IPMK–Sam68 interaction in TCR signaling. 

Fig. 6  IPMK non-catalytically promotes PLCγ1 phosphorylation. (A) Overexpression co-IP test and immunoblot analysis for PLCγ1, Sam68, and IPMK in 
GST-hIPMK-DN transfected NIH3T3 cells. The cell lysate was immunoprecipitated with anti-Sam68 antibodies. (B) Immunoblot analysis of PLCγ1 and its 
phosphorylation (Y783) in GST-hIPMK-DN transfected NIH3T3 cell lysates. (C) In vitro kinase assay and immunoblot analysis using PLCγ1, Sam68, Src, and 
IPMK WT/KA recombinant proteins. IPMK and ATP were added following the formation of the PLCγ1–Sam68–Src protein complex. *p < 0.05, one-sample 
t-test compared to control; ns, non-significant, unpaired two-tailed Student’s t-test between His-hIPMK WT and KA. (D) Schematic depiction of PLCγ1–
Sam68–Src complex formation for PLCγ1 phosphorylation with or without IPMK. All blots presented are representative of at least three independent 
experiments. Densitometric quantitation results were normalized to control conditions. The normality of all data was analyzed using the Shapiro-Wilk test. 
Data are presented as mean ± SD. ns; *p < 0.05, using the one-sample t-test (A-C) and unpaired two-tailed Student’s t-test (C) compared to each control
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Fig. 7 (See legend on next page.)
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In a mouse model of hyperactivated TCR-induced auto-
immune hepatitis, conditional deletion of IPMK in CD4+ 
Th cells significantly decreased liver injury and immune 
responses.

PLCγ1 is recruited by upstream regulators, such as 
LAT, in response to TCR stimulation, while the phos-
phorylation of PLCγ1 activates downstream signaling 
molecules [17]. Sam68 was previously suggested as one of 
the scaffolds that link the SFKs, such as Src, with PLCγ1 
[23, 29, 31]. Based on our model (Fig.  8), upon cellular 
activation, IPMK binds to Sam68, thereby facilitating the 
formation of the functional Sam68–PLCγ1 complex. The 
increased binding of IPMK to Sam68 allows the SFKs to 
efficiently catalyze the phosphorylation of PLCγ1 and the 
activation of downstream signaling events. Thus, the loss 
of IPMK in CD4+ Th cells causes a decrease in PLCγ1 
phosphorylation, thereby limiting the full activation 
of calcium flux and PKC signaling to diminish the pro-
duction of inflammatory cytokines (e.g., IL-2) and their 
associated immune responses. Our results propose a sig-
naling role of IPMK in CD4+ Th cells by demonstrating 
that IPMK acts as a Sam68-binding partner that regulates 
TCR signaling events by modulating the PLCγ1 activ-
ity. Further studies are needed to examine whether this 
IPMK–Sam68 binding influences other upstream factors, 
such as Itk.

The receptor-mediated PLCγ1 activation involves its 
phosphorylation by receptor tyrosine kinase or non-
receptor tyrosine kinases, such as SFKs, in response to 
the activation of various growth factor receptors and 
immune receptors, including TCR [15, 48, 49]. Despite 
the fundamental function of PLCγ1 in T cells, the 
mechanism of PLCγ1 activation following TCR stimula-
tion is incompletely understood. Tyrosine phosphory-
lation in the CD3 chain by lymphocyte protein tyrosine 
kinase (Lck) recruits ζ-chain-associated protein kinase 
of 70  kDa (ZAP70), followed by phosphorylation of 
the transmembrane adaptor molecule LAT [21]. TCR 

engagement results in the identification of LAT as the 
primary docking site for PLCγ1. The binding of PLCγ1 
to LAT is specifically mediated by the N-terminal SH2 
domain in PLCγ1, which interacts with phosphorylated 
LAT. Indeed, the proline-rich motif in Sam68 was also 
identified to interact with the SH3 domain in PLCγ1 
[46]. The phosphorylation of tyrosine in Sam68 by SFKs 
increases the Sam68–PLCγ1 interaction. Our demonstra-
tion underscores the crucial role of IPMK in facilitating 
PLCγ1 phosphorylation in a manner dependent on the 
binding between Sam68 and IPMK. This highlights the 
necessity of devoting continuous efforts to precisely elu-
cidate the intricate molecular interactions among IPMK, 
Sam68, PLCγ1, and other factors already identified. In 
addition, the results of this study expand our understand-
ing by generalizing the role of IPMK in the activation of 
PLCγ1 in PDGF-stimulated fibroblasts. Hence, we sug-
gest a regulatory model for PLCγ1 in both T cells and 
fibroblasts that integrates our recent discoveries along 
with previously documented results.

The functional interplay between IPMK and Sam68 
identified in this study elucidates a previously undis-
closed mechanism, demonstrating that IPMK stabi-
lizes the Sam68–PLCγ1 complex. This stabilization, in 
turn, enhances the TCR signaling responses mediated 
by PLCγ1. Notably, we demonstrate that this regula-
tory function operates independently of IPMK’s catalytic 
activity; instead, it relies on dynamic protein–protein 
interactions between IPMK and Sam68. Therefore, in 
addition to its catalytic involvement in inositol phosphate 
metabolism and its scaffolding role in various signaling 
pathways, IPMK serves as a pivotal regulatory checkpoint 
for PLCγ1-dependent immunoregulation. Given the 
recent identification of single-nucleotide polymorphisms 
(SNPs) in IPMK associated with immune diseases, such 
as rheumatoid arthritis, psoriasis, and Crohn’s disease 
[50, 51], we aim to focus their potential impact. We antic-
ipate that interventions that modulate the IPMK level or 

(See figure on previous page.)
Fig. 7  Inhibiting IPMK–Sam68 protein interaction suppresses PLCγ1 phosphorylation in T cells. (A) Schematic depiction of the transduction strategy 
for MIGR1-GFP EMPTY or MIGR1-hIPMK DN-GFP retrovirus transduction into naïve CD4+ T cells and TCR stimulation using anti-CD3, anti-CD28, and 
anti-Armenian hamster IgG secondary antibodies. (B) Endogenous co-IP test and immunoblot analysis for PLCγ1, Sam68, and IPMK in hIPMK-DN trans-
duced T cells, under TCR stimulation and non-stimulation conditions. The cell lysates were immunoprecipitated using anti-PLCγ1 antibodies. ns; #p < 0.05; 
##p < 0.01, one-sample t-test compared to control: EMPTY viral vector transduced TCR- T cells. ns; **p < 0.01; ***p < 0.001, one-way ANOVA with Tukey’s 
multiple comparisons test. (C) Immunoblot analysis of PLCγ1 and its phosphorylation (Y783) in hIPMK-DN transduced T cells, under TCR stimulation and 
non-stimulation conditions. (D) Calcium flux of virus-transduced GFP+ CD4+ T cells activated by anti-CD3, anti-CD28, and anti-Armenian hamster IgG 
secondary antibodies in calcium-free HBSS. Basal time: 0–30s; activation time: 60–310s. ΔAUC was measured as AUCActivation time – AUCBasal time. (E) Flow 
cytometry analysis of IL-2 in virus-transduced GFP+ CD4+ T cells polarized into Th0 cells using anti-IFNγ and anti-IL-4 antibodies followed by treatment 
with brefeldin A for four hours. (F) Schematic depiction of the transduction strategy for PTD or PTD_93–126 into naïve CD4+ T cells and TCR stimulation 
using anti-CD3, anti-CD28, and anti-Armenian hamster IgG secondary antibodies. (G) Flow cytometry analysis of phospho-PLCγ1 (Y783) in 1 µM PTD or 
PTD_93–126 transduced naïve CD4+ T cells following TCR stimulation as described (F). ΔMFI was measured as (MFI of each 3-minute samples) – (average 
of 0-minute samples). (H) Flow cytometry analysis of IL-2 in PTD peptide-transduced FITC+ CD4+ T cells polarized into Th0 cells using anti-IFNγ and anti-
IL-4 antibodies. All blots and flow cytometric plots presented are representative of at least three independent experiments. Densitometric quantitation 
results were normalized to control conditions. The normality of all data was analyzed using the Shapiro-Wilk test. Data are presented as mean ± SD. ns; 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, using the one-sample t-test (B and C), unpaired two-tailed Student’s t-test (D-E and G-H) compared to each 
control or one-way ANOVA with Tukey’s multiple comparisons test (B)
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IPMK’s interaction with Sam68 may be beneficial in the 
treatment and control of unregulated immune diseases.

Conclusion
Our study highlights the pivotal role of IPMK in regu-
lating PLCγ1 activation triggered by TCR signaling in T 
cells. Depletion of IPMK in CD4+ helper T cells mitigated 
ConA-induced hepatic injury in mice. Mechanistic inves-
tigations unveiled that IPMK promotes PLCγ1 activation 
by enhancing the stability of the Sam68–PLCγ1 complex. 
Consequently, our findings offer novel insights into the 
molecular mechanisms governing PLCγ1 activation. Tar-
geting IPMK specifically emerges as a promising thera-
peutic strategy for diseases associated with hyperactive 
TCR signaling.
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