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Prostaglandin (PG) E2, a potent mediator produced in in-
flamed tissues, can substantially influence mast cell responses
including adhesion to basement membrane proteins, chemo-
taxis, and chemokine production. However, the signaling path-
ways by which PGE2 induces mast cell chemotaxis and chemo-
kine production remains undefined. In this study, we
identified the downstream target of phosphatidylinositol 3-ki-
nase, mammalian target of rapamycin (mTOR), as a key regu-
lator of these responses. In mouse bone marrow-derived mast
cells, PGE2 was found to induce activation of mTORC1
(mTOR complexed to raptor) as indicated by increased
p70S6K and 4E-BP1 phosphorylation, and activation of
mTORC2 (mTOR complexed to rictor), as indicated by increased
phosphorylation of AKT at position Ser473. Selective inhibition of
themTORC1 cascade by rapamycin or by the use of raptor-tar-
geted shRNA failed to decrease PGE2-mediated chemotaxis or
chemokine generation. However, inhibition of themTORC2 cas-
cade through the dual mTORC1/mTORC2 inhibitor Torin, or
through rictor-targeted shRNA, resulted in a significant attenua-
tion in PGE2-mediated chemotaxis, which was associated with a
comparable decrease in actin polymerization. Furthermore,
mTORC2 down-regulation decreased PGE2-induced production
of the chemokinemonocyte chemoattractant protein-1 (CCL2),
which was linked to a significant reduction in ROS production.
These findings are consistent with the conclusion that activation
ofmTORC2, downstream of PI3K, represents a critical signaling
locus for chemotaxis and chemokine release fromPGE2-activated
mast cells.

Mast cells contribute to innate and adaptive host defense
mechanisms through the release of an arsenal of inflamma-
tory mediators upon activation induced by ligation of cell sur-
face receptors (1–3). Inappropriate or exaggerated activation
of mast cells in this manner, however, contributes to atopy,
anaphylaxis, and other allergic disorders (4–6). The high af-
finity IgE receptor (Fc�RI),3 when aggregated through binding

of a specific antigen to receptor-bound IgE, is the major re-
ceptor involved in such reactions (7, 8). However, other re-
ceptors expressed on mast cells have the capacity to signifi-
cantly enhance antigen/IgE-mediated mast cell degranulation,
eicosanoid production, and cytokine production, or to induce
the release of these mediators by themselves (9, 10). Hence,
activation of an additional receptor(s) may well contribute to
mast cell-related disease states under specific conditions.
Mast cells are derived from CD13�/CD34�/CD117 (KIT)�

bone marrow progenitor cells (11) that migrate into periph-
eral tissues, during which time they undergo differentiation
and maturation; processes controlled by chemotactic and
growth factors present in the circulation and at sites of mast
cells residency (12). Migration of mast cells into sites of in-
flammation is also a feature of chronic atopic disease and cer-
tain helminth and bacterial infections (13, 14) and may also
contribute to inflammation associated with amyotrophic lat-
eral sclerosis (15). Multiple receptors are expressed on mast
cells that may contribute to the migration of mast cells, par-
ticularly to inflamed tissues. These include surface receptors
for KIT ligand (stem cell factor (SCF)), chemokines such as
CCL2, and agonists of various G protein-coupled receptors
including prostaglandin (PG) E2. All of these receptors induce
chemotaxis of mouse bone marrow-derived mast cells
(BMMCs) under experimental conditions (16, 17). We have
focused on SCF and PGE2 in particular, because both are gen-
erated in inflamed tissues and may thus participate in the
homing of mast cells to these sites. SCF is generated from fi-
broblasts associated with chronically inflamed tissues (18),
whereas PGE2 is produced in smooth muscle cells, respiratory
cells, fibroblasts, macrophages, and mast cells, and is one of
the major eicosanoids generated during inflammatory re-
sponses (19–21). In addition, PGE2 can function as a chemo-
tactic factor for immature and mature BMMCs in vitro and in
vivo (17).
We recently reported that chemotaxis of mouse BMMCs

induced by SCF and PGE2 is dramatically enhanced upon co-
stimulation with antigen/IgE (22). This enhancement is de-
pendent on phosphoinositide 3-kinase (PI3K) and, in turn,* Financial support was provided by the Division of Intramural Research of
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Bruton’s tyrosine kinase (Btk), leading to enhanced Rac- and
calcium-dependent actin reorganization. Although the che-
motactic responses to SCF and antigen alone were similarly
regulated by PI3K and Btk, chemotaxis induced by PGE2
alone, and indeed the other GPCR agonists examined, was
observed to be mediated by a PI3K-dependent, but Btk-inde-
pendent, mechanism. However, the identity of the critical
signaling element(s), downstream of PI3K, remains unknown.
PI3K regulates multiple downstream signaling pathways

through its production of phosphatidylinositol 3,4,5-trisphos-
phate from phosphatidylinositol 4,5-bisphosphate and subse-
quent recruitment of pleckstrin homology domain-containing
signaling proteins (21) such as Btk, phosphoinositide-depen-
dent kinase-1, AKT, and phospholipase C� to the plasma
membrane (23). Because PGE2 neither activates mast cell Btk
(22) nor phospholipase C� (24), we hypothesized that a sig-
naling module downstream of the phosphoinositide-depen-
dent kinase-1/AKT axis may participate in the signaling pro-
cesses regulating PGE2-mediated chemotaxis. A possible
candidate is the serine threonine kinase, mammalian target of
rapamycin (mTOR), which is activated through the AKT-de-
pendent phosphorylation and consequential down-regulation
of the negative inhibitor of mTOR signaling, tuberin (25, 26).
Two distinct pathways are regulated by mTOR as a result of
its binding to specific regulators, raptor and rictor to form,
respectively, mTORC1 and mTORC2 complexes in associa-
tion with other binding partners (27). The mTORC1 complex,
through the phosphorylation of p76S6 kinase and 4E-BP1,
primarily controls translational regulation (28), whereas
mTORC2 promotes other cellular responses through the
feedback phosphorylation of AKT (Ser473) (29). With respect
to mast cells, the mTORC1 pathway is activated via Fc�RI and
KIT and has been implicated in the regulation of KIT-medi-
ated cytokine production and chemotaxis (30); however, a
role for mTORC2 has yet to be defined. In view of the above,
we have now investigated whether mTOR-regulated pathways
are activated by PGE2 and might account for the observed
PI3K-dependent, Btk-independent regulation of chemotaxis
induced by PGE2.
Here we report that both mTORC1- and mTORC2-medi-

ated signaling cascades are activated downstream of PI3K in
mouse bone marrow-derived mast cells, following challenge
with PGE2. Through the use of targeted gene knockdown and
inhibition approaches, we demonstrate that the mTORC2
cascade is selectively utilized for the regulation of PGE2-medi-
ated mast cell chemotaxis. Furthermore, mTORC2 also con-
tributed to the PGE2-mediated production of monocyte che-
moattractant protein-1 (CCL2) and PGD2. Taken together,
these results show that mTORC2, but not mTORC1, is an
important signaling intermediary in PGE2-mediated mast cell
chemotaxis and mast cell mediator release.

EXPERIMENTAL PROCEDURES

Cell Isolation and Sensitization—Mouse BMMCs were ob-
tained by flushing bone marrow cells from the femurs of
C57BL/6 mice (The Jackson Laboratory) and then culturing
the cells for 4–6 weeks in RPMI 1640 containing IL-3 (30
ng/ml) (Peprotech) as described (24, 31). BMMCs were cyto-

kine-starved in cytokine-free medium for 16 h before
experiments.
Cell Adhesion—BMMCs were cultured overnight in cyto-

kine-free medium and stained with Calcein-AM (3 �g/ml)
(Invitrogen) for 30 min in HEPES buffer (10 mM HEPES, pH
7.4, 137 mM NaCl, 2.7 mM KCl, 0.4 mM Na2HPO4�7H2O, 5.6
mM glucose, 1.8 mM CaCl2�2H2O, and 1.3 mM MgSO4�7H2O)
containing 0.04% BSA (Sigma-Aldrich). Multiwell tissue cul-
ture plates (96 wells; BD Bioscience) were precoated over-
night with 5 mg/ml fibronectin (Sigma). The plates were
washed three times with PBS, blocked with 5% BSA for 1 h,
and then washed three times with PBS before the addition of
BMMCs (2.5 � 104/well). The BMMCs were challenged with
PGE2 (100 nM) for 1 h, and nonadherent cells were removed
by washing the plates three times with PBS. Measurement of
residual fluorescence, indicating attached cells, was accom-
plished using a GENios fluorescent plate reader (ReTiSoft,
Mississauga, Canada) with an excitation wavelength of 492
nm and emission wavelength of 535 nm. The adherent cells
(percentage of total added) were calculated as absorbance of
sample/absorbance of total cell lysates � 100.
Chemotaxis Assay—Chemotaxis assays were performed

using Transwell� permeable support chambers with 5.0 �M

pore polycarbonate membranes on 6.5-mm inserts (Costar)
placed within 24 well polystyrene plates essentially as de-
scribed (22). Briefly, cytokine-deprived BMMCs (3 � 105
cells/100 �l in HEPES buffer containing 0.5% BSA) were
placed in the upper support chamber. The upper chambers
were then replaced in the lower chamber containing PGE2
(100 nM). After 4 h of incubation at 37 °C, the cells migrating
to the lower chambers in response to PGE2 (100 nM) were
collected and counted by microscopy. For the inhibitor stud-
ies, BMMCs were preincubated with the indicated inhibitors
in the upper chamber and placed in 600 �l of HEPES buffer
containing 0.5% BSA and indicated inhibitors for 30 min, and
then the upper chambers were replaced in the lower chamber
containing PGE2 (100 nM).
Measurement of Chemokine Release—For chemokine re-

lease studies, the cells (1 � 106 cells/ml) were incubated in
cytokine-free RPMI medium for 16 h before exposure to
PGE2 (100 nM) for 6 h in the same medium. CCL2 released
into the medium was measured by mouse CCL2 Quantikine
ELISA kits (R & D Systems).
PGD2 Measurements—The release of PGD2 from PGE2-

stimulated cells was measured as described (32). Briefly, cyto-
kine-deprived BMMCs were stimulated with PGE2 (100 nM)
for 20 min, and then cell-free supernatants were analyzed for
PGD2 by competitive enzyme immunoassay (Cayman Chemi-
cals), according to the manufacturer’s instructions. The re-
sults are presented as ng/ml released from 100,000 cells into
100 �l.
Intracellular ROS Detection—Intracellular ROS were meas-

ured as described (32, 33). Briefly, cytokine-deprived BMMCs
were preincubated with or without the indicated inhibitors
for 10–20 min. In specific experiments, the cells were treated
with targeted shRNA constructs as described below, prior to
conducting the assay. After centrifugation, the cells were in-
cubated with dichlorofluorescein-diacetate (20 �M) (EMD
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Biosciences) in cytokine-free cell culture medium for 20 min
at 4 °C. The cells were then washed with HEPES buffer con-
taining 0.04% BSA and seeded at 2 � 105 cells/well in a black
opaque 96-well microplate in the presence or absence of PGE2
(100 nM). 2�,7�-dichlorofluorescein (DCF) fluorescence was
monitored at 37 °C in 1-min intervals for 30 min using
GENios fluorescent plate reader (ReTiSoft) with an excitation
wavelength of 492 nm and an emission wavelength of 535 nm.
The results are expressed as relative fluorescent units.
Western Blot—Cytokine-deprived BMMCs were stimulated

with PGE2 (100 nM) or the selective EP2 and EP3 PGE2 recep-
tor agonists sulprostone (100 nM) and butaprost (100 nM)
(Cayman Chemicals) for the indicated times, and the lysates
were prepared as described (34). For the studies conducted
with the mTOR inhibitors rapamycin (Calbiochem) and
Torin (kind gift from Dr. Nathanael S. Gray, Harvard Medical
School), and the PI3K inhibitors wortmannin (EMD),
AS252424, and IC87114 (kind gift from Dr. Bart Vanhaese-
broeck, Barts and the London School of Medicine and Den-
tistry), BMMCs were preincubated with the indicated inhibi-
tors for 15–20 min and then stimulated with PGE2 (100 nM)
for the indicated times. In the case of pertussis toxin (PTX),
the cells were preincubated with PTX (1 �g/ml) for 4 h and
then stimulated with PGE2 (100 nM). The proteins were sepa-
rated by electrophoresis on 4–12% NuPAGE BisTris gels (In-
vitrogen). Following membrane transfer, the proteins were
probed using the following antibodies: anti-phospho-AKT
(Ser(P)473), anti-phospho-AKT (Thr(P)308), anti-phospho-
mTOR (Ser(P)2448, anti-phospho-p70S6K (Thr(P)389), anti-
phospho-4E-BP1 (Thr(P)37/46), anti-phospho-ERK1/2
(Thr(P)202/Tyr(P)204), anti-phospho-JNK (Thr(P)183/
Tyr(P)185), anti-phospho-p38 (Thr(P)180/Tyr(P)182) (Cell Sig-
naling), anti-EP3, anti-Syk (Santa Cruz), and anti-COX1 (Cay-
man). To normalize protein loading, the membranes were
stripped and probed for Syk or alternatively, identically
loaded gels were probed for Syk.
Intracellular Ca2� Determination—Changes in cytosolic

Ca2� levels were determined in cytokine-deprived BMMCs
following loading of the cells with Fura-2 AM ester (Molecu-
lar Probes) as described (31). Briefly, the cells were loaded
with Fura-2 AM (2 �M) for 30 min at 37 °C, rinsed, resus-
pended in HEPES buffer containing 0.04% BSA and sulfin-
pyrazone (0.3 mM) (Sigma-Aldrich), and then placed in a 96-
well black culture plate (2 � 104 cells/well) (CulturPlat-96 F;
PerkinElmer Life Sciences). Fluorescence was measured at
two excitation wavelengths (340 and 380 nm) and an emission
wavelength of 510 nm. The ratio of the fluorescence readings
was calculated following subtraction of the fluorescence of the
cells that had not been loaded with Fura-2 AM.
Measurement of F-actin (Polymeric, Filamentous Actin)

Content by Flow Cytometry—Cytokine-deprived BMMCs
(1 � 106 cells/sample) were washed and then challenged with
PGE2 (100 nM) for 2 min as indicated. For the inhibitor stud-
ies, the cells were preincubated with the indicated inhibitors
for 15–20 min prior to challenging the cells with PGE2 (100
nM) for 2 min. The cells were then fixed at room temperature
by the addition of 1 ml of 4% paraformaldehyde for 15 min
and then permeabilzed with 0.1% saponin, PBS for 5 min and

stained with 2 �g/ml of FITC-labeled phalloidin (Sigma) in
1% BSA, 0.1% saponin, PBS for 1 h in the dark at room tem-
perature. After washing three times with PBS, cellular F-actin
content was determined using FACScan flow cytometer by
gating on 10,000 living cells.
Fluorescence Microscopy—For imaging, cytokine-starved

BMMCs (50,000/sample) were stimulated with PGE2 (100 nM)
for 2 min. After stimulation, the cells were immediately at-
tached to glass slides using a cytospin centrifuge (450 rpm, 3
min, room temperature). The cells were then fixed and per-
meablized and stained with FITC-labeled phalloidin as previ-
ously described under “Measurement of F-actin (Polymeric,
Filamentous Actin) Content by Flow Cytometry.” After wash-
ing the slides carefully with PBS, imaging was obtained using
fluorescence microscopy.
Lentivirus shRNA Transfection of 293T Cells and Transduc-

tion of BMMCs—The following raptor or rictor-targeted
shRNAs were purchased from Sigma (Sigma-Aldrich): CGG-
GCCCGAGTCTGTGAATGTAATCTCGAGATTACATTC-
ACAGACTCGGGCTTTTTG (TRCN0000077472, raptor),
CGGGCCATCTGAATAACTTCACTACTCGAGTAGTGAA-
GTTATTCAGATGGCTTTTTG (TRCN0000123397, rictor),
CCGGGCCGCTATTGATAATGATGTTCTCGAGAACATC-
ATTATCAATAGCGGCTTTTT (TRCN0000026617, EP3),
CCGGGTGAGCTACTATACTCGCATTCTCGAGAATGCG-
AGTATAGTAGCTCACTTTTTG (TRCN0000067899, Cox1),
and CCGGCAACAAGATGAAGAGCACCAACTCGAGTTG-
GTGCTCTTCATCTTGTTGTTTTT (SHC002, control nontar-
get control vector).
The packaging vector (MissionTM lentiviral packaging mix;

Sigma) and the pLKO1 transfer vectors with raptor, rictor, or
control shRNA (8 �g) were co-transfected into 293T cells
(15 � 106 cells) with FuGENE 6 transfection reagent (48 �l)
(Roche Applied Science) and lentivirus packaging mix (78 �l)
(Sigma) in antibiotic-free DMEM (545 �l). The transfected
293T cells were grown in DMEM containing FBS (10%) and
L-glutamine (4 mM). Following 16–19 h of transfection, me-
dium was removed and replaced with fresh DMEM including
penicillin (100 units/ml) and streptomycin (100 �g/ml). After
48–72 h transfection, the viruses were collected by centrifu-
gation (25,000 rpm, 1 h 40 min, 4 °C), and then the resulting
pellet was resuspended in 3 ml of BMMC complete medium
including SCF (30 ng/ml) and IL-3 (30 ng/ml) rather than
IL-3 alone to improve transduction efficiency. Transduction
of BMMCs (3–4 weeks old) was conducted by transferring
the 3 ml of the resuspended virus with hexadimerthrine bro-
mide (10 �g/ml) to a T75 culture flask containing 1 � 107
BMMCs in 10 ml of complete BMMCmedium. After 24 h,
the medium was changed to virus-free complete BMMCme-
dium, and puromycin selection was initiated (1.2 �g/ml
(Sigma)). The experiments were conducted on days 3 and 4
(for shRictor and shRaptor), on days 5–7 (for shCOX1), or on
days 7–10 (for shEP3) after antibiotic selection.
Rac Activation Assay—Affinity precipitation with GST-

PBD (p21-binding domain) was performed using PAK-1 PBD
(Rac effector protein, p21 activated kinase-1) assay kit (Up-
state) according to the manufacturer’s instructions. BMMCs
were preincubated with Torin or rapamycin (100 nM) for 15
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min and then stimulated with PGE2 (100 nM) for 2 min, and
the reaction was terminated by adding cold PBS. The cells
were lysed with MLB buffer, and then BMMC lysates were
mixed with 10 �l of GST-PBD bound to glutathione-agarose
and incubated for 4 h at 4 °C. For a positive control, the cell
lysates were incubated for 15 min at 30 °C with 100 �M

GTP�S in the presence of 10 mM EDTA. For a negative con-
trol, 1 mM GDP was added. GTP�S-loaded lysates were incu-
bated with GST-PBD for 30 min at 4 °C. Finally, precipitates
were washed three times with MLB and suspended in Lae-
mmli sample buffer. The proteins were separated on 4–12%
NuPAGE BisTris gels, transferred onto nitrocellulose mem-
brane, and blotted with anti-Rac1 antibody. To establish equal
Rac content in the reactions, cell lysates from each sample
were probed by immunoblot analysis before reaction with
GST-PBD.
Statistical Analysis—The data are represented as the

means � S.E. The statistical analyses were performed by un-
paired Student’s t test. The differences were considered signif-
icant when p � 0.05. The n values represent the number of
experiments from multiple preparations.

RESULTS

PGE2 Induces Activation of mTORC1 and mTORC2 in
Mouse BMMCs—To explore the potential role of the mTOR
signaling pathways in PGE2-induced chemotaxis in mast cells,
we first examined whether PGE2 activates mTORC1 and
mTORC2 in mouse BMMCs. The cells were stimulated for
periods up to 30 min with PGE2. The lysates were then pre-
pared and examined for phosphorylation of AKT (Thr308) and
mTOR (Ser2448) as indicators of PI3K and mTOR activation,
respectively. The activation of mTORC1 and mTORC2 were
monitored by the phosphorylation of p70S6K (Thr389) and
4E-BP1 (Thr37/46), in the case of mTORC1, and AKT (Ser473),
in the case of mTORC2. By these criteria, PI3K, mTOR,
mTORC1, and mTORC2 were activated following PGE2 stim-
ulation (Fig. 1A). The phosphorylations occurred rapidly,
reaching a maximum between 2 and 5 min except for phos-
phorylation events related to mTORC1 activation (p-p70S6K
and p-4E-BP1), which reached a maximum 10–20 min after
PGE2 stimulation.
PGE2-induced Activation of mTOR in BMMCs Is Mediated

by G�i-linked EP3 Receptor and PI3K—The biological actions
of PGE2 are mediated by four different GPCRs: EP1, EP2, EP3,
and EP4 (35). The EP2 and EP4 receptors, which signal via by
the GPCR G�s subunit, are known to inhibit mast cell media-
tor release through increased cAMP production (36). In con-
trast, EP1 and EP3 receptors activate mast cells through G�q
and G�i, respectively, to mobilize Ca2� (37). Thus, EP3-in-
duced mast cell mediator release is sensitive to PTX (35). To
identify the receptor and G protein responsible for PGE2-me-
diated mTOR activation, we examined whether this response
was mimicked by either the EP3 agonist, sulprostone, or the
EP2 agonist, butaprost. Sulprostone (100 nM) induced the
phosphorylation of AKT (Thr308), mTOR, p70S6K, 4E-BP1,
and AKT (Ser473) to the same extent as PGE2 (Fig. 1B). The
responses to PGE2 were blocked in PTX-treated cells, and
butaprost failed to induce these responses. Together, these

data are consistent with the conclusion that PGE2 activates
the mTOR cascades via the G�i-linked EP3 receptor. To verify
this conclusion, we explored the ability of PGE2 to enhance
indices of mTORC1 and mTORC2 activation in cells treated
with EP3-targeted shRNA. As shown in Fig. 1C, the EP3-tar-
geted shRNA construct markedly reduced the expression of
EP3 in the BMMCs but did not alter the expression of Syk.
This reduction was associated with a significant decrease in
PGE2-mediated phosphorylation of p70S6K, 4E-BP1, and
AKT (Ser473) (Fig. 1D), demonstrating that the ability of PGE2
to respectively enhance mTORC1 and mTORC2 activation is
indeed mediated by the EP3 receptor.
To confirm that PGE2-mediated activation of mTORC1

and mTORC2 in mast cells was dependent on PI3K activa-
tion, we examined the ability of the PI3K inhibitor, wortman-
nin, to block phosphorylation of components of the mTOR
signaling cascade. As predicted, wortmannin completely
blocked the PGE2-induced phosphorylation of AKT at Thr308,
demonstrating effective inhibition of PI3K (Fig. 1E). Similarly,
phosphorylation of mTOR, p70S6K, and AKT (Ser473) was
also completely blocked or, in the case of mTOR, reduced to
prestimulus levels. However, as reported for antigen and SCF

FIGURE 1. PGE2 activates mTOR signaling via EP3. A, cytokine-deprived
BMMCs were stimulated with PGE2 (100 nM) for the indicated time. B, cyto-
kine-deprived BMMCs were stimulated with PGE2 (100 nM), sulprostone (100
nM), or butaprost (100 nM) for 10 min. In the case of PTX, the cells were pre-
incubated with PTX (1 �g/ml) for 4 h and then stimulated with PGE2 (100
nM) for 10 min. C and D, for shRNA studies, BMMCs were transduced by len-
tivirus expressing shRNA for control (shCon) or shRNA for EP3 (shEP3) as
described under “Experimental Procedures.” To test knockdown of EP3, to-
tal cell lysates were subjected to Western blotting with anti-EP3 antibody
(C). Lentivirus-transduced BMMCs were stimulated with PGE2 (100 nM) for
10 min (D). E, for the inhibitor studies, BMMCs were preincubated with the
indicated inhibitors (wortmannin (100 nM), rapamycin (100 nM), Torin (100
nM), AS252424 (3 �M), or IC87114 (3 �M)) for 20 min and then stimulated
with PGE2 (100 nM) for 10 min. After stimulation, protein lysates were sub-
jected to Western blotting. To normalize protein loading, the membranes
were stripped and probed for Syk, or alternatively identically loaded sam-
ples were probed for Syk. The blots are representative of three independent
experiments.
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(30), the phosphorylation of 4E-BP1 was only partially re-
duced by wortmannin, suggesting that phosphorylation of
4E-BP1 may be only partially dependent on PI3K activity.
PI3K-linked responses in mast cells are described to be

largely dependent on two PI3K isoforms: PI3K�, which is re-
sponsible for transducing signals elicited by the Fc�RI and
KIT (23, 38), and PI3K�, which is responsible for transducing
signals elicited by GPCRs (10). The PI3K� inhibitor,
AS252424, and the PI3K� inhibitor, IC87114, have been dem-
onstrated to selectively inhibit responses in mast cells elicited
by these respective isoforms (39). As shown in Fig. 1E, the
ability of PGE2 to induce phosphorylation of AKT (Thr308),
mTOR, 4E-BP1, and AKT (Ser473) were reduced by AS252424
to the same levels as that observed with wortmannin. How-
ever, IC87114 had little effect on these parameters. Taken
together, these data demonstrate that PGE2 induces mTORC1
and mTORC2 activation in mast cells through PI3K� down-
stream of the G�i-coupled EP3 receptor.
Rapamycin and Torin Inhibition of PGE2-induced Activa-

tion of mTOR in BMMCs—Rapamycin is reported to inhibit
mTORC1 activity while having a minimal effect on mTORC2
signaling following short term exposure (40). We (30) and
others (40), however, have observed that rapamycin only par-
tially inhibits 4E-BP1 phosphorylation. Recently an improved
mTOR inhibitor, Torin, has been described that effectively
inhibits mTORC1-mediated responses, including 4E-BP1
phosphorylation and mTORC2 activation (40). We examined
the ability of both compounds to block the PGE2-induced
indices of mTORC1 and mTORC2 activation in BMMCs. Ra-
pamycin effectively inhibited mTORC1-mediated p70S6K
phosphorylation and reduced the phosphorylation of 4E-BP1
to that observed in the presence of the PI3K and PI3K� inhib-
itors (Fig. 1E), while having little effect on the mTORC2 path-
way. In contrast, Torin blocked both mTORC1 and mTORC2
activities (Fig. 1E). These compounds were further employed
to explore the role of mTORC1 and mTORC2 in PGE2-medi-
ated mast cell responses.
PGE2-induced Mast Cell Chemotaxis Is Mediated via

mTORC2 but Not mTORC1—Having demonstrated that
PGE2 and the EP3 agonist, sulprostone, but not the EP2 ago-
nist, butaprost, induced mTOR activation, we next deter-
mined the relative abilities of these agonists to induce chemo-
taxis of mouse BMMCs. As reported (17, 22), PGE2 robustly
stimulated BMMC chemotaxis (Fig. 2A). As was the case for
mTOR activation, this response was mimicked by sulprostone
but not by butaprost (Fig. 2A). Similarly, BMMCs treated with
EP3-targeted shRNA displayed a reduced chemotactic re-
sponse to PGE2 (Fig. 2B). Furthermore, as reported (17, 22),
the ability of PGE2 to induce chemotaxis was also prevented
by prior incubation with PTX (Fig. 2C). Thus, the G�i-linked
EP3 receptor similarly regulates both mTOR activation and
chemotaxis.
To investigate a potential link between PGE2-mediated

mTOR activation and chemotaxis in mast cells, we examined
the inhibitory activities of wortmannin, rapamycin, and Torin
on the PGE2-mediated chemotactic response. Wortmannin
markedly inhibited PGE2-mediated BMMC chemotaxis, as
reported (22), whereas rapamycin had no effect. Torin, in

contrast, significantly reduced the PGE2 response (Fig. 2C).
These data thus provide evidence for a role for mTORC2, in
addition to PI3K, in the regulation PGE2-mediated mast cell
chemotaxis.
To verify this conclusion, shRNA technology was used to

knock down rictor and raptor expression in BMMCs. Knock-
down was confirmed by real time PCR, because the available
antibodies against human rictor and raptor were ineffective in
recognizing mouse rictor at the appropriate molecular weight.
The shRNA targeting raptor (Fig. 2D) effectively knocked
down raptor expression while having no effect on rictor ex-
pression (Fig. 2E), whereas shRNA targeting rictor had the
opposite and intended effects on raptor and rictor expression
(Fig. 2, D and E). A nontargeted control shRNA had no effect
on the expression of either molecule. The ability of knock-
down of raptor or rictor to respectively reduce mTORC1 and
mTORC2 activities was corroborated by the inhibition of
downstream signaling. As predicted and as shown in Fig. 2F,
rictor-targeted shRNA markedly inhibited AKT(Ser473), and
raptor-targeted shRNA significantly reduced p70S6K (Thr389)
phosphorylation. Unexpectedly, although the rictor-targeted
shRNA had no effect on raptor expression, it reduced both
4E-BP1 and p70S6K phosphorylation in a manner similar to
that observed with the mTORC1/mTORC2 inhibitor, Torin.
These data likely reflect feedback control through the regula-
tion of AKT activation. Regardless, taken together with the
real time PCR data, these data support the conclusion that
raptor- and rictor-targeted shRNA constructs effectively re-
duce mTORC1 and mTORC2 signaling.
As shown in Fig. 2G, neither control shRNA nor the raptor-

targeted shRNA had any effect on PGE2-mediated mast cell
chemotaxis. However, the shRNA targeting rictor signifi-
cantly reduced the chemotactic response. Taken together, the
inhibitor and shRNA data thus support the conclusion that
G�i-linked EP3 receptor-mediated chemotaxis is independent
of mTORC1 but is at least in part regulated by mTORC2.
Nevertheless, the residual activity seen in cells treated with
mTORC2 inhibitors and rictor-targeted shRNA suggests that
other PI3K-dependent pathways may also contribute to this
response.
The Role of PI3K and Rictor in PGE2-induced Actin

Polymerization—The generation of an intracellular calcium
signal and actin rearrangement are both linked to chemoat-
tractant-induced mast cell migration (22, 41). The relation-
ship of the mTOR pathway to these two events during PGE2-
induced chemotaxis was investigated. As expected from
previous studies (22), inhibition of the calcium signal through
treatment of the cells with the phospholipase C� inhibitor
U73122 or through chelation of extracellular calcium with
EDTA markedly attenuated PGE2-mediated BMMC chemo-
taxis (Fig. 3A). Nevertheless, inhibition of mTORC1 and
mTORC2 with rapamycin and Torin had no effect on the
PGE2-induced calcium signal (Fig. 3B).
In addition to the calcium signal, we have previously demon-

strated (22) that antigen enhances PGE2-mediated chemotaxis
through the Btk-dependent potentiation of Rac activation. How-
ever, as can be seen from Fig. 3C, although PGE2, induces Rac
activation, this response was not blocked by either rapamycin or
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Torin, indicating that, although both calcium and Rac activation
may contribute to the chemotactic response, the requirement for
mTORC2 for the PGE2-mediated chemotactic response was
independent of these processes.
We therefore next examined whether mTORC2 contrib-

uted to actin reorganization. The necessity of cytoskeletal
rearrangement, as demonstrated by actin polymerization in
PGE2-stimulated cells (Fig. 4A), was confirmed by the inhibi-
tion of chemotaxis by the actin polymerization inhibitor, cy-
tochalasin B (Fig. 4B). The effects of inhibitors on PGE2-in-
duced actin polymerization were examined by FACS analysis
of phalloidin-stained cells, which indicates polymerized F-
actin but not nonpolymerized G-actin (Fig. 4, B and C). Wort-
mannin, Torin, and cytochalasin B suppressed PGE2-induced
actin polymerization, whereas rapamycin had minimal effect
(Fig. 4, C and D). Similarly, the accumulation of polymerized
actin induced by PGE2 at the cell periphery, observed by fluo-
rescence microscopy, was markedly reduced by Torin pre-

treatment but not by rapamycin (Fig. 4E). Consistent with
these effects of Torin and rapamycin, shRNA-induced knock-
down of rictor markedly reduced PGE2-dependent actin
polymerization, whereas shRNA-induced knockdown of rap-
tor minimally affected this response (Fig. 4F). From these data
we conclude that mTORC2, but not TORC1, regulates PGE2-
mediated chemotaxis by facilitating actin polymerization but
by a mechanism independent of calcium mobilization and Rac
activation.
mTORC2 Is Required for Optimal PGE2-induced PGD2 and

CCL2 Release—In addition to chemotaxis, PGE2 has also been
documented to induce adhesion of mast cells to basement
membrane proteins, as well as the production of the chemo-
kine, CCL2, and the eicosanoid, PGD2 (42–44). We next de-
termined whether mTORC2 played a role in these responses
in addition to chemotaxis.
PGE2 induced the adhesion of BMMCs to plates coated

with fibronectin (Fig. 5A) but not to plates coated with other

FIGURE 2. PGE2-induced chemotaxis is mediated by mTORC2. A, cytokine-deprived BMMCs were prepared, and the chemotaxis assay was performed in
response to 100 nM of PGE2, sulprostone, or butaprost. B, BMMCs were transduced with lentivirus expressing shRNA for EP3, and the chemotaxis assay was
performed in response to 100 nM of PGE2. C, BMMCs were preincubated with the indicated inhibitors (wortmannin (Wort), rapamycin (Rapa), or Torin (100
nM, 30 min) or PTX (1 �g/ml, 4 h)), then washed, and used for the PGE2 (100 nM)-induced chemotaxis assay as described under “Experimental Procedures.”
D–G, BMMCs were transduced with lentivirus expressing control shRNA (shCon), shRNA for raptor (shRaptor), or shRNA for rictor (shRictor) as described un-
der “Experimental Procedures.” To establish knockdown of raptor or rictor, cDNA was prepared from the cells, and real time PCR was performed using com-
mercial TaqMan raptor or rictor probes (D and E). To confirm the knockdown, raptor or rictor’s downstream molecule phosphorylation was tested. The cells
were stimulated with PGE2 (100 nM) for 10 min, and protein lysates were subjected to Western blotting (F). After confirming raptor and rictor knockdown,
the PGE2-induced chemotaxis assay (G) was performed. The results are the means � S.E. of three separate experiments. *, p � 0.05 for comparison with
PGE2 alone stimulation (C) or with shCon (B, D, E, and G) by Student’s t test.
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matrix proteins including vitronectin, collagen IV, and lami-
nin (data not shown). Rapamycin had no effect on mast cell
adhesion to fibronectin-coated plates (Fig. 5A) and little, if
any, effect on CCL2 (Fig. 5B) and PGD2 release (Fig. 5C). Al-
though Torin had no effect on PGE2-mediated cell adhesion,
it significantly inhibited CCL2, and particularly PGD2 release,
suggesting a prominent role for mTORC2, but not mTORC1,
in these responses. Complementary experiments were con-
ducted after knockdown of raptor and rictor by use of
shRNAs, but it should be noted that the conditions for trans-
fection (see “Experimental Procedures”) resulted in lower re-
lease of CCL2 and PGD2 as compared with the cells cultured
under the standard protocol (compare data from nontrans-
fected cells in Fig. 5D to Fig. 5B, and in Fig. 5E compared with
Fig. 5C). Regardless, as was true for PGE2-mediated chemo-
taxis, only shRNA targeting rictor caused statistically signifi-
cant impairment of PGE2-mediated CCL2 (Fig. 5D) and PGD2
(Fig. 5E) production. The ability of the EP3-targeted shRNA
to also reduce PGE2-mediated CCL2 production (Fig. 5F) and
chemotaxis (Fig. 5G) confirms the role of the EP3 receptor in
these responses. These data thus support the conclusion that
mTORC2 but not mTORC1 is the major contributor to the

regulation of PGE2-mediated CCL2 and PGD2 production as
regulated by the EP3 receptor.
Relative Roles of MAPK and Reactive Oxygen Species in

mTORC2-dependent CCL2 Production—Cytochalasin B had a
minimal effect on Fc�RI-mediated degranulation and cyto-
kine/chemokine generation (data not shown). It is therefore
unlikely that mTORC2 exerts its effects on CCL2 and PGD2
release via its regulation of actin polymerization. In addition,
the inability of rapamycin and Torin to block the PGE2-medi-
ated calcium signal (Fig. 3B) and Rac activation suggests that
mTORC2 regulates CCL2 and PGD2 production independ-
ently of these signals. Activation of the MAPK pathway is
thought to be critical for chemokine production in a variety of
cell types (45, 46). However, mTORC2 appeared to act inde-
pendently of the MAPK pathways in that rapamycin and
Torin had no effect on the phosphorylation of the MAPKs,
ERK, p38, or JNK or the induction of their downstream tar-
gets, Fos and Jun (Fig. 6A). These results suggest that
mTORC2 regulates PGE2-induced CCL2 and PGD2 genera-
tion independently of these events.
Reactive oxygen species (ROS) regulate gene expression

(47) and may therefore act as important regulators of chemo-
kine production in various cell types. We and others have
demonstrated that arachidonic acid metabolism through the
actions of COX-1 is one major source for generation of ROS
in immune cells including mast cells (32, 33, 46). The produc-
tion of PGD2, a product of COX-1 activity, in PGE2-stimu-
lated cells would be expected to increase ROS generation in
mast cells. Accordingly, PGE2 markedly increased ROS levels
in BMMCs (Fig. 6B). As with PGE2-mediated PGD2 genera-
tion (Fig. 5C), this response was substantially attenuated by
Torin and wortmannin but minimally so by rapamycin (Fig.
6B). Similarly, rictor-targeted but not control-targeted or rap-
tor-targeted shRNA markedly reduced PGE2-mediated ROS
production (Fig. 6C), illustrating that mTORC2 contributes to
PGE2-mediated ROS generation in BMMCs.

A linkage between the mTORC2-mediated ROS and CCL2
production was examined by suppressing ROS production
through inhibition of COX-1. As shown in Fig. 6 (D and E),
the selective COX-1 inhibitor, FR-122047 completely ablated
PGE2-mediated ROS production in the BMMCs and reduced
PGE2-induced CCL2 generation to the same extent as Torin
(Fig. 5B) and knockdown of rictor (Fig. 5D). To further inves-
tigate the potential link between the PGE2-mediated,
mTORC2-dependent ROS generation and CCL2 production,
we attenuated PGE2-mediated ROS production through
knockdown of COX1 (Fig. 6F). This resulted in a significant
reduction in both PGE2-mediated CCL2 and PGD2 produc-
tion (Fig. 6G). These data collectively provide support for the
conclusion that that the PGE2-induced, mTORC2-mediated
generation of CCL2 in BMMCs is regulated through ROS
generation and not through MAPK-dependent mechanisms.

DISCUSSION

In this paper we report for the first time that PGE2 activates
both mTORC1 and mTORC2 in mast cells: a process medi-
ated through the G�i-linked EP3 receptor. Furthermore, we
present evidence that supports the conclusion that mTORC2,

FIGURE 3. The role of calcium and Rac in BMMC chemotaxis. A, cytokine-
deprived BMMCs were incubated with the indicated inhibitors (U73122 (1
�M) and EDTA (5 mM)) for 30 min, and then the chemotaxis assay in re-
sponse to PGE2 (100 nM) was conducted. *, p � 0.05 for comparison with
PGE2 alone stimulation by Student’s t test. B, cytokine-deprived BMMCs
were loaded with Fura-2 AM and then preincubated with the indicated in-
hibitors (100 nM) for 10 min. The changes in intracellular Ca2� levels were
then determined after challenge with PGE2 (100 nM). C, Rac activation was
determined using a PAK-1 PBD assay kit. BMMCs were preincubated with
Torin or rapamycin (100 nM, 15 min) and then stimulated with PGE2 (100 nM)
for 2 min. The cell lysates were mixed with GST-PBD bound to glutathione-
agarose and incubated for 4 h at 4 °C. For positive and negative controls,
the cell lysates were incubated with 100 �M GTP�S or 1 mM GDP, respec-
tively. The precipitates were washed, and the proteins were separated and
blotted with an anti-Rac1 antibody. To establish equal Rac content in the
reactions, cell lysates from each sample were probed by immunoblot analy-
sis prior to reaction with GST-PBD. The results are the means � S.E. of three
separate experiments. The data from B and C are representative of three
independent experiments.
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but not mTORC1, contributes to the regulation of PGE2-me-
diated mast cell chemotaxis and CCL2 and PGD2 release.
PGE2 elicits multiple biological responses in mast cells in

vitro, for example, adhesion to basement membrane proteins,
chemotaxis (17, 42), and the production of chemokines (43)
and eicosanoids (44), in addition to the up-regulation (37, 48)
and down-regulation (36, 44) of antigen-mediated mast cell
degranulation and cytokine production. The extent and rele-
vance of these responses to PGE2 in a physiological setting are

unclear. Nevertheless, the generation of PGE2 in inflamed
tissues would, at the very least, provide a mechanism for the
migration of mast cells to such tissues. Indeed, it has been
shown that intradermal injection of PGE2 causes accumula-
tion of BMMCs at the site of injection (17).
Although our previous studies have defined some of the

signaling processes by which PGE2 influences mast cell re-
sponses (22, 24), we were unable to explain how the PI3K-de-
pendent, Btk-independent PGE2-induced chemotaxis of

FIGURE 4. mTORC2 regulates PGE2-induced actin polymerization. A, cells were stimulated with PGE2 (100 nM) for 2 min then fixed and permeabilized.
Actin polymerization was performed using FITC-labeled phalloidin (2 �g/ml) staining of the cells, followed by imaging by fluorescence microscopy. B, cyto-
kine-deprived BMMCs were preincubated with the actin polymerization inhibitor cytochalasin B (10 �M) for 30 min, and then the chemotaxis assay was per-
formed. C, BMMCs were preincubated with the indicated inhibitors (wortmannin (Wort, 100 nM, 30 min), rapamycin (Rapa, 100 nM, 30 min), Torin (100 nM, 30
min), or cytochalasin B (Cyto B, 10 �M, 30 min)), then stimulated with PGE2 (100 nM) for 2 min, fixed, and permeablized. Actin polymerization was assessed
using FITC-labeled phalloidin (2 �g/ml) staining of the cells, followed by flow cytometry. D, mean values from data in C. E, BMMCs were preincubated with
Torin or rapamycin for 15 min, then stimulated with PGE2 for 2 min, fixed, and permeabilized. Actin polymerization visualization was performed using FITC-
labeled phalloidin (2 �g/ml) staining of the cells, followed by imaging with fluorescence microscope. F, shRNA-transduced BMMCs were stimulated with
PGE2 (100 nM) for 2 min and then fixed and permeabilized. Actin polymerization was measured by flow cytometry. The results are the means � S.E. of three
separate experiments. *, p � 0.05 for comparison with PGE2 alone stimulation by Student’s t test. The data in A, C, E, and F are representative from three sep-
arate experiments.
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BMMCs may be regulated. Our observations that mTORC1
and mTORC2 cascades are activated downstream of PI3K by
PGE2 in mouse BMMCs (Fig. 1) and that down-regulation of
mTORC2 activity significantly attenuates PGE2-mediated
chemotaxis (Fig. 2) address this conundrum.
The role of mTOR in tumorigenesis, metabolism, and homeo-

stasis is well established (49). However, more recent studies indi-
cate that mTOR-regulated pathways may contribute to the regu-
lation of other processes in non-neoplastic cells. For example,
mTOR has been implicated in themodulation of innate and
adaptive immune responses including dendritic cell differentia-
tion, maturation, cytokine production, and T cell activation (50).
mTOR also has been shown to regulate lipid biosynthesis, which
is critical for obesity, insulin resistance, and diabetes (51).
We have previously demonstrated that mTOR signaling

pathways are activated in mast cells following KIT ligation
and Fc�RI aggregation as a consequence of activation of
PI3K� (30). The activation of both mTORC1 and mTORC2
cascades by PGE2 is also clearly PI3K-dependent based on our
inhibitor experiments (Figs. 1 and 2), but in contrast to KIT

and Fc�RI, this activation is entirely dependent on PI3K�,
which is normally activated by �� subunits of trimeric G pro-
teins. BMMCs express G protein-coupled EP1, EP3, and EP4
receptors for PGE2 (37). The G�s-linked EP2 receptor is
thought to down-regulate antigen-mediated responses,
whereas the G�i-linked EP3 receptor appears to be largely
responsible for most other reported effects of PGE2 in mast
cells (36, 37, 44, 48). We determined that the activation of
mTOR and chemotaxis by PGE2 also occurs through the G�i-
linked EP3 receptor because of the ability of the EP3 agonist
sulprostone to mimic the actions of PGE2 in activating mTOR
and chemotaxis, the inability of the EP2 agonist butaprost to
evoke these responses, the reversal of PGE2-mediated re-
sponses in BMMCs treated with EP3-targeted shRNA, and
the suppression of these responses in cells treated with the
G�i inhibitor, PTX (Figs. 1 and 2). Of possible relevance,
adenosine also activates mTORC1 and mTORC24; thus, it is

4 H. S. Kuehn, M.-Y. Jung, M. A. Beaven, D. D. Metcalfe, and A. M. Gilfillan,
unpublished data.

FIGURE 5. The roles of raptor and rictor in PGE2-mediated mast cell responses. A, cytokine-deprived BMMCs were preincubated with Calcein-AM (3 �g/
ml) for 30 min. The cells were washed and pretreated with or indicated inhibitors (rapamycin (Rapa) or Torin (100 nM)) for 15–20 min, and then the PGE2-
induced adhesion assay was performed for 1 h in fibronectin-precoated (5 �g/ml) wells. B, BMMCs were pretreated with the indicated inhibitors for 30 min
and then stimulated with PGE2 (100 nM) for 6 h. Cell-free supernatants were collected, and the levels of CCL2 were determined using ELISA kit. C, BMMCs
were preincubated with the indicated inhibitors for 20 min prior to stimulation with PGE2 for 20 min, and cell-free supernatants were analyzed for PGD2.
D–G, BMMCs were transduced with shRNA for control, raptor, rictor, or EP3 as we described under “Experimental Procedures” and subjected to measure-
ment of monocyte chemoattractant protein-1 (CCL2) (D and F) or PGD2 (E and G). The data are the means � S.E. of three separate experiments. *, p � 0.05
for comparison with PGE2 alone stimulation (A–C) or with PGE2 stimulation in shCon cells (D–G) by Student’s t test.
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possible that G�i-linked receptors, in general, share the ability
of the EP3 prostanoid receptor to activate mTOR pathways
and to utilize these pathways for regulating specific mast cell
responses.
We have shown that mast cell chemotaxis is dependent on

calcium influx and cytoskeletal reorganization through actin
polymerization/depolymerization (22). Our finding that
mTORC2 also regulates chemotaxis raised the question as to
whether mTORC2 is linked to calcium signaling and actin
rearrangement. Although PGE2 certainly elicits a calcium sig-
nal (Fig. 3) through activation of phospholipase C� (24) and
induces Rac activation (Fig. 3) and (22), the inability of either
rapamycin or Torin to block these responses would suggest
that mTOR, via TORC2, regulates PGE2-mediated chemo-
taxis, independently of the calcium signal and Rac activation.
Instead, TORC2 appears to control chemotaxis by regulating
actin polymerization, independently of these processes, as
suggested by the attenuation of PGE2-induced actin polymeri-
zation by Torin and rictor-targeted shRNA (Fig. 4). Our find-
ing is analogous to a report that mTORC2 regulates the actin
cytoskeleton in serum-stimulated NIH3T3 cells in a rictor-de-
pendent and rapamycin-insensitive manner (52). These data
thus support our conclusion that PGE2-induced actin poly-
merization is dependent on rictor (i.e. TORC2) rather than
raptor (i.e. TORC1). This scenario differs from KIT-mediated
chemotaxis, which is partly controlled by TORC1 (36).Whether
this difference is paradoxical or reflects differences in the way
GPCRs such as EP3 or tyrosine kinase receptors such as KIT en-
gage and utilize the TORC pathways requires studies with a
more extensive repertoire of receptors.
Although our initial focus was to examine whether mTOR

plays a role in PGE2-mediated chemotaxis, when examining
other PGE2-mediated responses, we found that mTOR also
contributed to PGD2 and CCL2 generation but had no role in
cell adhesion (Fig. 5) or enhancement of antigen-mediated
degranulation (data not shown). The mechanism by which
mTORC2 contributes to PGD2 and CCL2 production is un-
likely to be related to TORC2 regulation of actin polymeriza-
tion, because cytochalasin B had no effect on CCL2 produc-
tion (data not shown), although it abolished the chemotactic
response to PGE2 (Fig. 4). Nor does mTORC2 act upstream of
the MAPKs because neither Torin nor rapamycin blocked
phosphorylation of ERK1/2, JNK, and p38 in PGE2-stimulated
cells (Fig. 6), although activation of these kinases is essential
for production of eicosanoids (53) and CCL2 in mast cells.
Furthermore, we have previously demonstrated that PGE2

does not appear to activate PKC in BMMCs (24), indicating
that, although chemokine and eicosanoid production could be
potentially controlled by PKC, this would not explain how
mTORC2 regulated the observed PGE2-mediated CCL2 and
PGD2 generation in the BMMCs.
Our observation, however, that PGE2-mediated ROS gener-

ation was markedly attenuated following either inhibition or
down-regulation of TORC2 (Fig. 6) led us to hypothesize that
ROS production may link PGE2-mediated mTORC2 activa-
tion to CCL2 and PGD2 generation in the BMMCs. Our pre-
vious studies have demonstrated that antigen-mediated ROS
generation in BMMCs is regulated by a PI3K/Btk pathway
(33). However, although our current data show that PGE2-
mediated ROS production also requires PI3K (Fig. 6), because
of the lack of activation of Btk by PGE2 (22), it is unlikely that
Btk contributes to this response. Thus, we propose that the
PI3K/mTORC2 pathway described here represents a novel
mechanism for the generation of ROS in mast cells.
There are several sources of ROS in immune cells. These

include NADPH oxidases, mitochondria electron transporta-
tion, nitric-oxide synthases, and arachidonic acid metabolism.
Of these, COX-1-driven arachidonic acid metabolism appears
to be a major source of ROS in antigen-stimulated mast cells
(32). Our data were obtained with two independent approach-
es: the use of a selective COX-1 inhibitor and COX-1 knock-
down by targeted shRNA; the results from these approaches
strongly support the conclusion that COX-1 is the major en-
zyme responsible for ROS production in PGE2-stimulated
BMMCs (Fig. 6). Reduction of both COX-1 activation and ROS
production in this manner not only significantly attenuated
PGE2-mediated PGD2 production but also CCL2 generation.
Thus, these data support the conclusion that mTORC2-depen-
dent ROS production is an essential signal for PGE2-mediated
CCL2 generation in addition to the requirement for COX-1 for
PGE2-mediated PGD2 synthesis in BMMCs.
Previous data have supported a role for PI3K/AKT in anti-

gen-mediated cytokine/chemokine production in mast cells
(54). Thus, a similar role for mTORC2-dependent AKT acti-
vation in PGE2-mediated CCL2 may be predicted. However,
the role for the mTORC2-mediated ROS production in this
response is unexpected in light of the observation that anti-
gen-mediated production of the cytokines IL-6 and TNF-� in
BMMCs was unaffected by inhibition of COX-1 (32). These
data indicate that alternative pathways may regulate chemo-
kine and cytokine production in mast cells in response to dif-
ferent stimuli. Nevertheless, our findings do suggest that

FIGURE 6. The role of mTORC2 on activation of MAPK pathway and ROS generation. A, cytokine-deprived BMMCs were preincubated with the indicated
inhibitors (wortmannin (Wort), rapamycin (Rapa), or Torin (100 nM)) for 20 min and then stimulated with PGE2 (100 nM) for 10 or 30 min. Protein lysates were
then subjected to Western blotting. To normalize protein loading, the membranes were stripped and probed for Syk, or alternatively, identically loaded
samples were probed for Syk. B and D, cytokine-deprived cells were preincubated with DCF-diacetate (20 �M) for 20 min. The cells were washed and incu-
bated with inhibitors (wortmannin, rapamycin, or Torin (100 nM) or FR-122047 (300 nM)) for 20 min and then stimulated with PGE2 (100 nM). C and F, for
shRNA experiment, BMMCs were transduced with shRNA for raptor, rictor, or COX1. The cells were preincubated with DCF-diacetate, and DCF fluorescence
was monitored at 37 °C in 1-min intervals for 30 min following the addition of PGE2 (1000 nM). To confirm the knockdown of COX1, total cell lysates from
shRNA transduced BMMCs were subjected to Western blot. E, cytokine-deprived BMMCs were preincubated with FR-122047 (300 nM) for 30 min and then
stimulated with PGE2 (100 nM) for 6 h. G, shRNA transduced BMMCs (shCon and shCOX1) were stimulated with PGE2 (100 nM) for 6 h, and then cell-free su-
pernatants were collected and performed measurement of CCL2 using an ELISA kit. shRNA transduced BMMCs (shCon and shCOX1) were stimulated with
PGE2 (100 nM) for 20 min, and then cell-free supernatants were analyzed for PGD2 by competitive enzyme immunoassay. The data are the means � S.E. of
three separate experiments, and Western blot and ROS data are representative of three separate experiments. *, p � 0.05 for comparison with PGE2 alone
stimulation (E) or with PGE2 stimulation in shCon cells (G) by Student’s t test.
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PGE2-mediated PGD2 and CCL2 production in BMMCs share
a common regulatory pathway.
In summary, we have demonstrated that PGE2 activates

mTORC1 and mTORC2 pathways in mast cells. Our studies
further revealed that mTORC2 contributes to PGE2-induced
BMMCs chemotaxis through actin rearrangement. In addi-
tion, mTORC2 is also required for optimal PGE2-mediated
generation of CCL2 and PGD2 via ROS generation. Thus,
mTORC2 can be considered as a key node for signaling pro-
cesses downstream of PI3K for the regulation of specific
PGE2-mediated responses in mast cells.
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