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Abstract

Exaggerated airway smooth muscle (ASM) contraction regulated
by the Gq family of G protein-coupled receptors causes airway
hyperresponsiveness in asthma. Activation of Gq-coupled G
protein-coupled receptors leads to phospholipase C (PLC)-
mediated generation of inositol triphosphate (IP3) and
diacylglycerol (DAG). DAG signaling is terminated by the action
of DAG kinase (DGK) that converts DAG into phosphatidic acid
(PA). Our previous study demonstrated that DGKz and a
isoform knockout mice are protected from the development of
allergen-induced airway hyperresponsiveness. Here we aimed to
determine the mechanism by which DGK regulates ASM
contraction. Activity of DGK isoforms was inhibited in human
ASM cells by siRNA-mediated knockdown of DGKa and z,
whereas pharmacological inhibition was achieved by pan DGK
inhibitor I (R59022). Effects of DGK inhibition on contractile
agonist-induced activation of PLC and myosin light chain (MLC)

kinase, elevation of IP3, and calcium levels were assessed.
Furthermore, we used precision-cut human lung slices and
assessed the role of DGK in agonist-induced bronchoconstriction.
DGK inhibitor I attenuated histamine- and methacholine-
induced bronchoconstriction. DGKa and z knockdown or
pretreatment with DGK inhibitor I resulted in attenuated
agonist-induced phosphorylation of MLC and MLC phosphatase
in ASM cells. Furthermore, DGK inhibition decreased Gq
agonist-induced calcium elevation and generation of IP3 and
increased histamine-induced production of PA. Finally, DGK
inhibition or treatment with DAG analog resulted in attenuation
of activation of PLC in human ASM cells. Our findings suggest
that DGK inhibition perturbed the DAG:PA ratio, resulting in
inhibition of Gq-PLC activation in a negative feedback manner,
resulting in protection against ASM contraction.
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Airway obstruction seen in diseases such as
asthma is predominantly driven by an
enhanced airway smooth muscle (ASM)
response to contractile agonists and is
referred to as airway hyperresponsiveness
(AHR) (1, 2). Contraction of ASM is
promoted primarily by the Gq family of G

protein-coupled receptors (GPCRs) (3, 4).
Numerous Gq-coupled GPCRs are expressed
in ASM, and inflammatory mediators such
as histamine, leukotrienes, serotonin, and
acetylcholine, whose expression is increased
in the asthmatic airways, are agonists of
Gq-coupled GPCRs (5). Accordingly, the

effectiveness of any one particular
Gq-coupled GPCR antagonist as an asthma
therapy is likely to be limited (6, 7). Thus,
there is a need to focus on a broader
downstream target at which Gq-coupled
GPCR agonist-mediated contractile
signaling in ASM converges.
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Contractile agonists activate
heterotrimeric G proteins in ASM cells
followed by the activation of phospholipase
C (PLC); PLC converts membrane
phospholipid, phosphatidylinositol-4,5-
bisphosphate (PIP2), into inositol
trisphosphate (IP3) and diacylglycerol (DAG)
(8–10). IP3 binds to IP3 receptors on
sarcoplasmic reticulum (SR) and releases
calcium (Ca21) into the cytoplasm (11).
Increased Ca21 leads to ASM contraction by
promoting phosphorylation of myosin light
chain (MLC) mediated byMLC kinase,
whereas DAG directly activates protein
kinase C (PKC) and downstream signaling
cascades, including Ca21 sensitization-
mediated regulation of ASM contraction
(12). DAG signaling is terminated by the
enzyme, DAG kinase (DGK), which converts
DAG into phosphatidic acid (PA) (13).
Levels of DAG and PA are tightly regulated
within the cell, as both of these lipid
molecules act as second messengers in
numerous cellular processes (14, 15). DGK,
therefore, plays a pivotal role in establishing a
balance between DAG and PA, and therefore
in regulating Gq signaling.

DGKs are ubiquitously expressed and
contain at least two cysteine-rich C1 domains
(homologous to the DAG binding site of
PKC) and a catalytic domain. There are 10
well-characterized mammalian DGK
isoforms that can be classified into five
different groups: Type I (a, b, g), II (d, h, k),
III (e), IV (z, i), and V (u) (16). Our recent
study has shown that DGKz (and to a lesser
extent DGKa) plays a central role in
allergen-induced allergic airway
inflammation and development of AHR, and
pharmacological targeting of DGK is
protective in allergic asthma (17).
Interestingly, we found that protection of
development of AHR (i.e., exaggerated
airway contraction) by DGK isoforms was
independent of airway inflammation, but the
precise mechanism by which DGK isoforms
regulate ASM contraction remains
undetermined. Herein, we sought to
investigate the mechanism by which DGK
inhibition reduces ASM contraction.We
tested the effect of inhibition of DGK on the
profile of DAG and PA and activation of
contractile signaling in human ASM
(HASM) cells by Gq-coupled GPCR
agonists. Our results indicate that inhibition
of DGK perturbs kinetics of DAG and PA
(with a decrease in the PA concentration)
that in turn inhibits Gq-PLC-IP3-Ca

21-
mediated contractile signaling in ASM in a

negative feedbackmanner. Our study
unravels the mechanism through which DGK
regulates ASM contraction and, combined
with our previous findings from themurine
model of asthma, establishes DGK as a
potential therapeutic target to provide
effective bronchoprotection in asthma.

Methods

Chemicals and Reagents
All standard lab reagents and chemicals were
purchased from Sigma unless otherwise
mentioned. Anti-pMLC-2 (T18/S19), anti-
pMYPT T696 antibody, and RIPA cell lysis
buffer were purchased from Cell Signaling
Technology. Anti-DGKz antibody was
purchased from Abcam; Anti-DGKa
antibody (C-11) was from Santa Cruz. Anti-
b-actin antibody was from Sigma. Secondary
antibodies, IRDye 680RD or 800CW, were
from LI-COR. Diacylglycerol kinase
inhibitor I (R59022), acetyl-b-methylcholine
chloride, histamine, and other compounds
were obtained from Sigma Life Science. 1-
Oleoyl-2-acetyl-sn-glycerol (OAG) (catalog
number 62600; Cayman Chemical) was
purchased from Cayman Chemicals.
Protease and phosphatase inhibitors were
from Bimake. Insulin-transferrin-selenium
(ITS) was from Thermo Fisher Scientific.
RhoA Pull-Down Activation Assay Biochem
Kit (BK036) was from Cytoskeleton. All
polyacrylamide gel casting, running, and
transfer reagents and equipment were from
Biorad or from previously identified sources
(18, 19). SMARTpool: ON-TARGETplus
DGKa siRNA and SMARTpool:
ON-TARGETplus DGKz siRNA were
obtained fromDharmacon.

Cell Culture
Primary HASM cells were isolated from
donor lungs and maintained in culture as
described previously (20). HASM cells were
used between second to sixth passage and
were grown in F-12 media with 10% FBS,
penicillin/streptomycin, NaOH, CaCl2,
HEPES, and L-Glutamine (Gibco) to
confluency and then growth arrested with
F-12 supplemented with 1% ITS (growth-
arresting media) without serum for 48 hours
prior to terminal experiments (21, 22). Cells
were pretreated with DGK inhibitor I for 15
minutes, followed by stimulation with an
agonist (1 or 10mMhistamine or 10mM
methacholine) for 5, 10, or 15 minutes in
general unless otherwise mentioned in the

respective experiments. Cell lysates were
collected in radioimmunoprecipitation assay
(RIPA) buffer. In some experiments, HASM
cells immortalized with human telomerase
reverse transcriptase (hTERT) were used as
described previously (23). In primary HASM
cells, expression of m3AChR receptor tends
to wane after 2–3 passages, and therefore,
hTERT cells that retain expression of
m3AChR provide a suitable model to
investigate m3AChR signaling.

Transfection of Human ASM Cells
siRNA-mediated knockdown of DGKa or
z was accomplished as described previously
(24). siRNA duplexes for DGK isoforms
(ON-TARGETplus siRNA SMARTpool) or a
scrambled siRNA (ON-TARGETplusNon-
targeting Control Pool, catalog number
D-001810–10–05; Horizon Discovery) were
mixed with DharmaFECT 1 Transfection
Reagent (catalog number T-2001–01;
Horizon Discovery) and subsequently
transferred to HASM cells. Twenty-four
hours later, cells were passaged for
experiments as described below.

HASM cells were cultured in fresh
Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% FBS and
antibiotics and maintained in an incubator at
37�C supplemented with 5% CO2. cDNA
encoding human GFP-C1-PLCd-PH
(Addgene) subcloned into pcDNA3.1 or
vector DNAwere prepared, and 1 mg
plasmid DNAwas mixed with 2
ml Lipofectamine 3000 (Invitrogen) in Opti-
MEM (Gibco) for 20 minutes. The mixture
was then added to the HASM cells as
previously described (24, 25). Twelve hours
after transfection, cells were serum-starved in
growth-arresting media for 24 hours and
treated with vehicle or 30mMDGK inhibitor
I for 15 minutes, and then images were
obtained by a confocal microscope and
analyzed using NIS-Elements AR Version
5.02 software. The transfection efficiency
varied between cell cultures from different
donors and ranged from 5% to 10%.

Western Blotting
Cells were lysed in RIPA buffer (Cell
Signaling Technology) supplemented with
protease and phosphatase inhibitor (Bimake)
for 20 minutes at 4�C. Lysates were then
mixed with Laemmli buffer (Biorad)
together with b-mercaptoethanol and boiled
at 95�C for 5 minutes. Protein samples were
separated on SDS-PAGE and transferred on
nitrocellulose membrane. Target proteins
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were detected via incubation with respective
primary antibodies overnight in 3% BSA
containing tris-buffered saline with Tween.
Proteins were detected using a secondary
antibody conjugated with an infrared dye
either at 600 nm or 800 nmwavelength
using an Odyssey infrared scanner (LI-COR
Biosciences) (26, 27). Protein samples for
phospho-myosin light chain (pMLC) and
myosin phosphatase target subunit 1
(pMYPT)Western blot analysis were
prepared by treating the cells with stop
buffer (water:perchloric acid in 1:1 ratio) for
5 minutes on ice after stimulation with
respective agonist and then pelleting down
the cells by centrifugation. The cell pellet
was then washed two times in ice-cold water
to remove excess perchloric acid, and then
cells were lysed in RIPA buffer followed by
denaturation in lithium dodecyl sulfate
buffer by boiling at 70�C for 10 minutes.
Samples were run on precast gels (Novex)
and subsequently transferred onto a
nitrocellulose membrane using the mini
iBlot system (Invitrogen) (28). Proteins on
the membrane were probed using anti-
pMLC (catalog number M6068; Sigma),
pMYPT (catalog number 4563; Cell
Signaling Technology), or anti-b-actin
(catalog number A5441; Sigma) antibodies,
followed by detection using secondary
antibodies conjugated with an infrared dye
either at 600 nm or 800 nmwavelength.
Intensities of bands were measured using
Odyssey infrared imaging software and
plotted as a fold change to vehicle-treated
samples after normalizing the values with
b-actin band intensity. After the second
normalization, the statistical analysis was
performed by comparing fold change in
vehicle- versus DGK inhibitor I-treated cells
upon agonist stimulation.

Rho A Activation Assay
Confluent HASM cells on a 10-cm dish were
washed with ice-cold PBS and then
incubated with 30 mMDGK inhibitor I for
15 minutes, followed by stimulation with 1
mMhistamine for 3 minutes in Hanks’
balanced salt solution (HBSS). Cells were
lysed using a proprietary lysis buffer (catalog
number BK036; Cytoskeleton) and subjected
to RhoA Pull-Down (Cytoskeleton) for 1
hour at 4�C using beads as per the
manufacturer’s protocol. Beads were then
eluted in Laemmli buffer and subjected to
RhoA detection byWestern blotting.

Live Cell Imaging
HASM cells were transfected with DNA
expressing GFP-C1-PLCd PH (Addgene)
and were then seeded onto 35-mm dishes
(MatTek). The cells were then serum-starved
in ITS media for 24 hours. Before imaging,
cells were washed with HBSS, followed by
staining with CellMask Orange actin tracking
stain (catalog number A57244; Invitrogen)
for 30 minutes at 37�C and 5% CO2. The
CellMask tracker allows the F-actin filaments
to be stained without the need for cell
permeabilization, as it freely permeates
through live cell membranes and can be
retained for up to 24 hours in live cells with
little to no effect on cell viability. Cells were
further washed with HBSS and were then
preincubated with either DGK inhibitor I or
vehicle for 15 minutes. Baseline images were
obtained for 30 seconds using a confocal
microscope as previously described (27).
GFP fluorescence and actin images were
acquired using 40xobjective on the Nikon
A1R. GFP fluorescence images were obtained
for 5 minutes in cells stimulated with vehicle
or 1mMhistamine. Actin staining was
assessed by taking z-stacks of images before
and after histamine stimulation. Change in
fluorescence intensity was measured by
drawing regions of interest (ROI) on plasma
membrane and cytoplasm using NIS-
Elements AR Version 5.02 software. All
intensity values from confocal microscopy
live-cell imaging were plotted against time.

PC-PLC Assay
Immortalized hTERT cells were plated in a
96-well microplate (black clear bottom,
density 4–5K cells/well) in cell growth media
as described above. Cells were growth
arrested in ITS media for 48 hours,
pretreated for 15 minutes with 10 mMDGK
inhibitor I, and followed by stimulation with
10mMhistamine for 5 minutes. A select set
of cells was treated with increasing
concentration of OAG (1–500 mM) for 15
minutes, followed by histamine stimulation
as described previously (29, 30). The
phosphatidylcholine-specific phospholipase
C (PC-PLC) activity was determined by
using an EnzChek Direct Phospholipase C
Assay Kit (Molecular Probes) as per
manufacturer’s protocol. The assay uses a
substrate, glycero-phosphoethanolamine
with a dye-labeled sn-2 acyl chain to detect
PC-PLC activity. Substrate cleavage by
PC-PLC in the cells releases the dye-labeled
DAG, producing a positive fluorescence
signal measured continuously using a

fluorescence microplate reader (Ex:509,
Em:516 nm). Absolute PC-PLC activity in
HASM cells was calculated by using a
standard curve generated using the
recombinant PC-PLC enzyme provided in
the assay kit.

Inositol Monophosphate Measurement
Primary HASM or hTERT cells were growth
arrested in ITS media for 72 hours,
pretreated for 15 minutes with DGK
inhibitor I, followed by stimulation with
10 mMhistamine or 100 mMmethacholine
(MCh) for 10 minutes. Primary HASM or
hTERT cells were transfected with DGKa or
z siRNA and growth arrested for 72 hours,
before stimulation with 10mMMCh or 10
mMhistamine. Cells were lysed, and inositol
monophosphate (IP-one or IP)
concentrations were measured by using
IP-One Gq ELISA (catalog number
72IP1PEA; Cisbio) as described previously
(31) and as per the manufacturer’s protocol.
IP is a metabolite produced following
phospholipase C activation and used as a
proxy of Gq activation. A standard curve was
generated using different concentrations of
IP provided by the manufacturer, and the
standard curve was used to extrapolate the IP
levels in different treatments. IP data are
expressed as fold change to IP levels at
baseline prior to agonist stimulation.

Calcium Measurement
Growth-arrested primary HASM cells and
hTERT cells were incubated with Fluo-4 AM
dye (Invitrogen) for 1 hour in a 96-well plate.
Cells were treated with vehicle or DGK
inhibitor I for 15 minutes while molecular
inhibition of DGKwas achieved using
DGKa or z siRNA, and baseline fluorescence
was measured for 15 seconds. Subsequently,
cells were stimulated with histamine or
methacholine and fluorescence was
measured in real time for 10 minutes using
Flexstation III (Molecular Devices) as
described previously (21). The change in the
fluorescence values upon agonist stimulation
was normalized to maximum change in
fluorescence obtained using ionomycin
treatment.

Single-cell calcium imaging using
confocal microscopy was performed in
HASM cells using Fluo-4 calcium indicator
dye (Thermo Fischer). Cells were loaded
with 5 mMdye for 30 minutes, followed by
treatment with DGK inhibitor I for 15
minutes. Confocal dishes were mounted on a
Nikon Eclipse Ti2 microscope, and images
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were obtained in real time at baseline and
following stimulation with histamine, MCh,
or KCl until signal stabilized. Fluo-4
intensities were measured using NIS-
Elements AR Version 5.02 software by
highlighting ROIs and plotted with respect to
time.

Phospholipid Quantification
HASM cells were grown to confluency in a
10-cm dish and growth arrested for 24 hours.
Cells were washed with PBS, treated with
vehicle or DGK inhibitor (30mM, 15 min)
followed by stimulation with 1mM
histamine for 10 minutes. The cell pellet was
obtained by scraping the cells from the
bottom of the plate in fresh PBS followed by
centrifugation. The cell pellet was further
processed for lipid extraction and
quantification using liquid
chromatography–mass spectrometry at the
Lipidomics Core Facility, Wayne State
University.

Precision-Cut Lung Slices
Human lungs were perfused with 4% low-
melting agarose and then sliced using an
oscillating tissue slicer (OTS-5000; FHC,
Inc.). The lung slices were cultured for 24
hours in Dulbecco’s modified Eagle medium
supplemented with antimycotic and
antibiotic solution at 37�C in a 5% CO2

incubator. The lung slices were treated with
30mMDGK inhibitor I for 15 minutes,
followed by stimulation with increasing
concentration of methacholine (10 nM–10
mM) or histamine (100 nM–100mM). EVOS
FL Auto microscope (Life Technologies) was
used to capture images of airways at baseline
or at different concentrations of
methacholine or histamine, and then area of
airway was measured using ImageJ software
(National Institutes of Health) for each
concentration. Data from lung slice
experiments were plotted as percentage of
histamine- or methacholine-induced
decrease in airway area compared with
baseline area.

Statistical Analysis
Data are presented as mean6 SEM from n
number of lines derived from different
donors. P values were calculated using
GraphPad Prism software, with values of
P< 0.05 sufficient to reject the null
hypothesis. Unpaired, Student’s t test, or
one-way ANOVAwas applied to determine
the effect of DGK inhibition relative to
vehicle treatment for various readouts.

Results

DGK Inhibition-reduced Airway
Contraction
To assess the potential of DGK inhibition in
the regulation of airway contraction, we used
human precision-cut lung slices. DGK
inhibitor I (R59022) is known to inhibit
predominantly DGKa isoform (IC50 =2.8
mM) and to a lesser extent DGKz isoform
(32). We used DGK I inhibitor at 10 and 30
mM for 15 minutes (17, 33). Pretreatment of
human lung slices with DGK inhibitor I
(DGKI, 30 mM, 15 min) reduced contraction
to the increasing concentration of contractile
agonists, methacholine (1 nM–10 mM;
*P, 0.05 at 10mM) (Figure 1A) and
histamine (10 nM–100mM; *P, 0.05 at 0.5,
1, 10, and 100 mM) (Figure 1B) when
compared with vehicle-treated precision-cut
lung slices. Interestingly, DGK inhibition had
a greater effect on histamine-induced airway
contraction compared with methacholine-
induced airway contraction.

DGK Inhibition or siRNA-mediated
Silencing of DGK Isoforms Reduced
Phosphorylation of MLCs
Phosphorylation of MLC facilitates
actin–myosin cross-bridge cycling and
contraction of ASM.We investigated the
effect of DGK inhibition on agonist-induced
MLC phosphorylation in HASM cells.
Pretreatment of HASM cells with 30 mM
DGK inhibitor I significantly reduced
phosphorylation of MLC upon stimulation
with histamine (1.0 mM, 10min) compared
with vehicle-treated cells (Figures 2A and 2B)
(P, 0.05).

As mentioned above, there are 10 well-
characterized mammalian DGK isoforms,
and each isoform of DGK is known to be
activated by a unique mechanism providing
functional specificity. Calcium binding to
EF-hand motifs of DGKa isoform promotes
its membrane association and activation,
whereas DGKz isoform possesses a domain
homologous to the phosphorylation site
domain of the myristoylated alanine-rich C
kinase substrate (MARCKS) protein (a
substrate for conventional PKCs). Elevation
of cytoplasmic calcium concentration
activates DGKa and phosphorylation of
MARCKS domain of DGKz by PKC initiates
cell signaling mediated through DGKz
pathway (34). Increases in both intracellular
calcium levels and PKC activation are
involved in Gq-coupled GPCR signaling in

ASM. Furthermore, as mentioned above,
DGK inhibitor I (R59022) is known to
inhibit DGKa predominantly (IC50 =2.8
mM) and to a lesser extent DGKz isoform
(32). To further confirm the role of specific
isoforms of DGK as mentioned above in the
regulation of contractile agonist-induced
MLC phosphorylation, we transfected
HASM cells with siRNA targeting DGKa or
z isoform. Transfection of HASM cells with
DGKa or z siRNA reduced protein
expression of each respective isoform when
compared with transfection with scrambled
siRNA (Figures 2C and 2E). DGKa
knockdown significantly reduced
phosphorylation of MLC in ASM cells
stimulated with 1 mMhistamine compared
with scrambled siRNA-transfected cells
(P, 0.05) (Figures 2C and 2D). siRNA
knockdown of DGKz in HASM cells also
attenuated 1 mMhistamine-induced
phosphorylation of MLC compared with
scrambled siRNA-transfected cells (P, 0.05)
(Figure 2E-F). These data suggest that both a
and z isoforms of DGK regulate contractile
signaling in ASM cells. Collectively,
pharmacological and genetic studies
demonstrate that DGK inhibition diminishes
contractile signaling in HASM cells.

Pharmacological and Molecular
Inhibition of DGK Reduced
Intracellular Calcium Release
ASM contraction andMLC phosphorylation
are preceded by increased accumulation of
intracellular calcium. Therefore, we
investigated the effect of DGK inhibition on
agonist-induced calcium elevation in ASM
cells. Primary HASM cells maintained in
extended culture lose expression of
m3AChRs. Therefore, we employed a
specific hTERT immortalized HASM cell line
previously shown by us to retain robust
expression of m3AChR (35). hTERT ASM
cells and primary human ASM cells were
pretreated with 30mMDGK inhibitor I,
stimulated with either 1mMhistamine or
10 mMMCh or vehicle, and intracellular
calcium concentration was measured using
the Flexstation III (Molecular Devices) as
described inMETHODS. Treatment with DGK
inhibitor I significantly inhibited histamine-
andMCh-induced elevation of intracellular
calcium concentrations in both hTERT and
primary HASM cells (Figures 3A and 3B).

We then validated pharmacological
inhibitor results on calcium release with a
molecular approach by silencing DGKa or z
isoform in hTERT and primary HASM cells
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(Figures 3C and 3D). Both DGKa and z
siRNA resulted in significant attenuation of
MCh- and histamine-induced calcium
release in hTERT ASM cells (Figure 3C). In
primary HASM cells, DGKa and z siRNA
transfection resulted in significant reduction
in peak calcium at 1027 and 1026 M
histamine (Figure 3D). Furthermore, single-
cell intracellular calcium kinetics was studied
in primary ASM cells using confocal live-cell
microscopy. Again, DGK inhibition
significantly (P, 0.05) reduced calcium
elevation by 10mMMCh (Figure 3E) and 1
mMhistamine (Figure 3F), whereas KCl-
induced calcium elevation was not affected
by the treatment with DGK inhibitor I
(Figure 3G).

DGK Inhibition Reduced Gq-induced
Activation of Calcium
Sensitization Pathway
Agonist-mediated ASM contraction is
sustained (at constant intracellular calcium)
by a calcium sensitization pathway mediated
by activation of Rho kinase signaling and
phosphorylation of MLC phosphatase.
Therefore, we measured concentrations of
active RhoA (Figure 4A) and
phosphorylation of the regulatory subunit of
MLC phosphatase (pMYPT1 T696) in
HASM cells (Figure 4C). In primary HASM

cells, DGK inhibition (30 mM, 15min)
resulted in a significant reduction (P, 0.05)
of histamine (1mM)-induced active RhoA
compared with vehicle-treated cells (Figures
4A and 4B). Furthermore, both histamine-
andmethacholine-induced phosphorylation
of MYPT (at 10 min) in HASM cells and
pretreatment with DGK inhibitor I (30 mM,
15min) significantly attenuatedMYPT
phosphorylation (Figures 4C and 4D)
(P, 0.05).

DGK Inhibition Reduced IP Production
and Affected Phospholipid Generation
Elevation of intracellular calcium by
contractile agonists in ASM cells is
mediated by the PLC-IP3 cascade.
Accumulation of IP, a downstream
metabolite of IP3, following Gq-coupled
GPCR activation is used as a readout for
Gq activation. Therefore, contractile
agonist-induced change in the
concentration of IP3, which is involved in
the cellular release of calcium, was
indirectly determined using an ELISA for
IP. There was a significant reduction of IP
concentration following DGK inhibition
(30 mM) with both 10 mM histamine and
100 mMmethacholine stimulation
compared with vehicle-treated cells in both
hTERT and primary HASM cells (Figures

5A and 5B). To further confirm the above
findings with the pharmacological
inhibitor, we used siRNA against DGKa
or z and measured IP concentrations
after stimulation with contractile agonist,
MCh (hTERT) (Figure 5C) and histamine
(primary ASM) (Figure 5D). Both DGKa
and z siRNA transfection significantly
reduced both MCh- and histamine-
induced IP production in HASM cells
when compared with cells transfected
with scrambled siRNA (Figures 5C
and 5D).

After establishing that DGK inhibition
prevented agonist-induced IP release, we
then investigated its effect on various
phospholipid species. It is known that DAG,
formed by the hydrolysis of PIP2 by PLC, is
phosphorylated to PA by DAGmetabolizing
enzyme, DGK (36), and lipid phosphate
phosphohydrolases catalyze
dephosphorylation of PA to form DAG (37,
38). Also, pharmacological inhibition of
DGKmodulates stoichiometry of
phospholipid molecules, DAG and PA.
Therefore, using quantitative liquid
chromatography–mass spectrometry, we
determined the levels of different species of
DAG and PA in HASM cells. A quantitative
and unbiased lipidomics analysis captured a
wide variety of DAG and PA species in
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Figure 1. Effect of diacylglycerol kinase (DGK) inhibition on the contraction of human lung slices. Human lung slices were preincubated with
30 mM DGK inhibitor I for 15 minutes, followed by stimulation with an increasing concentration of contractile agonist. (A and B) Airway area was
measured at baseline and after stimulation with methacholine (A) and histamine (B). Contractile data represent percentage change in luminal
area after each agonist stimulation compared with initial luminal area. Red curve represents contraction of airways under DGK inhibition. Data
above is mean6SEM of n=6 independent experiments. *P,0.05 when compared with the vehicle-treated group using ANOVA with Bonferroni
post-hoc analysis. MCh=methacholine; His=histamine.
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HASM cells (Figures 5E and 5F). Histamine
stimulation (1 mM for 15 min) increased
total DAG, and DAG concentrations
remained unchanged with DGK inhibition I
pretreatment while reducing histamine-
induced PA accumulation in primary HASM

cells. Furthermore, the DAG:PA ratio was
calculated using total DAG and PA content
in ASM cells under different treatment
conditions. Histamine stimulation increased
DAG:PA ratio (1.57-fold over basal) in
HASM cells, and pretreatment with DGK

inhibitor I followed by the stimulation with
histamine further significantly increased
DAG:PA ratio (2.21-fold over basal). These
results suggest the effectiveness of DGK
inhibition in modulating phospholipid
stoichiometry (decreased PA levels or
increased DAG:PA ratio) in HASM cells.
Histamine-induced DAG levels did not
increase in cells treated with DGK inhibitor,
possibly because of inhibition of Gq-PLC
signaling.

DGK Inhibition Reduced
Agonist-induced PLC Activity
To understand if DGK inhibition has any
effect on PLC translocation and activity, we
used live cell imaging and PLC assay to
answer this puzzling question. Using a PIP2
selective PH domain as a fluorescent
translocation biosensor, we monitored
changes in the PLC activation using live-
cell confocal microscopy (39). Upon
stimulation with a contractile agonist,
GFP-PLCd-PH translocated from the
plasma membrane to the cytoplasm.
Intensities of GFP in the ROIs were traced
on the membrane and in the cytoplasm
before and after agonist stimulation in
DGK inhibitor- or vehicle- treated cells.
Confocal images revealed translocation of
GFP-PLCd-PH in ASM cells upon
stimulation with histamine, and GFP
translocation was reduced under DGK
inhibition compared with vehicle-treated
cells, suggesting reduced PLC activation
upon DGK inhibition (Figures 6A and 6B).
Furthermore, we assessed PLC activity
using a fluorescent-based assay. In HASM
cells (hTERT), histamine (10 mM)
stimulation induced a robust increase in
PLC activity, which was attenuated by
preincubation with DGK inhibitor I (10
mM) for 15 minutes (Figure 6C). To further
test if DGK inhibition-mediated
attenuation of PLC activity is due to
feedback regulation of PLC activity by
DAG, we used a synthetic cell-permeable
DAG analog, OAG, to mimic condition of
increased DAG. Exogenous addition of
OAG dose-dependently inhibited agonist-
induced PLC activation with significant
effects observed at 300 and 500 mM
(Figure 6D).

Collectively, these data suggest that
DGK inhibition-induced altered lipid
dynamics act in a negative feedback manner
to inhibit further activation of PLC-IP3-
calcium signaling in ASM cells (Figure 7).
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Discussion

Asthma pathophysiology is multifactorial,
and despite great strides made in the
understanding of various phenotypes of
asthma, current bronchodilator therapy has
limited efficacy in a select cohort of patients
with asthma, particularly with chronic use
(40, 41). Thus, there is an emerging need for
discovering new effective, yet safe, drugs that
reduce ASM contraction and promote
bronchial relaxation in asthma.We recently
identified DGK as a novel target in reducing
allergen-induced airway inflammation and
AHR in mice (17). Specifically, Singh and
colleagues demonstrated diminished
allergen-induced airway inflammation
(immune cell influx) and reduced Th2
cytokines production together accompanied

by abrogation of AHR in DGKz knockout
mice (to a lesser extent in DGKa knockout
mice) when compared with wild-type mice.
Interestingly, when T cell-specific DGKz
conditional KOmice were challenged with
an allergen, only Th2 inflammation but not
AHR was reduced, whereas mice with
smooth muscle cell-specific deletion of
DGKz exhibited reduced AHR despite
having intact airway inflammation upon
allergen challenge. These data suggested that
inhibition of DGK isoforms in immune cells
and ASM cells provides the protection
against airway inflammation and AHR
respectively.

DGK is expressed in T cells as well as in
ASM cells, and DGKz regulates airway
inflammation and ASM contraction in a cell-
specific manner (17). However, the

mechanism by which DGK inhibition in
ASM reduces agonist-induced ASM
contraction remains poorly understood.
Results from the current study suggest that
inhibition of DGK increased DAG:PA ratio
and reduced Gq-mediated contractile
signaling in human ASM cells by forming a
negative feedback loop on PLC activity. We
used a cell-permeable DAG analog, OAG, to
provide direct evidence that increased DAG
is indeed inhibiting PLC activation, resulting
in inhibition of ASM contraction.
Furthermore, DGK inhibition reduced
histamine- or methacholine-induced
cytoplasmic IP3 production with a
subsequent reduction in net intracellular
calcium ([Ca21]i) release from SR,
preventing phosphorylation of MLC and
activation of the calcium-sensitization
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Figure 4. Effect of DGK inhibition on calcium sensitization. (A and B) Representative Western blot image and graphical representation of
densitometric analysis of active RhoA in HASM cells treated with 30 mM DGK inhibitor I for 15 minutes followed by a 10-minute stimulation with
1 mM histamine. (C and D) HASM cells treated with vehicle or DGK inhibitor I for 15 minutes were stimulated with 1 mM histamine or 10 mM
MCh. Cell lysates were subjected to Western blotting for detection of pMYPT. b-Actin was used as a loading control. *P,0.05 using one-way
ANOVA with Bonferroni post-hoc analysis. (n=3–4). pMYPT=phospho-myosin light chain phosphatase.

Figure 3. (Continued). (C and D) hTERT or HASM cells were transfected with DGKa and z siRNA for 72 hours, and agonist-induced intracellular
calcium was measured using Fluo-4 AM dye. Cells were stimulated with 10 mM MCh, or 1 mM histamine (C) or with increasing concentrations
(1029–1026 M) of histamine (D). (E–G) Single-cell calcium elevation in HASM cells was measured after stimulation of cells with 10 mM MCh (E),
1 mM histamine (F), or 60 mM KCl (G) by confocal live-cell microscopy. Net calcium elevation by histamine or MCh is shown using a bar graph in
the insert. Data above is mean6SEM of n=5–6 independent experiments. *P,0.05, **P, 0.01, and ****P, 0.0001, using one-way ANOVA with
Bonferroni post-hoc analysis.
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mechanism, resulting in reduced ASM
contraction (Figure 7).

Increased intrinsic mechanical
properties and greater responsiveness to
contractile agonists are important
determinants of bronchoconstriction in
asthma (42, 43). Discovering novel
regulatory mechanisms of Gq signaling
that impact ASM function is an attractive
avenue for antiasthma drugs. Current
strategies include the use of muscarinic
and leukotriene receptor antagonists;
however, these drugs demonstrate a
limited clinical efficacy as multiple
Gq-coupled receptor subtypes contribute
to various airway-related pathologies.
Hence a broader approach by inhibiting
Gq activation may be advantageous. This
notion is supported by recent studies
demonstrating the prorelaxant capacity of
the pharmacological Gq inhibitor,
YM-254890 (7, 44). Additionally,
inhibition of PLC-b is another potential
approach as this enzyme is activated by
Gq-coupled GPCRs (45). Gaq regulation of
PLC-b–mediated activation of downstream
effectors has been successfully
demonstrated using a fusion peptide
derived from a helix–turn–helix region of
PLC-b3 (the critical region for interaction
with Gaq), leading to inhibition of PLC
activation (46). This peptide inhibited PLC
activation by Gaq in reconstituted lipid
vesicles and inhibited Gaq signaling in
cells (47). Our previous study
demonstrated that both pharmacological
inhibition and genetic ablation of DGK
isoform protected against development of
AHR (17). Our results in the current study
consolidate the previous findings by Singh
and colleagues and establish DGK as a
therapeutic target to reduce ASM
contraction.

The current study investigated the
potential of DGK inhibition in mitigating
airway contraction, representing the first
study to comprehensively investigate the

role of DGK in the regulation of
contractile signaling in ASM cells.
Expression and function of various DGK
enzymes have been investigated in vascular
smooth muscle (48), where
pharmacological inhibition of DGK has
been shown to attenuate Gq-coupled
GPCR agonist-induced vascular smooth
muscle (aorta and coronary artery)
contraction (48, 49). In this study, we have
comprehensively investigated the effect of
DGK inhibition on ASM contractile
signaling and have elucidated the
mechanism by which DGK inhibition
affects agonist-mediated ASM contraction.
These differences could result from
different subcellular localization of
signaling molecules that are important for
regulating contractile signaling in ASM,
such as lipid rafts and the receptor reserve
associated with contractile agonist-
mediated signaling (50–53). Studies have
shown that lipid rafts are key sites for
signal transduction owing to their high
content of signaling proteins such as
GPCRs, heterotrimeric and small G
proteins, and PKC (45, 54). Therefore,
differences in the morphology and
associated proteins in the lipid rafts
suggest that these domains do serve as
distinct or complementary functions in
ASM cells, which warrants further
investigation in the context of DGK
inhibition (45).

One of the novel findings of our study
that may eventually dictate
bronchoprotection in asthma is that DGK
inhibition reduced the phosphorylation of
MLC in HASM cells. Furthermore, this
reduction of MLC phosphorylation under
contractile agonist stimulation was
sustained under DGKa and DGKz
knockdown condition, which implies that
both a and z isoforms of DGK are essential
in promoting receptor mediated ASM
contraction. It is also known that the
DGKa isoform is activated directly by an

increase in the [Ca21]i concentrations,
whereas DGKz is activated by
PKC-mediated phosphorylation of the
MARCKS domain (34). Notably, increases
in both [Ca21]i concentrations and PKC
activation are involved in Gq-coupled
GPCR signaling in ASM (5). MLC
phosphorylation is regulated by calcium-
calmodulin-activated MLC kinase and
Rho-Rac–activated MLC phosphatase (55),
both of which are attenuated by DGK
inhibition in this study.

DGK is involved in conversion of
DAG to PA, and inhibition of DGK leads
to accumulation of DAG, which acts as a
negative feedback signal to reduce PLC
activity (Figure 7). Inhibition of DGKz was
associated with a decreased antigen
(FceRI)-induced calcium response in the
RBL-2H3 mast cell line, although the
studies revealed no effect on PLC activity
(56). A role of DGK in establishing a
negative feedback loop has been shown in
other conditions such as long-term
potentiation and mast cell degranulation,
where DGKz interaction with PKCa
reduced PKCa activity and promoted DAG
metabolism (57). On the other hand,
regulation of PKCa by DGKz is attenuated
by PKCa-dependent phosphorylation of
DGKz and by subsequent dissociation of
PKCa from DGKz, thereby fine-tuning
PKCa for diverse cellular functions (57, 58).
Interaction between DGK isoforms and
PKC appears to be spatiotemporally
restricted, thereby forming signaling nodes.
Future studies are needed to explore
additional mechanisms that regulate
PKC-mediated activation of downstream
targets relevant to ASM contraction.

In summary, our findings support the
novel idea that DGK inhibition provides
protection against ASM contraction as seen
with exaggerated ASM narrowing in asthma.
This study also elucidated the mechanism(s)
by which DGK inhibition may actually work
in reducing receptor-mediated contraction of

Figure 5. (Continued). IP concentrations were measured by ELISA as described in METHODS. DGK inhibition attenuated histamine and
MCh-induced IP concentrations in hTERT (A) and HASM (B) cells. (C and D) Similarly, IP concentrations were measured in hTERT or HASM
cells transfected with DGKa and z siRNA for 72 hours, followed by stimulation with 10 mM MCh (C) or 10 mM histamine (His) for 10 min (D).
Data above is mean 6 SEM of n = 5 independent experiments. *P, 0.05 and ****P,0.0001, using one-way ANOVA with Bonferroni post-hoc
analysis. (E and F) Lipidomics analysis revealed presence of multiple species of phospholipids. HASM cells treated with vehicle or DGK
inhibitor I were stimulated with histamine, and phospholipids were quantified using a liquid chromatography–mass spectrometry method.
Quantitative liquid chromatography–mass spectrometry analysis revealed multiple species of PA (E) and DAG (F) at baseline and upon agonist
stimulation (1 mM histamine, 10 min). DGK inhibition (30 mM DGKI, 15 min) reduced agonist-induced PA levels (D). *P,0.05, using one-way
ANOVA with Bonferroni post-hoc analysis. n=4. US=unsaturated.
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ASM with a pathophysiological
significance in asthma. Thus, our study
further provides key mechanistic insight
into previous findings that DGK
inhibition mitigates the asthma phenotype
in vivo. We submit that pharmacological

targeting of DGK may be a viable option
in relieving broncho- constriction in
asthma, and our study lays the foundation
for discovering highly effective and safe
DGK inhibitors for other obstructive lung
diseases.�
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