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Abstract
IgE-sensitized rat basophilic leukemia (RBL)-2H3 mast cells have been shown to migrate towards
antigen. In the present study we tried to identify the mechanism by which antigen causes mast cell
migration. Antigen caused migration of RBL-2H3 cells at the concentration ranges of 1000-fold
lower than those required for degranulation and the dose response was biphasic. This suggests that
mast cells can detect very low concentration gradients of antigen (pg/ml ranges), which initiate
migration until they degranulate near the origin of antigen, of which concentration is in the ng/ml
ranges. Similar phenomenon was observed in human mast cells (HMCs) derived from CD34+

progenitors. As one mechanism of mast cell migration, we tested the involvement of sphingosine 1-
phosphate (S1P). FcεRI-mediated cell migration was dependent on the production of S1P but
independent of a S1P receptor or its signaling pathways as determined with S1P receptor antagonist
VPC23019 and Gi protein inhibitor pertussis toxin (PTX). This indicated that the site of action of
S1P produced by antigen stimulation was intracellular. However, S1P-induced mast cell migration
was dependent on S1P receptor activation and inhibited by both VPC23019 and PTX. Cell migration
towards antigen or extracellular S1P was dependent on the activation of the phosphatidylinositol 3-
kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways, while only migration
towards antigen was inhibited by the inhibitors of sphingosine kinase (SK) and phospholipase C
(PLC) and intracellular calcium chelator BAPTA. In summary, our data suggest that the high affinity
receptor for IgE (FcεRI)-mediated mast cell migration is dependent on the production of S1P but
independent of S1P receptors. Cell migration mediated by either FcεRI or S1P receptors involves
activation of both PI3K and MAPK.

Keywords
Mast cells; Migration; FcεRI; Sphingosine 1-phosphate; Sphingosine kinase; Signal transduction

✩This work was supported by NIH Grant R01 HL68879.
© 2009 Elsevier Inc. All rights reserved.
* Corresponding author: Oksoon H. Choi, Johns Hopkins Asthma and Allergy Center, Room 2A44, 5501 Hopkins Bayview Circle,
Baltimore, MD 21224-6821, United States. Phone: +1-410-550-0014. Fax: +1-410-550-2090. ochoi2@jhmi.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Cell Signal. Author manuscript; available in PMC 2010 November 1.

Published in final edited form as:
Cell Signal. 2009 November ; 21(11): 1698–1705. doi:10.1016/j.cellsig.2009.07.008.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
Mast cells are a major cell type that mediates allergic inflammatory diseases such as hay fever,
atopic dermatitis and asthma by releasing inflammatory mediators [1]. Mast cells are derived
from hematopoietic progenitor cells that home to tissue as committed progenitors [2,3].
Maturation and differentiation of mast cells occurs in tissue in response to local production of
stem cell factor (SCF) [4]. Mature mast cells express high affinity receptors for IgE (FcεRI),
crosslinking of which leads to tyrosine phosphorylation of receptor subunits by the activation
of a Src family tyrosine kinase, Lyn and subsequent activation of Syk [5]. This phosphorylation
cascade is followed by the recruitment of adaptor proteins including LAT, SLP-76 and Grb-2,
which in turn activate downstream effector molecules such as guanine nucleotide exchange
factors, phospholipases and protein and lipid kinases [6]. This cascade of events leads to the
release of preformed and newly synthesized inflammatory mediators such as histamine,
prostaglandins, leukotrienes and cytokines.

Mast cells have been shown to increase in their numbers in inflammation regions, suggesting
that mature mast cells migrate to the inflammatory sites [7-10]. In fact, mast cells are recruited
to the inflammatory regions by various chemokines such as MCP-1/CCL2, MIP-1α/CCL3,
RANTES/CCL5, eotaxin/CCL11, and SDF-1α/CXCL12 via the corresponding receptors
CCR1-5, CXCR1-2, and CXCR4 (reviewed in ref. [4]). In addition to these chemokines, mast
cells are attracted by SCF and IgE [11]. IgE-sensitized mast cells have been shown to migrate
towards the specific antigen via the mechanism depending on P38 MAPK, Rho-kinase/ROCK
[12] and sphingosine kinase [13]. Cross-linking of FcεRI causes a rapid activation of
sphingosine kinase, which leads to the production of S1P and Ca2+ mobilization [14-17]. S1P
can act intracellularly or extracellularly after secretion. The FcεRI-mediated Ca2+ mobilization
from the ER appears to be attributed to intracellular S1P because the blockade of S1P secretion
via the ATP binding cassette (ABC) C1 transporter did not affect antigen-induced Ca2+

mobilization [18]. Although an intracellular target for S1P has not been identified yet,
extracellular S1P is known to act through its G protein coupled receptors. Five subtypes of S1P
receptors have been identified so far and the activation of these receptors leads to various
cellular responses such as cell migration [19-23], cell proliferation and survival [24-26],
Ca2+ mobilization [27-29] and inhibition of adenylate cyclase [28]. FcεRI-mediated mast cell
migration and degranulation were shown to be mediated by the transactivation mechanism, in
which S1P produced by crosslinking of FcεRI is secreted and binds S1P1 receptor on the mast
cell surface to cause mast cell migration [30].

In the present study, we investigated the mechanism by which sensitized mast cells migrated
towards antigen and demonstrated that antigen at very low concentrations could attract mast
cells by a mechanism that was distinct from the one used by extracellular S1P. While both
antigen and S1P use the PI3K and MAPK pathways to attract mast cells, only antigen requires
the increase in cytosolic free Ca2+ to attract sensitized mast cells.

2. Materials and methods
2.1. Reagents

Pertussis toxin (PTX), LY294002, PD98059, U73122, U73343 and BAPTA were obtained
from Sigma (St. Louis, MO); VPC23019 from Avanti (Alabaster, AL), sphingosine, N,N-
dimethylsphingosine (DMS) and S1P were obtained from Biomol (Plymouth Meeting, PA).
DNP-specific IgE (SPE-7) and DNP-HSA were obtained from Sigma (St. Louis, MO). Purified
IgE-JK myeloma and polyclonal goat anti-human IgE were gifts from Dr. Robert G. Hamilton
at Johns Hopkins University (Baltimore, MD) [31]. Materials for cell culture were obtained
from GIBCO-BRL (Gaithersberg, MD).
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2.2. Cell culture
RBL-2H3 cells were maintained as described previously [32]. RBL-2H3 cells were maintained
as monolayer cultures in Minimum Essential Medium (MEM) supplemented with Earle’s salts,
15% fetal bovine serum (FBS), 2 mM glutamine, penicillin (1000 units/ml) and streptomycin
(100 μg/ml). For the production of HMCs, CD34+ cells purified from peripheral blood was
obtained from NHLBI PEGT Hematopoietic Cell Processing Core. Cells were thawed
according to the instruction given by the NHLBI core. Cells (seeded at 2 × 105/ml) were
cultured in Stem Pro-34 media (GIBCO) supplemented with IL-6 and stem cell factor (SCF)
(both at 100 ng/ml), 2 mM glutamine, penicillin (1000 units/ml) and streptomycin (100 μg/ml)
as previously described [33]. IL-3 (30 ng/ml) was also added during the first week of culture.
One-half of the culture media was replaced weekly with fresh medium containing IL-6 and
SCF. Cells were used for experiments after 6 weeks of culture.

2.3. Cell migration assay
RBL-2H3 cell migration was assayed by a modification of the Boyden chamber method [34]
in microchemotaxis chambers (NeuroProbe, Gaithersburg, MD) containing polycarbonate
membrane (NeuroProbe, Gaithersburg, MD) with a pore size of 8.0 μm. The membranes with
no coating were placed between the chambers. The lower well of the chamber was filled with
indicated concentrations of antigen or S1P in 28 μl MEM supplemented with 15% FBS.
RBL-2H3 cells sensitized overnight with 50 ng/ml DNP-specific IgE were trypsinized,
resuspended at a concentration of 1 × 106 cells/ml in MEM supplemented with 15% FBS and
incubated for 1h for recovery. To investigate the effects of various inhibitors of signaling
molecules, cells were preincubated with the indicated inhibitors in MEM supplemented with
15% FBS before placed in the upper well of the chamber (50 μl/well) and incubated at 37°C
in 95% air and 5% CO2 for 4 hours. DMSO used to dissolve these inhibitors did not have any
effects on FcεRI-mediated migration at 0.1 or 0.25% as indicated by the fact that the number
of migrated RBL-2H3 cells stimulated with 0.5 μg/ml IgE in the absence or presence of 0.1 or
0.25% DMSO was 1414 ± 58 (mean ± SEM), 1288 ± 103 and 1353 ± 121, respectively. At the
end of the incubation, the filters were removed and all non-migrated cells on the upper side of
the filter were scraped off with a wet tissue paper. The migrated cells on the other side of the
filter were fixed for 2 min with Fixative solution of HEMA 3 stain set and stained with solution
1 and 2 of HEMA 3 stain set each for 2 min (Fisher Scientific, Kalamazoo, MI). The number
of stained cells was counted under Olympus CX21 microscope at a magnification of ×100.
Experiments were performed in triplicates and repeated at least three times unless otherwise
stated.

Migration of HMCs was assayed as described for RBL-2H3 cells with a slight modification.
The membranes were coated with fibronectin (50 μg/ml) and placed between the chambers.
The lower well of the chamber was filled with the indicated concentrations of α-IgE or S1P in
27 μl MEM supplemented with 15% FBS. HMCs sensitized overnight with human IgE (50 ng/
ml) were collected, resuspended at a concentration of 1.5 × 106 cells/ml in MEM supplemented
with 15% FBS and incubated for 1h for recovery. The cells were then placed in the upper well
of the chamber (50 μl/well) and incubated at 37°C in 95% air and 5% CO2 for 3 hours. As
HMCs migrated, some of them were attached to the bottom side of membrane and other cells
fell into the lower wells of the chamber. At the end of the incubation, the filters were removed
and processed as described for RBL-2H3 cells before the attached cells were counted. The cells
collected in the bottom wells were also counted and included in the total number of cells
migrated. Experiments were performed in triplicate and repeated at least three times.

2.4. Western blot analysis
RBL-2H3 cells sensitized overnight with DNP-specific IgE (50 ng/ml) were stimulated with
the indicated concentrations of DNP-HSA in PIPES buffer (pH7.2), containing 25 mM PIPES,
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110 mM NaCl, 5 mM KCl, 5.6 mM glucose, 0.4 mM MgCl2, 0.1% BSA and 1 mM CaCl2. At
the end of the incubation, cells were washed twice with Tris-buffered saline and lysed by
addition of ice-cold lysis buffer, containing 0.5% Triton X-100, 50 mM Tris (pH 8.0), 150 mM
NaCl, 5 mM EDTA, 5 mM NaF, 1 mM Na3VO4, 10 μg/ml aprotinin and pepstatin A and 5
μg/ml leupeptin. Lysates were left on ice for 20 minutes and centrifuged for 30 minutes at
12,000 × g in a microcentrifuge at 4°C to remove nuclei. Proteins were separated by 4-20%
SDS-polyacrylamide gels and transferred to PVDF membranes. Membranes were blocked with
5% non-fat dried milk in T-PBS (0.2% Tween 20 in PBS) and incubated overnight with
antibody against phospho-ERK1/2 antibody (Santa Cruz, Santa Cruz, CA) to detect ERK
phosphorylation. Subsequently, membranes were washed and incubated for 1 h with secondary
antibody conjugated with horse radish peroxidase. Finally, membranes were washed and
developed using an enhanced chemiluminescence system. For loading control, membranes
were stripped with Restore stripping buffer (Pierce, Rockford, IL) for 6 min at room
temperature and reprobed with ERK2 antibody (Santa Cruz, Santa Cruz, CA).

2.5. In vitro sphingosine kinase assay
Cells (5 × 106 cells/sample) sensitized overnight with DNP-specific IgE (50 ng/ml) were
stimulated with the indicated concentrations of DNP-HSA in PIPES buffer (pH7.2), containing
25 mM PIPES, 110 mM NaCl, 5 mM KCl, 5.6 mM glucose, 0.4 mM MgCl2, 0.1% BSA and
1 mM CaCl2. At the end of the incubation, cells were lysed by freeze-thawing in 0.1 M
phosphate buffer (pH 6.8) containing 10 mM MgCl2, 20% glycerol, 1 mM mercaptoethanol,
1 mM EDTA, 20 mM ZnCl2, 1 mM Na3VO4, 15 mM NaF, 10 μg/ml leupeptin and aprotinin,
1 mM PMSF and 0.5 mM deoxypyridoxine. Cytosolic fractions were prepared by
ultracentrifugation at 105,000 × g for 90 min. Sphingosine kinase assay was performed by
incubating the supernatant with 5 μM sphingosine, 0.25% Triton X-100, 10 mM MgCl2 and
[32P]ATP (10 μCi, 1 mM) in total incubation volume of 50 μl for 15 min at 30 °C. The
incubation was quenched by the addition of CHCl3/MeOH/cHCl (100:200:1, v/v) and the
subsequent addition of CHCl3/0.1N HCl (1:1). The amount of radioactive S1P generated was
determined by collection of the lower phase, silica gel thin layer chromatography using a BtOH/
EtOH/CH3COOH/H20 (80:20:10:20) solvent system and autoradiography as previously
described [14,35].

2.6. Hexosaminidase assay
Cells sensitized overnight with either DNP-specific IgE (50 ng/ml) or human IgE (50 ng/ml)
were stimulated with the indicated concentrations of DNP-HSA or anti-IgE antibody in PIPES
buffer (pH7.2), containing 25 mM PIPES, 110 mM NaCl, 5 mM KCl, 5.6 mM glucose, 0.4
mM MgCl2, 0.1% BSA and 1 mM CaCl2, at 37°C for 15 minutes. At the end of the incubation,
aliquots (10 μl) of medium and cell lysates (in 500 μl 0.5% Triton X-100) were incubated with
10 μl of 1 mM p-nitrophenyl-N-acetyl-β-D-glucosaminide in 0.1 M sodium citrate buffer at
37°C for 1h. Finally, 250 μl of a 0.1M Na2CO3/0.1 M NaHCO3 buffer was added. Absorbance
was read at 410 nm as described previously [36].

3. Results
3.1. RBL-2H3 cells migrate towards antigen at a concentration that is 1000-fold lower than
that required for degranulation

It has been previously shown that sensitized mast cells, including murine [11-13,37] and human
mast cells [38], migrate toward antigen. We were interested in the role of sphingosine kinase
in FcεRI-mediated mast cell migration. As an initial study, we determined antigen dose-
dependency of FcεRI-mediated migration. Antigen dose-dependently stimulated chemotaxis
with maximum migration observed at 10 pg/ml and the dose response was biphasic. It was
interesting to see that the antigen concentrations needed for cell migration were about 1000-

Jung et al. Page 4

Cell Signal. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



fold lower than those needed for degranulation (Fig. 1A). This may indicate that a low
concentration gradient of antigen may be detected by the sensitized mast cells leading to
migration and as mast cells approach the source of antigen where the concentration gradient
is high, they stop migrating and degranulate. Since S1P has been shown to be involved in
antigen-induced mast cell migration [13], we tested extracellular S1P for mast cell migration.
As expected from the previous reports [13,37], it attracted RBL-2H3 cells in a dose-dependent
manner with maximum migration obtained at 10 nM (Fig 1B).

The rodent system is not always reflected in the human system. Therefore, we were interested
in the capability to migrate of HMCs derived from peripheral blood CD34+ cells. Similar to
RBL-2H3 cells, sensitized HMCs migrated towards anti-IgE, at a concentration of about 1000-
fold lower than that needed for degranulation (Fig. 1C). HMCs migrated towards extracellular
S1P at concentrations higher than RBL-2H3 cells did, with maximum migration obtained at
100 nM (Fig. 1D).

3.2. FcεRI-mediated migration is independent of secreted S1P or S1P receptor signaling
It was previously suggested that antigen-induced migration of RBL-2H3 cells was dependent
on FcεRI-mediated secretion of S1P [13]. In that study, the concentrations of antigen used to
cause secretion of S1P and migration of RBL-2H3 cells were in an ng/ml range. Since the
concentration range of antigen that caused migration of RBL-2H3 cells was about 1000-fold
lower and the experimental conditions for migration were different in our experiments, we
thought that the migration occurring at this very low concentration of antigen might be
independent of S1P secretion.

If antigen-induced cell migration is dependent on the secretion of S1P, antigen-induced cell
migration should be dependent on the S1P receptor activation. In order to test this hypothesis,
we measured antigen- or S1P-mediated migration of RBL-2H3 cells in the presence or absence
of VPC23019, a selective S1P receptor antagonist. As shown in Fig. 2A, VPC23019 as high
as a 1 μM concentration did not affect antigen-induced cell migration, while completely
inhibited extracellular S1P-induced migration of RBL-2H3 cells at all the concentrations tested
(1 to 1000 nM), suggesting that antigen-induced mast cell migration was independent of S1P
secretion. Since S1P was shown to activate the S1P1 receptor that is coupled to Gαi protein
[13], we also tested whether antigen-induced mast cell migration would be dependent on Gαi
protein. In agreement with our finding with the S1P receptor antagonist, antigen-induced cell
migration was not inhibited by PTX, Gαi inhibitor while S1P-induced migration was
completely inhibited, suggesting that antigen causes migration of RBL-2H3 cells via a
mechanism that is different from extracellular S1P (Fig. 2B). HMCs were also tested for their
dependency on S1P secretion when migration was stimulated via FcεRI. As shown in Figure
2C, FcεRI-mediated migration of HMCs was not inhibited by pretreatment with PTX, while
S1P-induced migration was completely inhibited. Data indicated that FcεRI utilized the same
mechanism of action in inducing mast cell migration in both RBL-2H3 cells and HMCs.

3.3. An increase in cytosolic free Ca2+ concentration is essential for FcεRI-mediated but not
for S1P-mediated cell migration in RBL-2H3 cells

In order to identify signaling molecules that are involved in FcεRI- or S1P receptor-mediated
mast cell migration, we measured Ag- or S1P-mediated migration of RBL-2H3 cells in the
presence or absence of various inhibitors of signaling molecules, such as a PI3K inhibitor,
LY294002, a MEK inhibitor, PD98059, a PLC inhibitor, U73122, an intracellular Ca2+ chelator
BAPTA-AM and a sphingosine kinase inhibitor DMS (Figure 3). As shown in Fig. 3A, antigen-
induced cell migration was inhibited by LY294002, PD98059, U73122, BAPTA-AM and
DMS, indicating that antigen-induced chemotaxis was dependent on the activation of PI3K
and MAPK as well as Ca2+ mobilization. Similarly, FcεRI-mediated migration of HMCs was
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inhibited by these inhibitors (data not shown). In contrast to the migration caused by antigen,
S1P-induced cell migration was inhibited only by LY294002 and PD98059 but not by the
inhibitors of Ca2+ mobilization (Fig. 3B). These data suggested that cell migration induced by
both antigen and S1P was regulated by PI3K and MAPK, but only Ag-induced cell migration
was dependent on an increase in the cytosolic free Ca2+ concentration.

Since antigen-induced mast cell migration was shown to be dependent on MAPK and
sphingosine kinase, we tested whether these kinases were activated by DNP-HSA at the
concentration where migration was activated. DNP-HSA caused activation of these kinases,
in a time-dependent manner, at 10 pg/ml an optimum concentration for migration (Fig.4).
Maximum phosphorylation of ERK was achieved 2.5 min after antigen stimulation, lasted 10
min and then started to diminish. Unlike ERK phosphorylation, antigen-stimulated activation
of sphingosine kinase was slowly increased and until even 60 min after antigen stimulation,
sphingosine kinase activity continued to increase. The time course of sphingosine kinase
activation by 10 pg/ml antigen was different from that of 100 ng/ml antigen, which was biphasic
and maximum activation was reached by 2.5 min [14]. The fact that ERK phosphorylation
preceded sphingosine kinase activation may suggest that ERK is upstream of sphingosine
kinase.

3.4. MAPK is upstream of sphingosine kinase in FcεRI-mediated migration of RBL-2H3 cells
Since we observed that sphingosine kinase, PI3K, MAPK, PLC, and Ca2+ mobilization were
important for antigen-induced cell migration, we next attempted to determine whether any of
these molecules have a linear relationship in the pathway or if they act independently of each
other. We measured antigen-induced ERK phosphorylation (Fig. 5A) and sphingosine kinase
activation (Fig. 5B) in the presence or absence of various inhibitors. As shown in Fig. 5, ERK
phosphorylation by antigen stimulation for 2.5 min was inhibited only by a MEK inhibitor
PD98059, whereas sphingosine kinase activity induced by antigen stimulation for 1 hr was
inhibited by both PD98059 and DMS a sphingosine kinase inhibitor. Data indicated that as
predicted by the differential time course for MAPK and sphingosine kinase, MAPK was
upstream of sphingosine kinase and that PI3K acted independently of sphingosine kinase and
MAPK or downstream of these two molecules.

3.5. IgE alone was able to attract both RBL-2H3 cells and HMCs probably via the FcεRI
Since some hyper-cytokinergic IgEs have been shown to stimulate mast cell migration [11,
39] and we used a hyper-cytokinergic IgE (SPE-7) in this study, we tested the effects of IgE
alone (SPE-7 or human IgE) on migration of RBL-2H3 cells and HMCs. As shown in Figure
6, SPE-7 and human IgE were able to cause migration of RBL-2H3 cells (Fig. 6A) and HMCs
(Fig. 6B), respectively, in a dose-dependent manner. The hyper-cytokinergic effects of IgE,
however, cannot explain the shift of the dose-response curve for FcεRI-mediated mast cell
migration because cells were sensitized with IgE overnight and the effects of IgE appears to
be subsided by the morning of the experiments as evidence by the fact that migration of
RBL-2H3 cells (Fig. 1A) or HMCs (Fig. 1C) treated with IgE overnight with no addition of
DNP-HSA or anti-IgE, respectively, was not significantly different from that observed in the
cells with no treatment (at 0 μg/ml concentration of IgE in Fig. 6A or C). IgE-induced migration
of RBL-2H3 cells were inhibited by the same inhibitors that inhibited antigen-induced
migration (Fig. 3B). For example, IgE-mediated migration was not inhibited by PTX,
indicating that IgE-mediated migration was independent of Gαi or S1P receptor stimulation.
The migration was inhibited by inhibitors of PI3K, MEK, PLC and sphingosine kinase, but
not inhibited by U73343, an inactive analog of PLC inhibitor U73122. The data might suggest
that IgE causes mast cell migration through FcεRI as previously suggested [39].
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4. Discussion
In this study, we have demonstrated that antigen (or anti-IgE) caused mast cell migration at
1000-fold lower concentrations than those required for degranulation (Fig. 1). The signaling
pathway of FcεRI that leads to mast cell migration and its relationship with S1P receptor
signaling are summarized in Figure 7. First of all, mast cell migration induced by the low
concentrations of antigen was independent of S1P receptor signaling as demonstrated by that
FcεRI-mediated mast cell migration was not inhibited by either a S1P receptor antagonist
VPC23019 or an inhibitor of Gαi PTX, while S1P-mediated migration was completely
inhibited by these two inhibitors. This is in contrast with the previous finding that FcεRI
crosslinking led to the secretion of S1P that activated, in an autocrine manner, S1P receptors
to cause mast cell migration [13]. One possible reason for this discrepancy could be due to the
differences in the experimental conditions used to determine the migration of RBL-2H3 cells.
In their studies, the migration of and secretion of S1P from RBL-2H3 cells were measured with
10 and 100 ng/ml DNP-HSA, respectively [13], while in our study, 10 pg/ml of DNP-HSA
was an optimal concentration for migration (Fig. 1). In addition, we included FBS in both upper
and lower chambers. FBS keeps cells in the best conditions but it should have not affected cell
migration because there were no concentration gradients of FBS between upper and lower
chambers. Sphingosine kinase was slowly activated by this concentration of antigen (Fig. 4B)
and S1P, which was slowly produced, could have been quickly degraded before being secreted.
In this experimental condition, we were able to reveal an intracellular role of S1P in mast cell
migration.

FcεRI-mediated migration of mast cells appears to require the activation of MAPK, PI3K,
sphingosine kinase, PLC and increases in cytosolic free Ca2+ concentrations (Figs. 3, 7). It is
interesting to note that the inhibition of one signaling molecule led to almost complete
inhibition of migration suggesting that all the signaling molecules tested are involved and
essential for mast cell migration. However, not all of these molecules appear to be in the linear
relationship. For example, although PI3K was previously suggested to be upstream of
sphingosine kinase [40], FcεRI-mediated sphingosine kinase activity stimulated by a very low
concentration of DNP-HSA (10 pg/ml) was not inhibited by LY294002, suggesting that PI3K
and sphingosine kinase may act independently of each other. It is possible that small aggregates
of FcεRI formed by low concentrations of antigen may cause the activation of a different array
of signaling molecules. In fact, preferential signaling has been previously reported to occur by
weak stimulation of FcεRI, although two concentrations of antigen were only 10-fold different
(10 ng/ml vs. 100 ng/ml) [41,42]. In our experiments, we observed 1000-fold differences in
the optimal concentrations of antigen for degranulation (10 ng/ml) and migration (10 pg/ml).
Therefore, it is easier to assume that preferential signaling pathways could have been activated
by the two concentrations of antigen.

In agreement with previous findings that ERK phosphorylates and activates sphingosine kinase
1 and 2 [43,44], FcεRI-mediated activation of sphingosine kinase is inhibited by a MEK
inhibitor PD98059 suggesting that sphingosine kinase activation is dependent on the activation
of ERK (Figs. 5,7). Sphingosine kinase and PLC that increase cytosolic free Ca2+

concentrations appear to be necessary for FcεRI-mediated migration of mast cells, suggesting
that the increase in cytosolic free Ca2+ concentration is absolutely required for the migration.
This is also supported by the inhibition of migration by BAPTA, an intracellular Ca2+ chelator
(Figs. 3,7). However, if an increase in cytosolic free Ca2+ concentrations is sufficient to cause
migration, a question arises as to why both of the enzymes are required. It is possible that, as
demonstrated in our previous report where both S1P and IP3 are needed for FcεRI-mediated
Ca2+ mobilization from the ER [32], the activation of either one of the enzymes is not sufficient
to cause Ca2+ mobilization needed for migration. Another possibility is that Ca2+ influx is a
major mechanism which increases total cytosolic free Ca2+ concentrations and these enzymes
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may regulate Ca2+ influx through a mechanism that is independent from Ca2+ mobilization
from the ER. In fact, sphingosine kinase 2 was suggested to regulate Ca2+ influx without
affecting Ca2+ mobilization from the ER [45] and a role of IP3 or phospholipase Cγ has been
demonstrated to cause Ca2+ influx without Ca2+ release from the ER [46,47]. However, we
cannot exclude a possibility that these pharmacological inhibitors such as DMS and U73122
may have some additional effects other than inhibition of these enzymes.

To summarize, mast cell migration induced by a very low concentration of antigen requires
the activation of ERK and PI3K and increases in cytosolic free Ca2+ concentrations.
Sphingosine kinase activation is mediated by ERK and independent of PI3K. In addition, S1P
produced by FcεRI-activated sphingosine kinase appears to act intracellularly because FcεRI-
migration was not inhibited by inhibitors of S1P receptors or Gαi. However, unlike FcεRI, S1P
did not require increases in cytosolic free Ca2+ concentrations, while it did need activation of
both PI3K and ERK to cause mast cell migration (Figs. 3, 7). Taken together, the data propose
a major chemokine role of antigen and suggest that antigen may act as an initiating chemokine
in the beginning of allergic reaction before other chemokines are released to recruit other
inflammatory cells.
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Abbreviations
IgE  

Immunoglobulin

FcεRI  
high affinity receptor for IgE

RBL-2H3  
rat basophilic leukemia-2H3

HMC  
human mast cell

DNP-HSA  
dinitrophenyl-human serum albumin

PI3K  
phosphatidylinositol 3-kinase

PLC  
Phospholipase C

MAPK  
mitogen-activated protein kinase

ERK  
extracellular signal-regulated kinase

PTX  
pertussis toxin

S1P  
sphingosine 1-phosphate
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Fig. 1.
FcεRI- and S1P receptor-mediated migrations of RBL-2H3 cells and HMCs. Cells were
sensitized overnight with 50 ng/ml DNP-IgE (A) or with 50 ng/ml human-IgE (C) and allowed
to migrate toward the indicated concentrations of DNP-HSA (A), S1P (B,D) or anti-IgE (C)
for 4 hrs for RBL-2H3 cells and 3 hrs for HMC. Migrated cell were fixed, stained and counted
as described in Materials and Methods. FcεR-mediated release of β-hexosaminidase was
measured in sensitized mast cells (A,C) at 37°C for 15 minutes as described in Materials and
Methods. Values are means ± SEM obtained from at least three separate experiments, carried
out in triplicates and asterisks indicate significant differences compared to the control cells at
p<0.05 (*), 0.01 (**) and 0.001 (***) as determined by ANOVA and Tukey-Kramer multiple
comparisons test.
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Fig. 2.
FcεRI-mediated mast cell migration is independent of S1P receptor activation. (A) RBL-2H3
cells sensitized overnight with 50 ng/ml DNP-IgE were preincubated with the indicated
concentrations of VPC23019 (VPC) for 30 min and then allowed to migrate toward 0 (Con),
10 pg/ml of DNP-HSA or 10 nM S1P for 4 hrs. Values are mean ± SEM obtained from two
separate experiments carried out in triplicates. (B,C) RBL-2H3 cells (B) or HMC (C) sensitized
with 50 ng/ml DNP-IgE or 50 ng/ml human IgE, respectively, were preincubated with 100 ng/
ml PTX or not for 4 hrs and allowed to migrate toward indicated concentrations of DNP-HSA,
anti-IgE or S1P for 4hrs for RBL-2H3 cells and 3 hrs for HMC. Values are means ± SEM
obtained from at least three separate experiments carried out in triplicates. The asterisks
indicate significant differences compared to the control cells at p<0.05 (*), 0.01 (**) and 0.001
(***) and the pound signs indicate significant differences compared to the respective stimulants
alone at p<0.05 (#), 0.01 (##) and 0.001 (###) as determined by ANOVA and Tukey-Kramer
multiple comparisons test.
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Fig. 3.
FcεRI-mediated, not S1P receptor-mediated, mast cell migration is dependent on increases in
cytosolic free Ca2+ concentration. RBL-2H3 cells were sensitized overnight with 50 ng/ml
DNP-IgE and pre-incubated with none (-), 10 μM LY294002 (LY), 25 μM PD98059 (PD), 10
μM U73122 (U73), 20 μM BAPTA (BAP) or 5 μM DMS for 30 min then allowed to migrate
toward 0 (Con), or 10 pg/ml DNP-HSA (A) and 0 (Con) or 10 nM S1P (B) for 4hrs. Values
are means ± SEM obtained from at least three separate experiments (except for BAPTA in
panel A which is from one experiment) carried out in triplicates. The asterisks indicate
significant differences compared to the control cells at p<0.001 (***) and the pound signs
indicate significant differences compared to the respective stimulants alone at p<0.001 (###)
as determined by ANOVA and Tukey-Kramer multiple comparisons test.

Jung et al. Page 13

Cell Signal. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
The low concentration of antigen (10 pg/ml) causes a rapid increase in ERK phosphorylation
that precedes the activation of sphingosine kinase in RBL-2H3 cells. (A) RBL-2H3 cells
sensitized overnight with 50 ng/ml DNP-IgE were stimulated with 10 pg/ml DNP-HSA for the
indicated periods of time and total cell lysates were subject to Western blot analysis as described
in Materials and Methods. Top panel shows a representative blot stained with anti-p-ERK and
anti-ERK antibodies as indicated. Numbers shown above the blot is the ratio of density of p-
ERK2 over that of ERK2. The mean values ± SEM obtained from three separate experiments
are shown in the bottom panel. (B) For the measurements of sphingosine kinase activity, cells
were sensitized overnight with 50 ng/ml DNP-IgE and stimulated with 10 pg/ml DNP-HSA
for the indicated times as described in Materials and Methods. Values are mean ± SEM obtained
from at least four separate experiments. Values are means ± SEM and ** indicates significant
differences at p<0.01 in comparison to the values at 0 time point as determined by one-way
analysis of variance (ANOVA) and Tukey-Kramer multiple comparisons test.
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Fig. 5.
FcεRI-stimulated sphingosine kinase activity is inhibited by MEK inhibitor PD98059 but
MAPK activity is not inhibited by DMS in RBL-2H3 cells. RBL-2H3 cells were sensitized
overnight with 50 ng/ml DNP-IgE and stimulated with 10 pg/ml DNP-HSA for 2.5 min to
measure ERK activity (A) or for 60 min to measure sphingosine kinase activity (B) in the
presence or absence of various inhibitors (100 ng/ml PTX for 4 hrs, 10 μM LY294002 (LY),
25 μM PD98059 (PD), 10 μM U73122 (U73) and 5 μM DMS for 30 min). (A) Top panel shows
a representative blot stained with anti-p-ERK and anti-ERK antibodies as indicated. Numbers
shown above the blot is the ratio of density of p-ERK2 over that of ERK2. The mean values ±
SEM obtained from four separate experiments are shown in the bottom panel. (B) Values are
means ± SEM from at least 4 separate experiments. The asterisks indicate significant
differences compared to the control cells at p<0.001 (***) and the pound signs indicate
significant differences compared to antigen alone at p<0.01 (##) or 0.001 (###) as determined
by ANOVA and Tukey-Kramer multiple comparisons test.
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Fig. 6.
IgE alone can cause mast cell migration. RBL-2H3 cells (A) or HMCs (C) were allowed to
migrate toward the indicated concentrations of mouse DNP-IgE (4 hrs) or human IgE (3 hrs),
respectively. Migrated cell were fixed, stained and counted as described in Materials and
Methods. Values are means ± SEM from at least 3 separate experiments carried out in
triplicates. The asterisks indicate significant differences compared to the control cells at p<0.05
(*) or 0.01 (**) as determined by ANOVA and Tukey-Kramer multiple comparisons test. (B)
To determine the inhibition of IgE-mediated migration of RBL-2H3 cells by various inhibitors,
RBL-2H3 cells were pre-incubated with none (-), 10 μM LY294002 (LY), 25 μM PD98059
(PD), 10 μM U73343 (U733), 10 μM U73122 (U731 and 5 μM DMS for 30 min then allowed
to migrate toward 0 (Con) or 10 pg/ml DNP-HSA for 4hrs. Values are means ± SEM from 2
separate experiments carried out in triplicates. The asterisks indicate significant differences
compared to the control cells at p<0.001 (***) and the pound signs indicate significant
differences compared to antigen alone at p<0.01 (##) or 0.001 (###) as determined by ANOVA
and Tukey-Kramer multiple comparisons test.
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Fig. 7.
Proposed mechanism of mast cell migration induced by FcεRI or S1P receptor stimulation.
Cross-linking of FcεRI induces ERK activation, which leads to the activation of sphingosine
kinase to produce S1P. S1P acts intracellularly to increase cytosolic free Ca2+ concentrations.
PLC is also activated by FcεRI and increases cytosolic free Ca2+ concentration. The increase
in cytosolic Ca2+ is essential for FcεRI-mediated cell migration. Both PI3K and ERK are
necessary for FcεRI- and S1P receptor-mediated migration but Ca2+ signaling is not required
for S1P receptor-mediated migration. SK, sphingosine kinase.
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