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Summary
Mast cells play a critical role in the pathogenesis of allergic diseases; however, how mast cell

function is regulated is still not well understood.  Both phosphatidic acid (PA) and diacylglycerol

(DAG) are important secondary messengers involved in mast cell activation.  Lipin1 is a

phosphatidate phosphatase that hydrolyzes PA to produce DAG, but the role of lipin1 in mast

cell function has been thus far unknown.  Here we show that lipin1 is an important and selective

inhibitor of mast cell degranulation.  Lipin1 deficiency enhanced Fc RI-mediated -

hexosaminidase and prostaglandin D2 release from mast cells in vitro and exacerbated the

passive systemic anaphylaxis reaction in vivo. Lipin1 deficiency however did not exert obvious

effects on IL-6 or TNF-  production following Fc RI engagement.  Fc RI-induced PKC and

SNAP-23 phosphorylation were augmented in the lipin1-deficient mast cells.  Moreover,

inhibition of PKC activity reduced SNAP-23 phosphorylation and mast cell degranulation in

lipin1-deficient mast cells. Together, our findings suggest that lipin1 may negatively control

mast cell degranulation and the anaphylactic response through inhibiting the PKC-SNAP-23

pathway.
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Introduction

Mast cells express Fc RI, the high-affinity receptor for IgE, on their surface. Cross-

linking of IgE-bound Fc RI by antigens or allergens leads to downstream signal transduction and

induces the allergic response [1-4].  During the early phase of the reaction, mast cells

degranulate and release active mediators such as histamine and leukotrienes that are critical for

type I hypersensitivity.  In the late phase reaction, mast cells secrete cytokines such as IL-6 and

TNF-  after transcription and translation of these molecules, contributing to chronic

inflammation [2, 3].  The mechanisms by which Fc RI induces degranulation and cytokine

production in mast cells remain poorly understood.

Fc RI-mediated signaling initiates phosphorylation of ITAMs within the Fc RI  and

subunits by the Src-family protein tyrosine kinases (PTKs), such as Lyn, Syk and Fyn [5, 6].

These PTKs induce the phosphorylation and reorganization of downstream molecules, including

LAT [7], SLP76 [8], Vav1 [9], Bruton’s tyrosine kinase [10], PI3K [11], and phospholipase C

(PLC ).[12, 13] PLC  hydrolyzes the membrane phospholipid phosphatidylinositol 4,5-

bisphosphate (PIP2), generating diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3

induces Ca2+ influx while DAG activates Ras-Erk1/2 and PKC signaling, which consequently

results in mast cell activation [14-17].

In addition to these ‘classical’ signaling cascades, evidence has also implicated

phosphatidic acid (PA) as an important second messenger for mast cell function.  In mast cells,

both phospholipase D 1 and 2 (PLD1/2), and DAG kinase  (DGK ) have been found to

participate in PA generation following Fc RI stimulation.  The PLDs hydrolyze phosphatidic

choline to produce PA, while the DGKs phosphorylate DAG to produce PA. Interestingly,

decreases in PLD-derived PA or DGK -derived PA production both lead to diminished mast cell
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degranulation [16, 18, 19]. These studies suggest a positive role for PA in mast cell

degranulation and raise questions about regulation of the PA concentration in mast cell function.

The lpin1 gene encoding the lipin1 protein was cloned from fatty liver dystrophy (fld)

mice [20]. Lipin1 deficiency causes lipodystrophy, insulin resistance, fatty liver and

hypertriglyceridemia in fld mice [21, 22]. Lipin1 is detected in a wide variety of tissues with the

highest levels in adipose tissue, skeletal muscle and testis [23, 24]. The lipin family of enzymes

consists of three members, which initiate Mg2+-dependent PAP1 activity by hydrolyzing PA to

produce DAG [25]. Lipin1 appears to possess the highest PAP1 activity within the family [26].

In this study, we investigated whether lipin1 regulates mast cell effector functions using fld mice.

We demonstrate that lipin1 deficiency does not affect mast cell development or survival in vitro,

but increases Fc RI-mediated degranulation in mast cells in vitro and in vivo.  However, Fc RI-

induced IL-6 and TNF-  production is not affected by lipin1 deficiency.  Our data suggest that

lipin1 inhibits mast cell degranulation by reducing PKC-SNAP-23 signaling.
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Results

Normal mast cell development in the absence of Lipin1

We first assessed the expression of lipin isoforms in mast cells. As shown in Figure 1A,

both lipin1 and lipin2 were detected in wild-type (WT) bone-marrow mast cells (BMMCs), but

lipin3 was undetectable.   Following Fc RI stimulation, lipin1 expression was not obviously

altered, but lipin2 expression was upregulated approximately two-fold (Fig. 1B).  To investigate

the possible roles of lipin1 in mast cells, we generated BMMCs from WT and lipin1-deficient

(fld) mice. After culturing bone marrow cells in IL-3 conditioned media for three weeks, the

levels of Fc RI and c-Kit expression were comparable between the WT and lipin1-deficient

BMMCs (Fig. 1C), suggesting that in vitro mast cell development is not affected by the loss of

lipin1. Immunoblot analysis following immunoprecipitation demonstrated that both lipin1 and

lipin 2 proteins were detected in WT BMMCs. However, lipin2 but not lipin1 could be detected

in lipin1-deficient BMMCs.  The Lipin2 protein levels were similar between WT and lipin1-

deficient BMMCs (Fig. 1D).  In addition, lipin1-deficient BMMCs exhibited normal expansion

and survival (Fig. 1E and F).

Nuclear localization of lipin1 in mast cells

Subcellular localization of lipin1 is regulated by diverse forms of stimulation [27-30]. To

investigate the effect of Fc RI stimulation on lipin1 localization, we transduced WT BMMCs

with retrovirus expressing the CD63-GFP fusion protein and monitored the location of CD63 and

lipin1. CD63 is mainly expressed in the granules of mast cells and translocated to the plasma

membrane after Fc RI aggregation [31]. Before Fc RI stimulation, the mast cell granules were

localized in the cytoplasm as reflected by CD63-GFP and lipin1 was visualized in nucleus (Fig.

2, left columns). After Fc RI stimulation, the granules were translocated to the plasma
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membrane as previously reported, but lipin1 was retained in the nucleus (Fig. 2, middle and right

columns), suggesting that lipin1 is localized in the nuclei in mast cells, and that this nuclear

localization is not influenced by Fc RI stimulation.

Lipin1 deficiency enhances mast cell degranulation in vitro and passive systemic anaphylaxis

in vivo

To investigate the roles of lipin1 in mast cell functions, we investigated Fc RI-mediated

degranulation in mast cells. IgE-sensitized BMMCs were stimulated with DNP-HSA at the

indicated concentrations to induce degranulation. The release of -hexosaminidase was

significantly increased in lipin1-deficient BMMCs, which effect was maximized at 30 ng/ml of

DNP-HSA (Fig. 3A). The enhanced degranulation of lipin1-deficient BMMCs was also observed

in a time course reaction using the optimal concentration of DNP-HSA (Fig. 3B).  In addition,

lipin-1 deficiency increased prostaglandin D2 (PGD2) secretion (Fig. 3C).  We further assessed

the in vivo allergic response by using a passive systemic anaphylaxis assay (PSA). WT and

lipin1-deficient mice were injected intravenously with anti-DNP-IgE, followed by a systemic

administration of DNP-HSA.  Ninety seconds after antigen challenge, blood histamine levels

were obviously increased in the lipin-1 deficient mice compared with the WT mice (Fig. 3D).

Taken together, these observations indicate that lipin1 negatively controls mast cell

degranulation both in vitro and in vivo.

Effect of lipin1 deficiency on cytokine production by mast cells

Fc RI induced cytokine production by mast cells play important roles in mast cell

mediated disease [3]. We investigated Fc RI-mediated cytokine production by lipin1-deficient
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mast cells. WT and lipin1-deficient BMMCs were sensitized and then either left unstimulated or

were stimulated with Ag for 6 h. As shown in Figure 3E, the levels of IL-6 and TNF-  in the

cultural supernatant were comparable in these cells. Thus, although lipin1 deficiency enhances

Fc RI-mediated degranulation, it has a minimal influence on cytokine production.

Enhanced PKC and SNAP-23 phosphorylation in lipin1-deficient mast cells following Fc RI

stimulation

Lipin1 hydrolyzes PA to produce DAG.  In lipin1-deficient BMMCs with normal

expression of lipin2, PA concentration was 16% higher than WT BMMCs (Fig. 4A), supporting

a role for lipin1 in PA metabolism in mast cells.  The weak increase of PA is likely due to the

presence of lipin2 in these cells. To understand the mechanisms by which lipin1 deficiency

enhances mast cell degranulation, we examined signaling events downstream of Fc RI. WT and

lipin1-deficient BMMCs were sensitized with anti-DNP-IgE and activated with DNP-HSA. The

cells were lysed and analyzed by immunoblotting using the indicated antibodies.  PLC 1/2 are

crucial for Fc RI-induced DAG and IP3 production and mast cell activation [1, 4, 13]. Ca++

influx and PLC 1/2 phosphorylation was not obviously affected by lipin1 deficiency in mast

cells (Fig. 4B and C), suggesting that lipin1 is not essential for PLC 1/2 activation.  MAPKs and

PI3K/Akt play critical roles in mast cell activation [6].  There were no obvious differences in the

phosphorylation of Erk1/2, Jnk, p38 or Akt between WT and lipin1 deficient mast cells

following Fc RI stimulation (Fig. 4D).  Furthermore, there were no drastic changes in IKK /

and I B  phosphorylation and I B  degradation between these cells, suggesting that F RI-

induced NF- B signaling was not obviously affected by lipin1 deficiency in BMMCs (Fig. 4E).

Thus, lipin1 deficiency does not obviously affect Fc RI-induced MAPK, NF- B, or PI3K/Akt

activation.
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PKC activity plays an important role in mast cell degranulation following Fc RI

engagement [6].  The Fc RI-induced phosphorylation of PKCs detected by an anti-phospho-pan-

PKC antibody was increased in lipin1-deficient mast cells as compared with WT controls (Fig.

5A). SNAP-23 is an important regulator of granule fusion with the plasma membrane. Fc RI

stimulation induces SNAP-23 phosphorylation at Ser95 and Ser120, which event is dependent on

PKC activity and is important for mast cell degranulation [32]. As shown in Figure 5B, Fc RI-

induced SNAP-23 phosphorylation in lipin1-deficient BMMCs was both increased and

prolonged compared with that in WT controls.  Phospho-SNAP-23 and degranulation were

inhibited in WT and lipin1-deficient mast cells in the presence of the PKC inhibitor RO31-8220

(Fig. 5C and D). Together, these data suggest that increased phosphorylation of PKCs and

SNAP-23 contributes to an enhanced degranulation of lipin1-deficient mast cells.
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 Discussion

Both PA and DAG are generated by multiple enzymes and function as secondary

messengers in the immune system [33-35]. DAG has been well documented to play a critical role

in the activation of not only mast cells, but also T cells, B cells, macrophages and other cell

lineages [16, 35-37]. Recent studies have demonstrated that the DAG concentrations are tightly

regulated in immune cells by DGKs.  DGKs have been found to control mast cell activation, T-

cell development and function, and the innate immune response by converting DAG to PA [16,

38-41]. Although less well studied than DAG, PA has been implicated in the signaling of a

variety of receptors by associating with and activating multiple signaling molecules, such as Sos,

PI5K , SHIP1 and mTOR [35, 42-45]. In the immune system, PA is involved in mast cell

degranulation, the TLR-induced innate immune response and T-cell development [35]. In this

study, we demonstrate that lipin1 deficiency selectively enhances mast cell degranulation,

suggesting that tight control of the PA concentration is required for proper mast cell function.

In mast cells, both PLD1/2 and DGK  have been reported to be involved in the

production of PA in mast cells.  Interestingly, either a reduction of PLD-derived PA or absence

of DGK  activity leads to an impairment of mast cell degranulation.  In DGK  deficient mast

cells, DAG-mediated signaling is enhanced [16].  It has been proposed that enhanced DAG-

mediated signaling may trigger negative feedback mechanisms so as to inhibit Fc RI signaling

and subsequent impairment of Ca2+ influx and degranulation. However, DGK -derived PA

appears to promote mast cell degranulation, and thus the absence of DGK -derived PA may

contribute to the impairment of degranulation and the anaphylactic response in DGK -deficient

mast cells. Unlike DGK  deficiency, a decrease in PLD activity does not cause enhanced DAG

signaling in mast cells. However, PKC activation is impaired when PLD-derived PA is reduced
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[19]. The current data, together with these observations, suggest that lipin1 may mainly inhibit

mast cell degranulation by abrogating PA.

Both lipin and PLC  are involved in the generation of DAG.  The differences between

PLC - and lipin1-derived DAG are not known at present.  PLC -derived DAG plays a crucial

role in mast cell function by activating multiple downstream signaling cascades, such the Ras-

Erk1/2 and PKC-NF- B pathways. PLC 2 deficiency results in impaired degranulation and

decreased cytokine production in mast cells [13]. The lack of any effect of lipin1 deficiency on

cytokine production and activities of Erk1/2 and NF- B pathways suggest that lipin1-derived

DAG is not essential for these signaling events. However, since lipin2 is also expressed in mast

cells, we cannot rule out the possibility that lipin2-derived DAG may compensate for the loss of

lipin1.  We also do not exclude the possibility that lipin1-derived DAG may perform functions

that are different from PLC -derived DAG.  These two kinds of DAG may differ in their acyl

chains and may thus have different kinetics and subcellular locations.

We have shown that Lipin1 is localized in the nucleus in mast cells but its deficiency can

affect phosphorylation of PKCs and SNAP-23, which are localized in the cytosol and plasma

membrane. Given their different subcellular localizations, it is unlikely that lipin1 can directly

modulate PKC-SNAP-23 activities. Lipin1 may indirectly affect PKCs via PA accumulation.

Furthermore, lipin1 can function as a transactivator or repressor by binding to transcription

factors in mammalian cells [46, 47], it is also possible that lipin1 indirectly regulates PKC-

SNAP-23 via modulating transcription of yet to be defined genes.

Mast cell degranulation is tightly regulated not only during Fc RI signaling, but also

during vesicle transport and membrane fusion.  The soluble N-ethylmaleimide-sensitive fusion

factor attachment receptor proteins that include VAMP, syntaxin and SNAP-23 are essential for

A
cc

ep
te

d 
A

rt
ic

le



11

fusion processing [48]. Moreover, addition of PA to syntaxin/SNAP-23 vesicles increases vesicle

fusion [49].  SNAP-23 can be directly phosphorylated by both PKC and I B kinase , which

promotes exocytosis [32, 50, 51]. However, we did not observe enhanced IKK /

phosphorylation following Ag stimulation in lipin1-deficient BMMCs, whereas PKC-SNAP-23

signaling is hypersensitive to Fc RI stimulation in these cells.  The administration of a PKC

inhibitor diminished the phosphorylation of SNAP-23 and decreased degranulation in Fc RI-

stimulated mast cells, suggesting that SNAP-23 is a downstream signaling molecule of PKCs and

that the PKC-SNAP-23 axis may contribute to the enhanced mast cell degranulation which

results from lipin1 deficiency.

It is intriguing that lipin1-deficient mast cells display enhanced PKC activity but normal

NF- B signaling.  At present, the reason for the differential effects of enhanced PKC activity on

SNAP-23 phosphorylation and on the IKK-NF- B pathway is unclear.  One potential

explanation is that lipin1 deficiency may also affect signaling events that are downstream of

PKCs but are involved in IKK /  activation.  For example, the Bcl10/Malt1 complex is

important for NF- B activation and TNF-  production but is not required for degranulation [52],

supporting that there is a branching point downstream of PKCs for the control of NF- B

activation and degranulation.  Differential control of mast cell degranulation and cytokine

production has also been found in Znt5-deficient mice [53]. Fc RI-mediated PKC and NF- B

activation are defective in Znt5-defcient BMMCs, where IL-6 and TNF-  production is

decreased but degranulation is normal. Our recent studies also show that mast cell degranulation

and cytokine production can be differently regulated [16, 54].

Lipin1 deficiency causes fatty liver dystrophy in mice [21, 22].  In humans, mutations in

lipin1 result in recurrent muscle pain and myoglobinuria in childhood [55].  Mutations in lipin2
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gene cause the rare Majeed syndrome with recurrent osteomyelitis, cutaneous inflammation, and

anemia [56-58].  With the increased importance of lipin proteins in human diseases [59], it

would be interesting to determine whether mast cell function is similarly affected in human

patients and whether deregulated mast cell function may play a roles in disease progression in

human patients with lipin mutations or deficiency.

In summary, mast cells play a critical role in allergic diseases.  The tight regulation of

Fc RI signaling is important for proper mast cell function.  This study provides the first genetic

evidence that lipin1 selectively inhibits mast cell degranulation by reducing PKC-SNAP-23

signaling.
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Materials and methods

Mice and BMMCs

Lpin1fld/+ mice on a Balb/C background were purchased from the Jackson Laboratory.

Bone marrow cells from the femur and tibia of Lpin1fld/fld (KO) and Lpin1+/+ (WT) mice were

cultured in IMDM-IL3 media, as previously described [16]. IMDM-IL3 is comprised of

Isocove’s Modified Dulbecco’s media (GIBCO) supplemented with 10% FBS (Hyclone), 100

U/ml penicillin G, 100 U/ml streptomycin, 292 g/ml of L-glutamine, 25 mM HEPES (pH 7.4),

0.1 mM nonessential amino acids, 1 mM sodium pyruvate and 50 M 2-ME with 10 % IL3-

conditioned medium generated from X63 cells.

Flow cytometry

BMMCs were stained directly with a PE-conjugated c-kit or stained after 4 h

sensitization with 1 g/ml IgE, followed by incubation with FITC-conjugated anti-IgE, and they

were then analyzed by flow cytometry using a BD FACSCanto II. To measure cell survival after

cytokine withdrawal, the cells were stained with allophycocyanin-conjugated Annexin V and 7-

Amino-Actinomycin D (7AAD) for 20 min at RT in buffer A containing 10 mM HEPES (pH

7.4), 140 mM NaCl and 2.5 mM CaCl2. Data were analyzed with FlowJo software (Tree Star).

-hexosaminidase, prostaglandin D2, and cytokine release

To measure degranulation, BMMCs (1  106 cells/ml) were allowed to rest overnight in

IMDM-IL3, and were incubated with 1 g/ml anti-DNP IgE (clone SPE-7, Sigma-Aldrich) for at

least 4 h in IMDM media without IL3. The cells were washed once with IMDM and then

stimulated with various concentrations of DNP-HSA (Sigma-Aldrich) for 45 min in Tyrode’s

buffer (130 mM NaCl, 10 mM HEPES (pH 7.4), 1 mM MgCl2, 5 mM KCl, 1.4 mM CaCl2, 5.6

mM glucose and 1 mg/ml bovine serum albumin). Supernatants were incubated with 2 mM p-
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nitrophenyl-N-acetylß-D-glucosamide (Sigma-Aldrich) dissolved in 0.1 M citrate buffer (pH 4.5)

in a final volume of 60 l for 1 h at 37°C, followed by a termination of the enzymatic reaction

with the addition of 60 l 2M NaOH. Absorbance was read at 405 nm. Total cellular -

hexosaminidase activity was quantified using the supernatant from cells lysed with 0.5 % Triton

X-100.  PGD2 in supernatants was determined by using PGD2 EIA kit (Cayman Chemical

Company).  To determine the effect of PKCs on degranulation, IgE-sensitized BMMCs were

incubated with 10 M RO31-8220 (Sigma-Aldrich) for 30 min and then stimulated with DNP-

HSA.  For cytokine determination, the cells were stimulated for 6 h, and the IL-6 and TNF-

concentrations in the supernatants were determined with Mouse ELISA Max (BioLegend) kits

according to the manufacturer’s instructions.

Passive systemic anaphylaxis

Mice were injected intravenously with 200 l of PBS containing 15 g/ml anti-DNP IgE.

After 24 h, mice were anesthetized and injected intravenously with 200 l PBS of 0.5 mg/ml

DNP-HSA. After 90 sec, mice were sacrificed and the plasma was immediately isolated from the

blood obtained by cardiac puncture. Histamine levels were determined using a competitive

histamine enzyme-linked immunosorbent assay kit (Immunotech).

Phosphatidic acid assay

Total PA concentrations from chloroform-extracted lipids from 1  106 BMMCs were

determined by ELISA using a total phosphatidic acid kit (Cayman Chemical Company)

according to the manufacturer’s instruction.  PA concentrations were normalized to protein

concentrations before lipids extraction.

Immunoblot assay
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BMMCs were lysed in RIPA lysis buffer (0.1% SDS, 1% Triton X-100, 0.25% Sodium

deoxycolate, 150 mM NaCl, 50 mM Tris, pH 7.4) with a protease inhibitor cocktail and

phosphatase inhibitors. Proteins were resolved by SDS-PAGE, transferred to a Trans-Blot

Nitrocellulose membrane (Bio-Rad Laboratories) and probed with the appropriate antibodies.

The following anti-phosphor-antibodies were used: pPLC 1 (Tyr783), pPLC 2 (Tyr1217), pAkt

(Ser473), pPKC (pan), pErk1/2 (Thr202/Tyr204), pJnk (Thr183/Tyr185), p-p38

(Thr180/Tyr182), pI B  (Ser32), and pIKK /  (Ser176/180) from Cell Signaling Technology.

pSNAP-23 (Ser95) was a generous gift from Dr. P. Roche, NCI [32]. Anti-Lipin1 and Lipin2

antibodies were from Santa Cruz Biotechnology.  For the loading control, antibodies for total

proteins or -actin were used.  In the stimulation assay, IgE-sensitized BMMCs were

resuspended in Tyrode’s buffer, and then were left unstimulated or stimulated with DNP-HSA

(20 ng/ml) for the various times indicated.

Quantitative RT-PCR

RNAs extracted using Trizol Reagent (Invitrogen) were reverse transcribed to cDNA by

Superscript III and random primers according to the manufacturer’s protocol (Invitrogen). qRT-

PCR was performed with Mastercycler realplex and SYBR Green master mix (Eppendorf). The

expressed levels of target mRNAs were normalized with L32, calculated using the 2– CT method

and presented as arbitrary units (a.u.) of fold change.

Calcium flux

BMMCs were sensitized with 1 g/mL IgE for 6 h, resuspended at 1  107 cells/ml in

Tyrode’s buffer containing 3 g/ml Indo-1 (Invitrogen) and 4 mM probencid, further incubated

for 30 min at 37°C, and washed twice with Tyrode’s buffer. 40 l of cells was added into 460 l

of pre-warmed Tyrode’s buffer to determine the calcium response by flow cytometry. After
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determination of the baseline ratio of FL5 to FL4, cells were stimulated with 10 l of 5 g/ml

DNP-HSA. Calcium flux was displayed as the ratio of FL5 to FL4 fluorescence.

Immunofluorescence and confocal microscopy

Retrovirus was made using pMX-CD63-GFP, kindly provided by Dr. W. Zhang, Duke

University according to the method previously described [60]. Isolated BM cells were grown in

IMDM-IL3 medium for 3 days. The cells (3  106 cells/ml in 24 wells) were mixed with an equal

volume of CD63-GFP retroviral supernatant and polybrene (8 ug/ml), and then centrifuged at

2500 rpm for 90 min at room temperature using a Sorvall Swing Bucket rotor. After spin

infection, the cells were further cultured in IMDM-IL3 medium for 4 weeks.  The transduced

BMMCs were loaded with anti-DNP-IgE and stimulated with DNP-HSA for the indicated times.

Cells were immediately fixed with 4 % paraformaldehyde and permeabilized with 0.1% Triton

X-100 followed by incubation with a rabbit anti-lipin1 antibody (Cell Signaling Technology) for

1 h. The bound antibody was labeled with Texas Red-conjugated anti-rabbit secondary antibody

(Molecular Probes) for 1 h and then visualized under Leica SP5 confocal microscopy.
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Statistical analysis

For statistical analysis, a two-tailed Student’s t test was performed. *p<0.05. **p<0.01,

***p<0.001.
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Figure Legends

Figure 1.  Lipin1  deficiency  does  not  affect  mast  cell  development  in vitro. (A) RT-PCR

detection of mRNA encoding lipin1, 2 and 3 in WT BMMCs. (B) Lipin1 and -2 mRNA levels in

unstimulated or Fc RI-stimulated WT BMMCs are shown. Data are shown as the means  SE of

triplicates and are representative of three experiments. a.u., arbitrary unit. (C) Flow cytometric

analysis of Fc RI  and  c-kit  surface  expression  on  BMMCs.  WT  and  lipin1  deficient  (KO)

BMMCs were loaded with IgE and then detected with a FITC-conjugated anti-IgE secondary

antibody. Filled histogram, Fc RI or c-kit; black line histogram, control. (D) Lipin1 and Lipin2

protein expression in WT and lipin1-deficient BMMCs. WT and lipin1-KO BMMC lysates were

subjected to immunoprecipitation (IP) and immunoblotting (IB) analysis using anti-lipin1

antibody.  -actin was used as a loading control.  (E) Lipin1 deficiency does not affect mast cell

expansion or survival.  WT and lipin1-KO BMMCs were cultured in IL-3 conditioned media for

the indicated times. Live cells were measured by Trypan blue exclusion. Data shown are the

mean  SE of three paired samples. (F) Cell death was measured by flow cytometry. Apoptosis

of BMMCs was determined by 7AAD and Annexin-V staining after culture in the presence or

absence of IL-3 for 36 h. (C, D, F) The data shown are representative of three experiments.
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Figure 2. Subcellular localization of lipin1 in mast cells.  WT BMMCs transduced with GFP-

CD63 retrovirus were left unstimulated or stimulated with Ag at the indicated times. Lipin1 was

stained using a rabbit anti-lipin1 antibody and detected with a secondary Texas Red-conjugated

anti-rabbit antibody, followed by visualization under confocal microscopy. Scale bar represents 3

m. Original magnification, 630 .  Data shown are representative of three experiments

performed.
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Figure 3. Increased sensitivity to passive systemic anaphylaxis and degranulation due to lipin1-

deficiency. (A) Enhanced IgE-mediated degranulation in lipin1-KO BMMCs. IgE-preloaded

BMMCs were stimulated with the indicated concentration of DNP-HSA for 45 min and -

hexosaminidase ( -hexo)  activity  was  determined  by  colorimetric  analysis.  (B)  Mast  cell

degranulation was accessed by a time course stimulation with an optimal concentration of Ag (30

ng/ml).  (C)  Increased  PGD2  release  by  lipin1-deficient  BMMCs.   PGD2  concentrations  in  the

medium of WT and lipin1-KO BMMCs stimulated with 30 ng/ml DNP-HSA for 30 min were

measured by ELISA.  (D) WT and lipin1-KO mice were injected intravenously with IgE. After

24 h mice were injected intravenously with DNP-HSA, and plasma histamine levels were

quantified with ELISA.  Each symbol represents an individual animal and the bars represent the

means.  (E) IgE-mediated cytokine production.  IgE-sensitized BMMCs were left unstimulated

or  were  stimulated  with  DNP-HSA.  IL-6  and  TNF-  in culture medium were measured by

ELISA. (A-C, E) Data are shown as mean + SE of triplicates and are representative of three (A,

C, E) and two (B, D) experiments. **p<0.01, Student’s t test.

A
cc

ep
te

d 
A

rt
ic

le



30

A
cc

ep
te

d 
A

rt
ic

le



31

Figure 4. Fc RI-induced signaling in lipin1-deficient mast cells. (A) Phosphatidic acid

concentraions in WT and lipin1-deficient BMMCs.  (B) Calcium responses were visualized by

flow cytometry using the FL5/FL4 ratio.  iono, ionomycin.  (C-E) BMMCs were sensitized with

IgE  for  4  h  and  maintained  in  Tyrode’s  buffer  for  1  h.  After  stimulation  with  20  ng/ml  DNP-

HSA for the times indicated, cell lysates were subjected to immunoblotting analysis using the

indicated antibodies.  The band intensities were quantified by densitometry (values shown

below). ave, average; std, standard deviation.  The data shown are representative of three

experiments performed.  *p<0.05, Student’s t test.
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Figure 5. Increased phosphorylation of PKCs and SNAP-23 in lipin1-deficient mast cells. (A, B)

Cell lysates were generated and subjected to immunoblotting analysis as described in Fig. 4 by

using (A) anti-phospho-pan-PKC, anti-phospho-PKC  and (B) anti-phospho-SNAP-23 (Ser95)

antibodies.   Total  PKC /  and -actin were used as the loading controls. Data are shown as

mean  SEM presentation of band intensities from three samples as determined by densitometry

(right).  (C) Inhibition of SNAP-23 phosphorylation in WT and lipin1-KO BMMCs is dependent

on  PKC  activity.   WT  and  lipin1-KO  BMMCs  were  incubated  with  or  without  10 M RO31-

8220 for 30 min and then either left unstimulated or were stimulated with DNP-HSA, followed

by immunoblotting analysis. Data are shown as mean  SEM  of  band  intensities  from  three

samples as determined by densitometry (right). (D) Enhanced degranulation by lipin1-KO

BMMCs is dependent on PKC activity.  IgE-sensitized BMMCs were treated with RO31-8220

(10 M) for 30 min, followed by in vitro mast cell degranulation assay, as indicated in Fig. 2. All

data shown are representative of three experiments performed.   *p<0.05, **p<0.01 and

***p<0.001 by Student’s t test.
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