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Abstract

Mast cell (MC) secretory granules are Lysosome-Related Organelles (LROs) whose bio-
genesis is associated with the post-Golgi secretory and endocytic pathways in which the
sorting of proteins destined for a specific organelle relies on the recognition of sorting signals
by adaptor proteins that direct their incorporation into transport vesicles. The adaptor protein
3 (AP-3) complex mediates protein trafficking between the trans-Golgi network (TGN) and
late endosomes, lysosomes, and LROs. AP-3 has a recognized role in LROs biogenesis
and regulated secretion in several cell types, including many immune cells such as neutro-
phils, natural killer cells, and cytotoxic T lymphocytes. However, the relevance of AP-3

for these processes in MCs has not been previously investigated. AP-3 was found to be
expressed and distributed in a punctate fashion in rat peritoneal mast cells ex vivo. The rat
MC line RBL-2H3 was used as a model system to investigate the role of AP-3 in mast cell
secretory granule biogenesis and mediator release. By immunofluorescence and immunoe-
lectron microscopy, AP-3 was localized both to the TGN and early endosomes indicating
that AP-3 dependent sorting of proteins to MC secretory granules originates in these organ-
elles. ShRNA mediated depletion of the AP-3 & subunit was shown to destabilize the AP-3
complex in RBL-2H3 MCs. AP-3 knockdown significantly affected MC regulated secretion of
B-hexosaminidase without affecting total cellular enzyme levels. Morphometric evaluation of
MC secretory granules by electron microscopy revealed that the area of MC secretory gran-
ules in AP-3 knockdown MCs was significantly increased, indicating that AP-3 is involved in
MC secretory granule biogenesis. Furthermore, AP-3 knockdown had a selective impact on
the secretion of newly formed and newly synthesized mediators. These results show for the
first time that AP-3 plays a critical role in secretory granule biogenesis and mediator release
in MCs.

Introduction

Lysosome-Related Organelles (LROs) are functionally diverse cell type-specific subcellular
compartments that share many features with lysosomes and are capable of regulated secre-
tion in response to appropriate stimuli [1, 2]. In addition to melanocytes and endothelial
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cells, LROs are found in many specialized secretory cells of hematopoietic origin and

store cell type specific secretory proteins along with lysosomal membrane proteins and
hydrolases [3, 4]. LRO biogenesis originates in the biosynthetic pathway where proteins des-
tined for regulated secretion are synthesized in the endoplasmic reticulum and transported
sequentially through the Golgi apparatus were they are modified post translationally before
reaching the trans-Golgi network (TGN) from which they are sorted either directly to

the LROs or indirectly through the plasma membrane and the endosomal-lysosomal system
(5, 6].

Protein targeting within the biosynthetic and endosomal-lysosomal system depends on
sorting signals that direct their incorporation into transport vesicles for delivery to target
organelles [7]. These vesicles display specific coat proteins that aid in the selection of cargo,
mechanical bending of the donor membrane and, subsequently, vesicle budding. Clathrin-
coated vesicles (CCVs) are the major carriers involved in post-Golgi secretory and endocytic
pathways. The formation of CCVs depends on clathrin adaptors that connect clathrin to the
donor membrane, select cargo, and recruit accessory proteins, which regulate budding and
vesicular trafficking [8, 9]. Among the several classes of clathrin adaptors, the adaptor protein
(AP) complexes belong to a family with five members (AP-1, AP-2, AP-3, AP-4 and AP-5),
each with distinct membrane localization and functions. They act by recognizing small
sequences or motifs which include tyrosine based Yxx¢ (where ¢ is either I, L, M, F, or V) or
acidic dileucine motifs [D/E]xxxL[I/L] in the cytosolic tail of cargo proteins [10]. Lysosomal
membrane proteins contain one or more of these targeting signals in their cytosolic domains
that interact selectively with AP complexes to mediate their incorporation into transport vesi-
cles [8, 11, 12]. The AP-3 complex is composed of two large (8/B3), a medium (u3) and a small
(03) subunit, and is involved in the sorting and trafficking of a subset of transmembrane pro-
teins between tubular endosomes (early endosomes) and/or TGN to late endosomes, lyso-
somes, and LROs. The importance of AP-3 for LRO biogenesis and regulated secretion is
highlighted in Type II Hermansky-Pudlak Syndrome (HPS2), a human autosomal recessive
disorder caused by genetic defects in the B3A subunit of AP-3, and in its mouse model Pearl
[13, 14]. HPS2 is characterized by oculocutaneous albinism, bleeding disorders and innate
immune deficiency. These symptoms are associated with anomalies in LRO biogenesis and
secretion in specialized secretory cells including melanocytes, platelets, neutrophils, natural
killer cells, and cytotoxic T lymphocytes [15-18].

Mast cells (MCs) are multifunctional immune cells that, in addition to their well-established
role in allergic reactions, participate in innate and adaptive immunity, and inflammation
among other physiological and pathological processes [19-24]. IgE-dependent MC activation,
through aggregation of antigen specific IgE bound to FceRI on the MC surface, is the most
common type of MC activation and triggers the signaling cascade that culminates in the
release of three classes of mediators: preformed mediators, which are stored in mast cell secre-
tory granules (LROs); neoformed or lipid mediators, which are newly-formed from membrane
lipids; and neosynthesized mediators produced following transcriptional activation [25-27].
In spite of the recognized role of AP-3 in the biogenesis and regulated secretion of LROs in
several cell types, the presence of AP-3 and its relevance for these processes in MCs has not
been previously investigated. The expression of AP-3 in MCs was confirmed using rat perito-
neal mast cells. The involvement of the AP-3 complex in LRO biogenesis and mediator release
was then investigated using the RBL-2H3 rat MC line. The AP-3 complex was shown to be
associated with the biosynthetic and endocytic pathways in RBL-2H3 MCs and to have a role
in regulating secretory granule size. Furthermore, AP-3 knockdown had an impact on RBL-
2H3 regulated exocytosis of preformed mediators and also on the secretion of some newly
formed and newly synthesized mediators.
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Materials and methods
Animals

Young (150 g) male and female Wistar rats were used. Animals were housed and experiments
were approved and conducted according to the Comissio de Etica em Experimentagio Ani-
mal, Ribeirdo Preto Medical School-USP, Ribeirdo Preto, Brazil guidelines (protocol: 032/
2007). For all experiments, animals were sacrificed by CO, inhalation.

Cells

RBL-2H3 rat mast cells [28] were used in this study. Cells were grown as monolayers in Dul-
becco’s modified Eagle’s Medium (DMEM) (Invitrogen—Thermo Fisher Scientific, Carlsbad,
CA) supplemented with 15% fetal calf serum (Sigma-Aldrich, St. Louis, MO), 0.434 mg/mL
glutamine, and an antibiotic-antimycotic mixture containing 100 U/mL penicillin, 100 pg/mL
streptomycin, and 0.25 pg/mL amphotericin B (Invitrogen—Thermo Fisher Scientific). The
HEK293T cell line [29] was used as a packaging cell line to produce lentiviral particles and was
cultured under the same conditions as the RBL-2H3 cells.

Antibodies

The following primary antibodies were used: mouse mAb anti-8SA4 (10 ug/mL; Developmen-
tal Studies Hybridoma Bank, Iowa City, IA; Peden et al, 2004), mouse mAb anti-rat GD1b
derived gangliosides—mAb AA4 (5 pg/mL; Clone AR32AA4; BD Pharmingen, San Jose, CA),
rabbit polyclonal antibody anti-AP3D1 (1:100; Proteintech Group, Inc., Chicago, IL), mouse
mAb anti-p47A (1:500; Clone 26/P47A; BD Transduction Laboratories, San Jose, CA; gener-
ously provided by Dr. Gonzalo A. Mardones, Austral University of Chile, Chile), mouse mAb
anti-Adaptin y (1:1000; Clone 88/Adaptin y; BD Transduction Laboratories), rabbit mAb anti-
SNX2 (1:1000; [30]), mouse mAb anti-GM130 (4 pg/mL; Clone 35/GM130; BD Transduction
Laboratories), mouse mAb anti-TGN38 (1:800; Clone 2; BD Transduction Laboratories), rab-
bit polyclonal antibody anti-Cathepsin D (10 pg/mL; Clone IM-16; Calbiochem—Merck
KGaA, Darmstadt, Germany), mouse mAD anti-FceRI alpha subunit conjugated to FITC

(15 pg/mL; Clone BC4; generously provided by Dr. Reuben Siraganian, National Institutes of
Health—NIDCR, Bethesda, MD), and rabbit polyclonal antibody anti-o/B-tubulin (1:5000;
Cell Signaling Technology Inc., Danvers, MA). The following secondary antibodies were used
for immunofluorescence and flow cytometry: donkey anti-mouse IgG F(ab)’,-Alexa 488 or
594 and donkey anti-rabbit IgG F(ab)’,-Alexa 594 or 488 (1:1000; Molecular Probes—Thermo
Fisher Scientific). The following secondary antibodies were used for immunoblotting: donkey
anti-mouse IgG conjugated to horseradish peroxidase (HRP) and donkey anti-rabbit IgG con-
jugated to HRP (Jackson ImmunoResearch Laboratories Inc., West Grove, PA). For immunoe-
lectron microscopy goat anti-mouse IgG conjugated to nanogold (Nanoprobes, Yaphank, NY)
was used according to manufacturer’s instructions. Mouse IgE anti-TNP ascites fluid was used
to sensitize cells before FceRI stimulation (1:5000; generously provided by Dr. Reuben Siraga-
nian, NIH).

ShRNA knockdown

MISSION™ lentiviral shRNA plasmid vectors encoding AP-3  shRNA sequences and a non-
targeting ShRNA control vector (MISSION TRC2 pLKO.5-puro Non-Mammalian shRNA
Control, Catalog No. SHC202), both also containing a puromycin resistance gene, were pur-
chased from Sigma-Aldrich. Two premade lentiviral constructs encoding AP-3 & shRNAs
were used. The shRNAs employed were designed against the following target sequences: Clone
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23 (Sh23) 5" ~TCCATGTACAGCCGCTCTATCC-3 * and Clone 24 (Sh24) 5 ~ACCTGGATGC
CTGGATCAATG-3".Control nontargeting Insert Sequence: 5’ - CCGGCAA CAAGATGAAG
AGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTT- 3’ . FuGENE®™ HD Transfection
Reagent (Promega Co., Madison, WI) was used to co-transfect the shRNA vectors with the
MISSION™ Lentiviral Packing mix (Sigma-Aldrich) into HEK293T packing cells to generate
lentiviral particles. RBL-2H3 cells were transduced with control or AP-3 § lentivirus (Sh23 and
Sh24) for 16h at a MOI of 6. The media containing the virus was removed and replaced with
fresh DMEM and the cells cultured for 24h before addition of puromycin (1 pg/mL; Sigma-
Aldrich) in order to select for cells in which the shRNA was integrated. Real time PCR and
immunostaining of permeabilized cells followed by flow cytometry were employed to monitor
AP-3 3 mRNA and protein knockdown, respectively; also, immunoblotting of 3 subunit was
employed to confirm AP-3 complex knockdown.

Real-time PCR

Total RNA was purified from 5.0x10° cells using the Illustra™ RN Aspin Mini Isolation Kit (GE
Healthcare Bio-Sciences, Pittsburgh, PA) according to the manufacturer’s instructions. For
cDNA synthesis 5 ug of total RNA was reverse-transcribed using the GoScript™ Reverse Tran-
scription System according to the manufacturer’s instructions (Promega). Gene specific prim-
ers were used for quantitative PCR analysis. Power SYBR Green PCR Master Mix (Applied
Biosystems, Thermo Fisher Scientific, Inc., Foster City, CA) was used with 10 ng of RNA/well
of the cDNA product in an ABI 7500 Real Time PCR System (Applied Biosystems, Thermo
Fisher Scientific, Inc.). For all RT-PCR analysis, GAPDH mRNA was used to normalize RNA
inputs. Primer sequences are as follows:

rat AP3D1 forward (5 -TGTGGAGCTGACAAGACTGG-3");
rat AP3D1 reverse (5’ ~ACCAGGTGGGCACTATCAAG-3");
rat GAPDH forward (5’ -GACATGCCGCCTGGAGAAAC-3");

rat GAPDH reverse (5’ ~AGCCCAGGATGCCCTTTAGT-3").

Flow cytometry

The cells were cultivated (5.0x10° cells) for 16h in Costar T-25 flasks (Corning Life Sciences,
Tewksbury, MA), harvested with trypsin-EDTA (Invitrogen—Thermo Fisher Scientific), and
rinsed by centrifugation in PBS. To evaluate expression of AP-3 3 subunit, the cells were then
fixed for 20 min with 2% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in
PBS, washed in PBS and permeabilized with 0.05% saponin in PBS for 15 min, blocked for 30
min at room temperature (RT) in PBS containing 1% BSA (Sigma-Aldrich) and 5 pg/mL nor-
mal donkey IgG (Jackson ImmunoResearch). The cells were then incubated with primary anti-
body for 1h, washed 3 times with PBS and incubated with donkey anti-mouse IgG conjugated
to Alexa 488 for 1h at RT and washed 5 times in PBS. After rinsing, the cells were analyzed
with a Guava EasyCyte Mini System using Cytosoft Blue software (Guava Technologies, Inc.,
Hayward, CA). To evaluate FceRI surface expression, non-permeabilized cells were incubated
at 4°C for 1h with mAb BC4-FITC in PBS containing 1% BSA and 5 mg/mL normal donkey
IgG, washed in PBS and fixed for 20 min with 2% paraformaldehyde (Electron Microscopy Sci-
ences) before been analyzed with a Guava EasyCyte Mini System using Cytosoft Blue software
(Guava Technologies, Inc., Hayward, CA).
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SDS-page and immunoblotting

Antibodies to AP-3 u (mouse mAb anti-p47A) and AP-1 y (mouse mADb anti-Adaptin v) sub-
units where used to evaluate expression of adaptor proteins. Whole cell lysates were mixed
with 2X SDS-PAGE sample buffer (4% SDS, 20% Glycerol, 0.12M Tris pH 6.8, and 5% B-Mer-
captoethanol), boiled and proteins were separated electrophoretically on 10% polyacrylamide
gels and electrotransferred to Hybond nitrocellulose membranes (GE Healthcare Bio-Sci-
ences). After transfer, the membranes were blocked for 1h at RT in TTBS (0.05M Tris—HCI,
0.15M NaCl, pH 7.5, and 0.05% Tween 20) containing 4% BSA and probed for 16h at 4°C with
individual primary antibodies, washed in TTBS and incubated with the appropriate anti IgG
conjugated to HRP (Jackson ImmunoResearch) for 30 min at RT, washed and developed using
chemiluminescence (ECL—GE Healthcare Bio-Sciences). Images were obtained using a Bio-
Rad ChemiDoc Imaging System (Bio-Rad Laboratories, Hercules, CA). The mean optical den-
sity of the target protein was determined using the Image Lab software (Bio-Rad Laboratories).

Fluorescence microscopy

Peritoneal cells were obtained by injecting Wistar rats i.p. with 15 mL sterile PBS. The perito-
neal wash was collected following laparotomy using a Pasteur pipette. The cells were rinsed
twice in PBS and placed on silane-coated Unifrost Microscope Slides (Azer Scientific, Morgan-
town, PA). The cells were fixed for 20 min with 2% paraformaldehyde (Electron Microscopy
Sciences) in PBS, rinsed again, and permeabilized with 0.01% saponin (Sigma-Aldrich) in PBS
for 20 min. Next, cells were incubated for 45 min at RT in PBS containing 1% BSA and 5 pg/
mL normal donkey IgG (Jackson ImmunoResearch). For double staining with two different
mouse monoclonal antibodies, mAb 8SA4 and mAb AA4 were fluorescently labeled according
to the manufacturer’s protocol with the Zenon Alexa Fluor 488 and 594 mouse IgGl1 labeling
kits (Molecular Probes—Thermo Fisher Scientific), respectively. The cells were then incubated
with the directly labeled antibodies for 1h at RT. Cells were then rinsed in PBS and mounted
with Fluoromount-G (Electron Microscopy Sciences).

RBL-2H3 cells were plated (5.0x10* cells/coverslip) and cultured for 16h on 13 mm round
coverslips. The cells were rinsed in PBS, fixed for 20 min with 2% paraformaldehyde (Electron
Microscopy Sciences) in PBS, rinsed again, and permeabilized with 0.01% saponin (Sigma-
Aldrich) in PBS for 20 min. Next, cells were rinsed twice in PBS and incubated for 45 min at
RT in PBS containing 1% BSA and 5 pug/mL normal donkey IgG (Jackson ImmunoResearch).
Cells were then labeled with primary antibodies diluted in PBS containing 1% BSA for 1h at
RT. To avoid cross-reactivity, two different antibodies were used to determine the subcellular
localization of AP-3. In the double staining of AP-3 with GM130 and TGN38, rabbit poly-
clonal antibody anti-AP3D1 was used to localize AP-3 since anti-GM130 and anti-TGN38
antibodies were raised in mice. Otherwise, mouse mAb anti-8SA4 was used to localize AP-3 in
the double staining of AP-3 with SNX2 and CATD since both anti-SNX2 and anti-CATD anti-
bodies were raised in rabbit. After incubation, cells were rinsed thoroughly in PBS and incu-
bated for 30 min at RT with the appropriate secondary antibodies diluted in PBS. Cells were
then rinsed in PBS and mounted with Fluoromount-G (Electron Microscopy Sciences). Cells
incubated without primary antibody served as controls and were all negative. All samples were
analyzed using a LEICA TCS-NT SP5 laser scanning confocal microscope (Leica Microsys-
tems; Heidelberg, Germany). Colocalization studies were performed on Z-series images by
quantitation of Manders” Colocalization coefficients M1/M2 using Image J software [31]
and the colocalization threshold plug-in developed by Tony Collins (Wright Cell Imaging
Facility, Toronto, Canada) as previously described [32]. M1 is the percentage of above-back-
ground pixels in the green channel that overlap above-background pixels in the red channel.
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Immunostaining of the 8 subunit of AP-3 was considered the green channel and the organelle
marker was considered the red channel. The organelle markers were GM130 for cis-Golgi,
TGN38 for the trans Golgi network, SNX2 for early endosomes, and Cathepsin D for secretory
granule protease. A minimum of 8 images was analyzed for each colocalization assay.

Transmission Electron Microscopy (TEM)

Cells were plated (4.5x10* cells/well) in 6-well tissue culture plates (Corning Life Sciences) and
cultured for 2 days before fixation. Media were changed daily before fixation. Cells were rinsed
in PBS and fixed by microwave irradiation in 0.05% glutaraldehyde (Electron Microscopy Sci-
ences) plus 4% formaldehyde (Electron Microscopy Sciences) in 0.1 M cacodylate buffer (pH
7.4), containing 0.025% CaCl, for 10s, as previously described [33]. For pre-embedding immu-
noelectron microscopy cells were rinsed with 50 mM glycine in PBS for 15 min, and blocked
for 45 min with 1% BSA in PBS. Cells were then permeabilized with 0.05% saponin in PBS
containing 1% BSA for 15 min, incubated with anti-3SA4 for 2h at RT, rinsed, and subse-
quently incubated with goat anti-mouse IgG conjugated to nanogold (Nanoprobes) for 1h at
RT. After rinsing in 3 times with PBS containing 1% BSA with cells were fixed with 2.5% glu-
taraldehyde in 0.1 M cacodylate buffer for 1h, rinsed twice with 0.1 M cacodylate buffer and 5
times with Milli-Q water. The nanogold was enhanced using GoldEnhance™ Electron Micros-
copy Plus (Nanoprobes) for 6 min according to the manufacturer’s directions. In all TEM
experiments cells were post fixed in 1% reduced OsO, (Electron Microscopy Sciences) [34] in
0.1 M cacodylate buffer (pH 7.4) for 2h, rinsed in Milli-Q water, and dehydrated in a graded
ethanol series. Cells were removed from the tissue culture plates with propylene oxide and
embedded in EMBED 812 (Electron Microscopy Sciences). Thin sections were cut with a dia-
mond knife, mounted on copper grids, and stained for 10 min each in Reynolds’s lead citrate
(Reynolds 1963) and 0.5% aqueous uranyl acetate, and examined with a JEOL JEM-100CXII
(JEOL Ltd., Tokyo, Japan) transmission electron microscope. For morphometric analysis of
mast cell secretory granules images of a minimum of 30 cells from each condition were ana-
lyzed using Image J software [31]. For area measurements, the secretory granules were manu-
ally selected with the freehand selection tool and the area measurements were calculated using
the ROI manager tool. The selection criteria for the RBL-2H3 secretory granules were based
on following morphological features: membrane limited organelles displaying internal mem-
brane vesicles interspace with dense membranous material and electrontranslucent areas.
Double membrane compartments were not selected to avoid confusion with mitochondria.

Scanning Electron Microscopy (SEM)

Cells were plated on 13 mm round coverslips (5.0x10* cells/coverslip) and sensitized or not
with IgE anti-TNP ascites fluid in the culture medium and incubated for 16h followed or not
by stimulation with 50 ng/mL of DNP,5-HSA (Sigma-Aldrich) for 15 min. Cells were rinsed in
warm PBS (37°C) and fixed with 2% glutaraldehyde (Electron Microscopy Sciences) in warm
PBS for 2h at RT. Cells were post fixed in 1% OsO, (Electron Microscopy Sciences) for 2h,
rinsed in Milli-Q water, incubated with a saturated solution of thiocarbohydrazide (Electron
Microscopy Sciences), followed by 1% OsO,. This step was repeated once. The cells were dehy-
drated in a graded series of ethanol and critically point-dried with liquid CO, in a Tousimis
Autosandri-810 (Tousimis Research Co., Rockville, MD), mounted on aluminum stubs with
silver paint (Electron Microscopy Sciences), and coated with gold in a BAL-TEC SCD 050
Sputter Coater (BAL-TEC). Samples were examined with a JEOL JSM-6610 LV scanning elec-
tron microscope (JEOL, Ltd.; Tokyo, Japan).
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B-hexosamidase assay

Mast cell degranulation was assessed by measuring the activity of released f-hexosaminidase
after FceRI stimulation. Cells were plated (3.0x10* cells/well) in a 96 well tissue culture plate
(Costar-Corning Inc.), sensitized or not with IgE anti-TNP ascites fluid in the culture medium
and incubated for 16h followed or not by stimulation with 50 ng/mL of DNP,s-HSA (Sigma-
Aldrich) for 45 min. B-hexosaminidase release was determined as previously described [35]. B-
hexosaminidase activity was quantified in the supernatants and cell lysates by spectrophoto-
metric analysis of hydrolysis of 4-Nitrophenyl N-acetyl-B-D-glucosaminide (Sigma-Aldrich).
B-hexosaminidase release was calculated as the percentage of B-hexosaminidase activity mea-
sured in the supernatants relative to the total amount of f-hexosaminidase activity measured
in the supernatant and cells.

Lipid mediator release assay

Cells were plated (1.0x10° cells/well) in a 24 well tissue culture plate (Corning Life Sciences)
sensitized or not with IgE anti-TNP ascites fluid (1:5000 dilution) in the culture medium and
incubated for 16h followed or not by stimulation with 50 ng/mL of DNP5-HSA (Sigma-
Aldrich) for 30 min. PGD2 and LTC4 in culture supernatants were analyzed using EIA kits
(Cayman Chemical, Ann Arbor, MI).

Cytokine release assay

Cells were plated (1.0x10° cells/well) in a 24 well tissue culture plate (Corning Life Sciences)
sensitized with IgE anti-TNP ascites fluid (1:5000 dilution) in the culture medium and incu-
bated for 16h followed by stimulation with 50 ng/mL of DNP,s-HSA (Sigma-Aldrich) for 1h.
Culture supernatants were discarded and the cells were washed and incubated with fresh
media for an additional 23h. The supernatants were collected and released cytokines were ana-
lyzed using the Proteome Profiler Rat Cytokine Array Kit, Panel A (R&D Systems, Inc. Minne-
apolis, MN) according to the manufacturer’s instructions. Briefly, supernatants were mixed
with a cocktail of biotinylated detection antibodies and then incubated with the membrane
containing immobilized antibodies for 29 rat cytokines. Bound protein was detected with
streptavidin conjugated to HRP. Membranes were washed and developed using ECL™ Western
Blotting Detection Reagent RPN2106 (GE Healthcare).

Statistics

Results were analyzed using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA) and
expressed as mean + SD. In the colocalization experiments, statistical differences were assessed
by a two-tailed unpaired t test with Welch’s correction. In all shRNA experiments differences
between groups were assessed by one-way ANOVA with Dunnett’s post-test and all groups
were compared with the shRNA control group; A p<0.05 (*) was considered significant.

Results
The AP-3 complex is expressed in rat peritoneal mast cells

Since the presence of AP-3 has not been previously reported in MCs, the expression of AP-3 in
rat peritoneal mast cells was investigated by direct immunofluorescence. The peritoneal lavage
from Wistar rats was immunostained with antibodies to the 8 subunit of AP-3. In order to
conclusively identify MCs, the peritoneal lavage was also immunostained for the MC specific
gangliosides derived from GD1b. These rodent mast cell specific gangliosides are expressed in
both immature and mature rat mast cells [36, 37]. AP-3 displayed a punctate staining pattern
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Fig 1. AP-3 is expressed in rat peritoneal mast cells. AP-3 was distributed in a punctate fashion in the cytoplasm of cells from the rat peritoneal lavage.
Double labeling of the peritoneal lavage for AP-3 and the MC specific GD1b derived gangliosides revealed that the MCs were prominently stained for AP-
3. Anti-AP-3 & antibody (mAb anti-6SA4) was fluorescently labeled with the Zenon Alexa Fluor 488 (Green) and anti-MC specific GD1b derived
gangliosides (mAb AA4) was fluorescently labeled with the Zenon Alexa Fluor 594 (Red). Bar =10 pm.

doi:10.1371/journal.pone.0173462.9001

throughout the cytoplasm of all the cells in the peritoneal lavage. Furthermore, the MCs
appeared to be more intensely stained (Fig 1), thus demonstrating that AP-3 is present in MCs
ex vivo.

The AP-3 complex colocalizes with the biosynthetic and endocytic
pathways in RBL-2H3 cells

In order to facilitate the investigation of the role of AP-3 in MC regulated secretion, the rat
mast cell line RBL-2H3 was used in all further experiments. The subcellular localization of AP-
3 in these cells was analyzed by immunostaining with antibodies to the & subunit of AP-3 as
well as markers for components of the secretory pathway (Fig 2A). AP-3 displayed a punctate
staining pattern throughout the cytoplasm similar to that seen for peritoneal mast cells, and
partially colocalized with markers for the cis-Golgi saccules, TGN, tubule-vesicular early endo-
somes and secretory granules. An analysis of the percentage of colocalization of AP-3 with

the various markers showed that the colocalization was lowest in the cis-Golgi saccules but
increased significantly in the TGN, early endosomes and secretory granules (Fig 2B).

By immunoelectron microscopy, AP-3 was found associated with the cytoplasmic face of
vesicles and tubular structures in close proximity to the Golgi complex (Fig 3A and 3B). AP-3
was also associated with vesicles and tubular endosomal structures near the plasma membrane
(Fig 3A and 3C). The association of AP-3 with the TGN and tubule-vesicular endosomes indi-
cates that in MCs, AP-3 dependent sorting of proteins to secretory granules originates in these
organelles.

AP-3 & knockdown destabilizes the AP-3 complex

To assess a possible role for AP-3 in MC regulated exocytosis, the expression of AP-3 was
knocked down in RBL-2H3 mast cells. RBL-2H3 cells were transduced with lentiviral parti-
cles encoding for two different shRNAs against the 8 subunit of AP-3. Quantitative RT-PCR
showed an approximately 80% decrease in AP-3 8 mRNA expression compared to cells
expressing a nontargeting shRNA (Fig 4A). Flow cytometry analysis showed a 50% reduction
in AP-3 & protein levels compared to control cells (Fig 4B). Western blot analysis using an
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Fig 2. AP-3 colocalizes with markers of the biosynthetic and endocytic pathways. (A) AP-3 was
distributed in a punctate fashion in the cytoplasm of the RBL-2H3 cells. Double labeling of AP-3 with anti-
GM130 (cis-Golgi), anti-TGN38 (TGN), anti-SNX2 (early endosomes) or anti-Cathepsin D (secretory
granules) showed a partial colocalization. The rabbit polyclonal antibody anti-AP3D1 was used in the double
staining of AP-3 with GM130 and TGN38 (upper panels) and the mouse mAb anti-5SA4 was used in the
double staining of AP-3 with SNX2 and CATD (lower panels). Anti-AP-3 & antibodies were detected with
secondary antibodies conjugated with Alexa-488 (green); anti-GM130, anti-TGN38, anti-SNX2, and anti-
CATD were detected with secondary antibodies conjugated to Alexa 594 (red). Bar = 10 ym. (B) Manders’
colocalization coefficient values are expressed as the percentage of AP-3 that colocalized with the organelle
markers. Data is expressed as the mean + SD of colocalization analysis of at least eight individual images
from a total of three independent experiments. ns: not significant; *: p < 0.05.

doi:10.1371/journal.pone.0173462.9g002

antibody specific to the p3 subunit of AP-3 showed that AP-3 8 knockdown leads to an
equivalent reduction (50%) in u3 levels confirming that the whole complex was destabilized

(Fig 4C and 4D). Moreover, AP-3 § knockdown did not affect the levels of AP-1 y expressed
in MCs (Fig 4C).

PLOS ONE | DOI:10.1371/journal.pone.0173462 March 8,2017 9/22



®PLOS | one

AP-3 plays a crucial role in RBL-2H3 mast cell mediator release

Fig 3. AP-3 is associated with membrane bound organelles in the biosynthetic and endocytic pathway. By immunoelectron microscopy, AP-3 was
localized on cytoplasmic side of vesicles and tubular structures in close proximity to the Golgi complex (A and B) (arrowheads) and on tubule-vesicular
endosomal membranes (A and C) adjacent to the plasma membrane (arrows). Bar = 0.5 ym. N: Nucleus; G: Golgi; *: Secretory Granule.

doi:10.1371/journal.pone.0173462.g003

ShRNA mediated depletion of AP-3 adaptor complex did not interfere
with FceRI expression or the morphological changes associated with MC
activation

FceRI mediated MC activation is the best characterized pathway of mast cell activation, which
is crucial for the regulated secretion of MC mediators. Therefore, it was of interest to verify
that shRNA mediated AP-3 knockdown did not interfere with key features of FceRI activation
such as FceRI surface expression and activation induced membrane ruffling. Knockdown of
AP-3 § did not alter the expression of FceRI on the surface of RBL-2H3 cells, as detected by
flow cytometry analysis (Fig 5A). Furthermore, shRNA mediated AP-3 knockdown did not
affect the cell spreading and surface ruffling that are characteristic of mast cell activation

(Fig 5B).

The AP-3 complex is critical for regulated secretion of preformed
mediators

Although AP-3 knockdown did not interfere with FceRI expression or the morphological
changes induced by activation via FceRl, it was of interest to determine if the secretion of
preformed MC mediators was affected following FceRI stimulation. The 50% reduction in
AP-3 protein levels was sufficient to significantly affect MC regulated secretion of B-hexosa-
minidase (Fig 6A). Knockdown of the 3 subunit of AP-3 caused an approximately 45%
reduction in release of f-hexosaminidase activity, for both & shRNAs tested, in comparison
to RBL-2H3 cells transduced with control shRNA. Furthermore, this observed decrease was
not a consequence of reduced cellular levels of p-hexosaminidase since the total enzyme
activity in AP-3 depleted cells was not significantly different from the total enzyme activity
present in control cells (Fig 6B). This result indicates that AP-3 plays a critical role in regu-
lated exocytosis in MC.

AP-3 knockdown leads to an enlargement of MC secretory granules

Since AP-3 knockdown affected release of preformed mediators that are stored in secretory
granules, it was of interest to evaluate secretory granule morphology. MC granules were

PLOS ONE | DOI:10.1371/journal.pone.0173462 March 8,2017 10/22
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Fig 4. ShRNA mediated depletion of AP-3 5 subunit destabilizes the AP-3 adaptor complex in RBL-2H3 mast cells. RBL-2H3 cells were
transduced with lentiviral particles expressing shRNAs against the & subunit of the AP-3 complex (ShAP-3 & CI.23 and ShAP-3 & Cl.24) or with non-
targeting shRNA control (ShCtrl). (A) By quantitative RT-PCR, RBL-2H3 cells transduced with AP-3 & shRNAs had an average reduction of 80% in AP-
3 d mRNA expression when compared to shRNA control cells (ShCtrl). (B) By FACS analysis of permeabilized cells immunostained with anti-0SA4
antibody, AP-3 & protein levels were reduced by approximately 50% when compared to ShCirl cells. Open Bars: % of AP-3 & positive cells; Colored
Bars: Mean Fluorescence Intensity (MFI). (C) Western blot analysis showed that in RBL-2H3 cells knocked down for AP-3 & there was a reduction in
AP-3 u3 expression while AP-1 y protein levels were unaltered. Representative Western blot images. (D) Ratio of AP-3 p3 to o/ tubulin. The 50%
reduction in AP-3 u3 expression was equivalent to that seen for AP-3 8. The AP-3 u3 subunit was immunolabeled with the mAb anti-p47A and the AP-1
y was labeled with the mAb anti-Adaptin y. Data is expressed as the mean + SD of at least three independent experiments. Statistical difference in
comparison to shRNA control transduced cells (ShCitrl). ns: not significant; *: p < 0.05; UT: untransduced cells.

doi:10.1371/journal.pone.0173462.9g004

evaluated by electron microscopy in order to investigate the involvement of AP-3 in the bio-
genesis of secretory granules. In RBL-2H3 MCs secretory granules are membrane-limited
organelles displaying internal membrane vesicles interspersed with electron dense and elec-
tron lucent areas. AP-3 knockdown did not interfere with the overall ultrastructure of the

PLOS ONE | DOI:10.1371/journal.pone.0173462 March 8,2017 11/22
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Fig 5. ShRNA mediated depletion of AP-3 does not interfere with FceRI surface expression or the
morphological changes characteristic of MC activation. (A) By FACS analysis, there were no significant
differences in expression of FceRI on the surface of RBL-2H3 cells transduced with AP-3 8 shRNA (ShAP-3 &
Cl.23) and shRNA control (ShCtrl) or untransduced cells (UT). Open Bars: % of FceRl positive cells; Colored
Bars: Mean Fluorescence Intensity (MFI). Data is expressed as the mean + SD of three independent
experiments. Statistical differences are in comparison to shRNA control transduced cells (ShCtrl). ns: not
significant. (B) By scanning electron microscopy AP-3 knockdown did not interfere with cell spreading or
ruffling (arrows) of RBL-2H3 cells activated via FceRI. NS: non-stimulated; S: stimulated via FceRI.

doi:10.1371/journal.pone.0173462.9005

secretory granules in these cells or affect the average number of granules per cell. However, a
significant increase in the area of the MC granules was observed in AP-3 knockdown MCs
(Fig 7A-7C). This increase in granule area further indicates that AP-3 is involved in MC secre-
tory granule biogenesis.
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Fig 6. AP-3 knockdown resulted in decreased B-hexosaminidase release in FceRlI stimulated mast
cells. For stimulation via FceRI, RBL-2H3 cells were sensitized with IgE anti-DNP and stimulated with DNP 4g-
HSA (50 ng/mL) for 45 min. The activity of released and total -hexosaminidase was determined for
stimulated (Open Bars) and non-stimulated cells (Colored Bars). (A) FceRl stimulated RBL-2H3 cells
transduced with AP-3 & shRNAs (ShAP-3 6 CI.23 and Cl.24) had an average 45% reduction in the release of
B-hexosaminidase activity when compared to shRNA control cells (ShCtrl). (B) Total B-hexosaminidase
activity levels were unaltered in AP-3 knockdown cells when compared to ShCtrl cells. Data is expressed as
the mean + SD of three independent experiments. Statistical differences are in comparison to stimulated
shRNA control transduced cells (ShCtrl). ns: not significant; *: p < 0.05; UT: untransduced cells. Black Line
Bars: UT; Gray Line Bars: ShCtrl; Blue Line Bars: ShAP-3d CI.23; and Red Line Bars: ShAP-35 Cl.24.

doi:10.1371/journal.pone.0173462.9006

AP-3 knockdown influences newly formed mediator release

In addition to the regulated release of preformed mediators, mast cell activation leads to the
de novo synthesis of lipid mediators, such as prostaglandins and leukotrienes, which are

PLOS ONE | DOI:10.1371/journal.pone.0173462 March 8,2017 13/22
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Fig 7. AP-3 knockdown leads to enlarged MC secretory granules. RBL-2H3 MCs were transduced or not with shRNAs and analyzed by transmission
electron microscopy. (A) The area of the secretory granules was increased in the AP-3 knockdown cells (ShAP-3 & Cl.23) when compared to shRNA
control cells (ShCtrl). UT: untransduced cells; ShCtrl: shRNA control transduced cells; and ShAP-3 6 CI.23: shRNA AP-3 6 Cl.23 transduced cells. The
arrows indicate secretory granules. Bar = 5 um. The graphs show the quantification of secretory granules numbers per cell (B) and granule area
expressed in pixels (C). Data is expressed as the mean + SD from the image analysis of at least 30 individual cells from a total of three independent
experiments. shRNA AP-3 & Cl.23 transduced cells were compared to shRNA control transduced cells (ShCtrl). ns: not significant; *: p < 0.05.

doi:10.1371/journal.pone.0173462.g007

immediately formed after MC activation. The functional impact of AP-3 knockdown on the
secretion of newly formed mediators following FceRI stimulation was investigated. Release of
the lipid mediator prostaglandin D2 (PGD2) was decreased after FceRI activation in AP-3
knockdown MCs (Fig 8A) while leukotriene C4 (LTC4) release was not altered (Fig 8B).
Therefore, AP-3 knockdown selectively affects lipid mediator release.

AP-3 knockdown affects release of newly synthesized mediators

Mast cell activation stimulates the synthesis and release of newly synthesized mediators such
as cytokines and growth factors. Cytokines and growth factors are transcriptionally upregu-
lated after MC activation and released by constitutive secretion. To investigate release of
newly synthesized mediators IgE sensitized MCs were stimulated and after 1h the culture

PLOS ONE | DOI:10.1371/journal.pone.0173462 March 8,2017 14/22
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Fig 8. AP-3 knockdown affects newly formed mediator release. For stimulation via FceRI, RBL-2H3 cells
were sensitized with IgE anti-TNP and stimulated with DNP4g-HSA (50 ng/mL). Lipid mediators were
measured, 30 min after stimulation, in the culture supernatant by EIA. Prostaglandin D2 release (A) was
decreased in the AP-3 knockdown cells (ShAP-3 & CI.23) while release of leukotriene C4 (B) was unaltered
when compared to shRNA control cells (ShCtrl). Data is expressed as the mean + SD of two independent
experiments. Statistical differences are in comparison to shRNA control transduced cells (ShCtrl). ns: not
significant; *: p < 0.05; UT: untransduced cells.

doi:10.1371/journal.pone.0173462.9008

supernatants were discarded to exclude released preformed cytokines. After 23h of incubation
with fresh media the supernatants were analyzed using the Proteome Profiler Rat Cytokine
Array Kit (Panel A) as described in Materials and Methods. Of the 29 cytokines analyzed 6 had
their secretion significantly increased in AP-3 knockdown MCs when compared to ShCtrl
cells (Table 1). The secretion of another 21 cytokines was also increased in AP-3 knockdown
cells, although this increase was not significant. These results show the knockdown of AP-3
also influences the release of newly synthesized mediators.
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Table 1. AP-3 knockdown affects the release of newly synthesized mediators.

MEAN PIXEL DENSITY + SD
Cytokines uT ShCtrl ShAP-3 5 Cl.23
CINC-1* 1.44 £0.17 1.36 £0.11 3.10+£0.45
CINC-2a/3* 0.60 +0.27 0.41+0.13 1.88 £0.36
CINC-3* 1.01 £0.20 1.00 £0.14 1.67 £0.15
CNTF 1.03+0.34 0.68 +0.34 1.37 +0.35
Fractalkine/CX3CL1 0.8110.34 0.68 +0.25 1.50+0.35
GM-CSF* 0.97 +0.28 0.73 £0.09 1.78 £0.23
sICAM-1/CD54 9.20 +1.08 9.48 +2.84 13.11 £2.48
IFN-y* 1.96 +0.41 0.85+0.12 2.64 +0.36
IL-1a/IL-1FA1 2.08 +0.43 1.87 +0.26 2.74 +0.40
IL-1B/IL-1F2* 1.20 £0.23 1.21 £0.23 2.28 +0.15
IL-1ra/IL-1F3 1.18 £0.19 1.05+0.17 1.80 +£0.29
IL-2 1.61 +£0.36 1.39 £0.45 1.53+£0.40
IL-3 5.04 £1.67 3.97 £0.65 5.77 £1.23
IL-4 4.04 +0.68 4.27 +0.83 5.78 +1.46
IL-6 1.23+0.28 0.52 £0.15 1.13+0.10
IL10 1.48 £0.29 1.29 £0.24 1.71+£0.13
IL-13 30.73+14.07 27.49+11.10 35.35+14.38
IL-17 2.44 +0.67 2.31 £0.82 3.25 +0.53
IP-10/CXCL10 1.23 +0.21 1.20 +0.30 1.71+0.34
LIX 1.92 +0.34 1.71 +0.64 1.51+0.53
L-Selectin/CD62L 2.21+0.27 1.90 +0.40 2.20+0.33
MIG/CXCL9 1.71+0.44 1.38 +0.41 1.98 +0.24
MIP-1a/CCL3 1.29 £0.40 0.98 £0.29 1.29+0.19
MIP-3a/CCL20 1.37 £0.32 1.39£0.10 1.28 +0.08
RANTES/CCL5 2.55+0.21 2.21 £0.65 2.87 £0.24
Thymus Chemokine/CXCL-7 44.44 +5.55 52.04 £2.25 61.18 £8.25
TIMP-1 1.31+£0.18 0.88 £0.22 1.41 £0.26
TNF-a 1.20 £0.07 0.52 £0.15 0.74 £0.20
VEGF 26.95+1.17 27.69+4.16 28.08 +5.55

The Proteome Profiler™ - Rat Cytokine Array Panel A—was used to simultaneously assess the relative
levels of 29 cytokines released in the supernatant of FceRlI stimulated MCs. Data is expressed as the mean
pixel density + SD of three independent experiments. The mean pixel densities of spots for each cytokine in
the membrane array were quantified using Image J. Cytokines whose secretion was significantly increased
in AP-3 knockdown MCs are shaded in gray.

*:p < 0.05 in comparison to ShCtrl; UT: untransduced cells; ShCtrl: shRNA control transduced cells; and
ShAP-3 & CI.23: shRNA AP-3 & CI.23 transduced cells.

doi:10.1371/journal.pone.0173462.t001

Discussion

The present investigation demonstrates, for the first time, that the AP-3 adaptor complex is
present in rat MCs and that it is associated with both the biosynthetic and endocytic pathways
of RBL-2H3 MCs. Additionally, AP-3 was shown to be important for MC regulated exocytosis
of preformed mediators and to have a role in regulating MC secretory granule size. Further-
more, the reduced expression of AP-3 had an impact on the secretion of some newly formed
and newly synthesized mediators.
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The present study shows an association of AP-3 with early endosomes as well as with the
TGN. In spite of its recognized involvement in LRO biogenesis, the subcellular localization of
AP-3 has long been a matter of debate. Several studies using immunofluorescence and immu-
nogold labeling of AP-3 in different cell types have yielded conflicting results with respect to
the localization of AP-3, suggesting a role for AP-3 in protein sorting either in the TGN or in
endosomal compartments [38-43]. However, the association of AP-3 with one set of organelles
does not exclude its involvement with another set. In the regulated secretory pathway, proteins
destined for secretion are targeted to secretory granules either directly from the TGN or indi-
rectly, via the endosomal system [6]. Both the biosynthetic and endocytic pathways were
previously shown to be involved in LRO biogenesis in MCs. Some studies in MCs have dem-
onstrated that the sorting of lysosomal proteases relies mainly on their glycosylation in the
Golgi complex and subsequent targeting of these proteins by the mannose-6-phosphate
receptor to MC secretory granules [44, 45]. In contrast, other studies have demonstrated that
internalized cargo can also be delivered to MC secretory granules [46, 47]. The results of the
present study provide evidence for a role of AP-3 in sorting and trafficking from both the
TGN and endosomes in RBL-2H3 MCs.

Knockdown of AP-3 was used to functionally study AP-3 in RBL-2H3 MCs. ShRNA medi-
ated knockdown of AP-3 & subunit in MCs compromised the stability of the p3 subunit indi-
cating the AP-3 complex was destabilized. This observation is in agreement with previous
studies showing that in the absence of one subunit the whole adaptor complex becomes unsta-
ble and the levels of the other subunits are diminished [48-51].

Morphometric analysis of RBL-2H3 secretory granules by electron microscopy showed that
AP-3 knockdown caused a significant increase in the size of secretory granules, suggesting a
role for AP-3 in RBL-2H3 MC secretory granule biogenesis. This finding agrees with previous
studies that found a similar phenotype in AP-3 deficient neurons, neuroendocrine cells, cyto-
toxic T lymphocytes, and platelets [15, 18, 51-53]. One possible explanation for the increased
granule size is that AP-3 is involved in secretory granule maturation. In RBL-2H3 MCs, knock-
down of Synaptotagmin III (Syt III) leads to an increase in secretory granule size. The authors
suggest that this is the result of deficiencies in the retrieval and recycling of granule proteins
during granule maturation [54]. We analyzed the protein sequence of Syt III using the Eukary-
otic Linear Motif database. This analysis indicated the presence of three tyrosine based motifs
and one dileucine based motif in its cytosolic portion (data not shown), which could implicate
AP-3 in Syt III sorting to the regulated secretory pathway. Further studies are necessary to con-
firm this hypothesis and to elucidate the mechanisms by which AP-3 acts in secretory granule
biogenesis.

The present investigation indicates that AP-3 plays a role in regulated secretion in RBL-
2H3 MCs. After stimulation via FceRI, MCs deficient in AP-3 released significantly less of the
preformed mediator B-hexosaminidase, although the total amount of B-hexosaminidase was
the same as that present in the control cells. Additionally, the reduced release of f-hexosamini-
dase was not a consequence of changes in FceRI expression on the cell surface. The AP-3
knockdown RBL-2H3 cells also underwent morphological changes characteristic of FceRI acti-
vation. Our results are consistent with previous reports showing reduced secretion of lyso-
somal hydrolases by platelets from Pearl mice, which are deficient in the AP-3 B3A subunit
[17, 55, 56]. Some proteins, which are important for MC regulated secretion, were shown, in
other cell types, to contain cytoplasmic sequences required for their correct sorting to secre-
tory granules through an AP-3 dependent pathway [57-59]. SNARE proteins mediate mem-
brane fusion and are crucial for exocytosis. In the plasma membrane, the SNAREs involved in
MC degranulation are Syntaxin 4 and SNAP23, whereas in the granule membrane the SNAREs
VAMP7 and VAMPS facilitate membrane fusion [60, 61]. In other cell types, AP-3 was shown
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to interact with VAMP7 and target it to lysosomes and late endosomes [59]. Therefore, incor-
rect targeting of VAMP7 in AP-3 deficient MC could interfere with the granule’s ability to fuse
with the plasma membrane and release its contents.

AP-3 can also influence the secretion of newly formed mediators. AP-3 deficient RBL-2H3
MCs released less PGD2, but release of LTC4 was unaltered. PGD2 and LTC4 are the main
MC eicosanoids produced upon stimulation. Following FceRI activation, cPLA, is translo-
cated to membranes of intracellular compartments such as the endoplasmic reticulum, nuclear
envelope, phagosomal membranes, and to lipid bodies where it liberates arachidonic acid
(AA). Distinct metabolic pathways, involving different sets enzymes, are activated to sequen-
tially convert AA to prostaglandins or leukotrienes [62, 63]. Activation of different signaling
pathways in MCs can lead to differential release of specific mediators. When MCs are activated
by crosslinking GD1b derived gangliosides on their surface, the release of prostaglandins is
stimulated, but not leukotrienes [64]. In spite of the fact that lipid mediators do not rely on
vesicular traffic to be secreted, compartmentalized synthesis depends on the translocation and
assembly of specific enzymatic complexes necessary for the synthesis of a particular mediator
[65]. Moreover, the release of the negatively charged lipid mediators to the extracellular envi-
ronment relies on organic anion transporters of the ATP-binding cassette type III family,
known as MRPs (multidrug-resistant related proteins) and SLCs (soluble carrier super family)
[66-69]. This dependence on a membrane localized anionic transporter may account for dif-
ferences in the release of specific mediators. Our data suggest that AP-3 indirectly influences
PGD2 secretion by interfering with either synthesis or transporter mediated secretion.

AP-3 deficiency also resulted in increased secretion of several newly synthesized cytokines,
which are transcriptionally upregulated after MC activation. In contrast to lipid mediators,
cytokines are synthesized in the endoplasmic reticulum and travel through the secretory path-
way by means of vesicular transport and are presumably released by constitutive secretion [27,
70]. The molecular mechanisms involved in cytokine secretion are still greatly unexplored and
further investigation is necessary to clarify how AP-3 influences neosynthesized mediator
release.

Taken together the results of the present study show that AP-3 activity is key to secretion of
RBL-2H3 MC mediators, particularly for the biogenesis and regulated release of preformed
mediators. In spite of significant advances in the knowledge of MC biology, the understanding
of how MC mediators are selectively sorted and released from distinct secretory pathways and
the proteins involved are largely unknown. The current investigation provides evidence of the
participation and importance of AP-3 for these processes in rat mast cells.

Acknowledgments

The authors thank Elizabete Rosa Milani for assistance with the confocal microscopy and
Maria Dolores Seabra Ferreira, Maria Teresa Picinoto Maglia and Jose Augusto Maulin for
assistance with the electron microscopy, all from the Department of Cell and Molecular Biol-
ogy and Pathogenic Bioagents, FMRP-USP, Ribeirao Preto, SP.

Author Contributions

Conceptualization: EZMS LLPS MCJ CO.

Formal analysis: EZMS.

Funding acquisition: EZMS EGFF DAS LLPS MCJ CO.
Investigation: EZMS EGFF DAS M(].

PLOS ONE | DOI:10.1371/journal.pone.0173462 March 8,2017 18/22



@° PLOS | ONE

AP-3 plays a crucial role in RBL-2H3 mast cell mediator release

Methodology: EZMS EGFF DAS MC]J CO.

Project administration: EZMS CO.

Resources: LLPS MC]J CO.

Supervision: MCJ CO.

Validation: EZMS EGFF DAS.

Visualization: EZMS MCJ CO.

Writing - original draft: EZMS.

Writing - review & editing: EZMS MC] CO.

References

1.

10.

11.

12.

13.

14.

15.

16.

Marks MS, Heijnen HF, Raposo G. Lysosome-related organelles: unusual compartments become
mainstream. Curr Opin Cell Biol. 2013; 25(4):495-505. doi: 10.1016/j.ceb.2013.04.008 PMID:
23726022

Stinchcombe J, Bossi G, Griffiths GM. Linking albinism and immunity: the secrets of secretory lyso-
somes. Science. 2004; 305(5680):55-9. doi: 10.1126/science.1095291 PMID: 15232098

Luzio JP, Hackmann Y, Dieckmann NM, Griffiths GM. The biogenesis of lysosomes and lysosome-
related organelles. Cold Spring Harb Perspect Biol. 2014; 6(9):a016840. doi: 10.1101/cshperspect.
2016840 PMID: 25183830

Saftig P, Klumperman J. Lysosome biogenesis and lysosomal membrane proteins: trafficking meets
function. Nat Rev Mol Cell Biol. 2009; 10(9):623-35. doi: 10.1038/nrm2745 PMID: 19672277

Blott EJ, Griffiths GM. Secretory lysosomes. Nat Rev Mol Cell Biol. 2002; 3(2):122—31. doi: 10.1038/
nrm732 PMID: 11836514

Traub LM, Kornfeld S. The trans-Golgi network: a late secretory sorting station. Curr Opin Cell Biol.
1997; 9(4):527-33. PMID: 9261049

Bonifacino JS. Insights into the biogenesis of lysosome-related organelles from the study of the Her-
mansky-Pudlak syndrome. Ann N Y Acad Sci. 2004; 1038:103—14. doi: 10.1196/annals.1315.018
PMID: 15838104

Robinson MS. Adaptable adaptors for coated vesicles. Trends Cell Biol. 2004; 14(4):167—74. doi: 10.
1016/j.tcb.2004.02.002 PMID: 15066634

Bonifacino JS, Glick BS. The mechanisms of vesicle budding and fusion. Cell. 2004; 116(2):153-66.
PMID: 14744428

Bonifacino JS, Traub LM. Signals for sorting of transmembrane proteins to endosomes and lysosomes.
Annu Rev Biochem. 2003; 72:395-447. doi: 10.1146/annurev.biochem.72.121801.161800 PMID:
12651740

Ihrke G, Kyttala A, Russell MR, Rous BA, Luzio JP. Differential use of two AP-3-mediated pathways by
lysosomal membrane proteins. Traffic. 2004; 5(12):946—62. doi: 10.1111/j.1600-0854.2004.00236.x
PMID: 15522097

Nakatsu F, Ohno H. Adaptor protein complexes as the key regulators of protein sorting in the post-Golgi
network. Cell Struct Funct. 2003; 28(5):419-29. PMID: 14745134

Dell’Angelica EC, Shotelersuk V, Aguilar RC, Gahl WA, Bonifacino JS. Altered trafficking of lysosomal
proteins in Hermansky-Pudlak syndrome due to mutations in the beta 3A subunit of the AP-3 adaptor.
Mol Cell. 1999; 3(1):11-21. PMID: 10024875

Starcevic M, Nazarian R, Dell’Angelica EC. The molecular machinery for the biogenesis of lysosome-
related organelles: lessons from Hermansky-Pudlak syndrome. Semin Cell Dev Biol. 2002; 13(4):271—
8. PMID: 12243726

Clark RH, Stinchcombe JC, Day A, Blott E, Booth S, Bossi G, et al. Adaptor protein 3-dependent micro-
tubule-mediated movement of lytic granules to the immunological synapse. Nat Immunol. 2003; 4
(11):1111=20. doi: 10.1038/ni1000 PMID: 14566336

Fontana S, Parolini S, Vermi W, Booth S, Gallo F, Donini M, et al. Innate immunity defects in Her-
mansky-Pudlak type 2 syndrome. Blood. 2006; 107(12):4857—64. doi: 10.1182/blood-2005-11-4398
PMID: 16507770

PLOS ONE | DOI:10.1371/journal.pone.0173462 March 8,2017 19/22


http://dx.doi.org/10.1016/j.ceb.2013.04.008
http://www.ncbi.nlm.nih.gov/pubmed/23726022
http://dx.doi.org/10.1126/science.1095291
http://www.ncbi.nlm.nih.gov/pubmed/15232098
http://dx.doi.org/10.1101/cshperspect.a016840
http://dx.doi.org/10.1101/cshperspect.a016840
http://www.ncbi.nlm.nih.gov/pubmed/25183830
http://dx.doi.org/10.1038/nrm2745
http://www.ncbi.nlm.nih.gov/pubmed/19672277
http://dx.doi.org/10.1038/nrm732
http://dx.doi.org/10.1038/nrm732
http://www.ncbi.nlm.nih.gov/pubmed/11836514
http://www.ncbi.nlm.nih.gov/pubmed/9261049
http://dx.doi.org/10.1196/annals.1315.018
http://www.ncbi.nlm.nih.gov/pubmed/15838104
http://dx.doi.org/10.1016/j.tcb.2004.02.002
http://dx.doi.org/10.1016/j.tcb.2004.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15066634
http://www.ncbi.nlm.nih.gov/pubmed/14744428
http://dx.doi.org/10.1146/annurev.biochem.72.121801.161800
http://www.ncbi.nlm.nih.gov/pubmed/12651740
http://dx.doi.org/10.1111/j.1600-0854.2004.00236.x
http://www.ncbi.nlm.nih.gov/pubmed/15522097
http://www.ncbi.nlm.nih.gov/pubmed/14745134
http://www.ncbi.nlm.nih.gov/pubmed/10024875
http://www.ncbi.nlm.nih.gov/pubmed/12243726
http://dx.doi.org/10.1038/ni1000
http://www.ncbi.nlm.nih.gov/pubmed/14566336
http://dx.doi.org/10.1182/blood-2005-11-4398
http://www.ncbi.nlm.nih.gov/pubmed/16507770

@° PLOS | ONE

AP-3 plays a crucial role in RBL-2H3 mast cell mediator release

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Feng L, Novak EK, Hartnell LM, Bonifacino JS, Collinson LM, Swank RT. The Hermansky-Pudlak syn-
drome 1 (HPS1) and HPS2 genes independently contribute to the production and function of platelet
dense granules, melanosomes, and lysosomes. Blood. 2002; 99(5):1651-8. PMID: 11861280

Enders A, Zieger B, Schwarz K, Yoshimi A, Speckmann C, Knoepfle EM, et al. Lethal hemophagocytic
lymphohistiocytosis in Hermansky-Pudlak syndrome type Il. Blood. 2006; 108(1):81—7. doi: 10.1182/
blood-2005-11-4413 PMID: 16551969

Artuc M, Hermes B, Steckelings U, Gritzkau A, Henz B. Mast cells and their mediators in cutaneous
wound healing—active participants or innocent bystanders? Exp Dermatol. 1999; 8(1):1-16. PMID:
10206716

Henz B. Exploring the mast cell enigma: a personal reflection of what remains to be done. Experimental
Dermatology. 2008; 17(2):91-9. doi: 10.1111/j.1600-0625.2007.00658.x PMID: 18205712

Metcalfe D, Baram D, Mekori Y. Mast cells. Physiological Reviews. 1997; 77(4):1033-79. PMID:
9354811

Hiromatsu Y, Toda S. Mast cells and angiogenesis. Microsc Res Tech. 2003; 60(1):64-9. doi: 10.1002/
jemt.10244 PMID: 12500262

Abraham SN, St John AL. Mast cell-orchestrated immunity to pathogens. Nat Rev Immunol. 2010; 10
(6):440-52. doi: 10.1038/nri2782 PMID: 20498670

da Silva EZ, Jamur MC, Oliver C. Mast Cell Function: A New Vision of an Old Cell. J Histochem Cyto-
chem. 2014.

Tsai M, Grimbaldeston M, Galli SJ. Mast cells and immunoregulation/immunomodulation. Adv Exp Med
Biol. 2011; 716:186—211. doi: 10.1007/978-1-4419-9533-9_11 PMID: 21713658

Galli S, Lantz C. Allergy. In: Immunology. F, editor. Paul WE. Philadelphia: Lippincott-Raven Press;
1999. p. 1137-84.

Moon TC, Befus AD, Kulka M. Mast cell mediators: their differential release and the secretory pathways
involved. Front Immunol. 2014; 5:569. doi: 10.3389/fimmu.2014.00569 PMID: 25452755

Barsumian E, Isersky C, Petrino M, Siraganian R. IgE-induced histamine-release from rat basophilic
leukaemia-cell lines—Isolation of releasing and non-releasing clones. European Journal of Immunol-
ogy. 1981:317-23. doi: 10.1002/eji.1830110410 PMID: 6166481

DuBridge RB, Tang P, Hsia HC, Leong PM, Miller JH, Calos MP. Analysis of mutation in human cells by
using an Epstein-Barr virus shuttle system. Mol Cell Biol. 1987; 7(1):379-87. PMID: 3031469

Haft CR, de la Luz Sierra M, Barr VA, Haft DH, Taylor Sl. Identification of a family of sorting nexin mole-
cules and characterization of their association with receptors. Mol Cell Biol. 1998; 18(12):7278-87.
PMID: 9819414

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImagedJ: 25 years of image analysis. Nat Meth-
ods. 2012; 9(7):671-5. PMID: 22930834

Li J, Peters PJ, Bai M, Dai J, Bos E, Kirchhausen T, et al. An ACAP1-containing clathrin coat complex
for endocytic recycling. J Cell Biol. 2007; 178(3):453-64. doi: 10.1083/jcb.200608033 PMID: 17664335

Oliver C, Jamur MC. Fixation and embedding. Methods Mol Biol. 2010; 588:353-62. doi: 10.1007/978-
1-59745-324-0_37 PMID: 20012848

Karnovsky M, editor Use of ferrocyanide-reduced osmium tetroxide in electron microscopy. Eleventh
Annual Meeting of the American Society for Cell Biology; 1971; New Orleans, LA: J Cell Biol.

Silveira e Souza A, Mazucato V, de Castro R, Matioli F, Ciancaglini P, de Paiva Paulino T, et al. The
alpha-galactosyl derivatives of ganglioside GD(1b) are essential for the organization of lipid rafts in
RBL-2H3 mast cells. Exp Cell Res. 2008; 314(13):2515-28. doi: 10.1016/j.yexcr.2008.05.014 PMID:
18585706

Jamur M, Grodzki A, Berenstein E, Hamawy M, Siraganian R, Oliver C. Identification and characteriza-
tion of undifferentiated mast cells in mouse bone marrow. Blood. 2005; 105(11):4282-9. doi: 10.1182/
blood-2004-02-0756 PMID: 15718418

Oliver C, Sahara N, Kitani S, Robbins AR, Mertz LM, Siraganian RP. Binding of monoclonal antibody
AA4 to gangliosides on rat basophilic leukemia cells produces changes similar to those seen with Fc
epsilon receptor activation. J Cell Biol. 1992; 116(3):635-46. PMID: 1370498

Simpson F, Bright NA, West MA, Newman LS, Darnell RB, Robinson MS. A novel adaptor-related pro-
tein complex. J Cell Biol. 1996; 133(4):749-60. PMID: 8666661

Simpson F, Peden AA, Christopoulou L, Robinson MS. Characterization of the adaptor-related protein
complex, AP-3. J Cell Biol. 1997; 137(4):835—45. PMID: 9151686

Dell’Angelica EC, Ohno H, Ooi CE, Rabinovich E, Roche KW, Bonifacino JS. AP-3: an adaptor-like pro-
tein complex with ubiquitous expression. EMBO J. 1997; 16(5):917-28. doi: 10.1093/emboj/16.5.917
PMID: 9118953

PLOS ONE | DOI:10.1371/journal.pone.0173462 March 8,2017 20/22


http://www.ncbi.nlm.nih.gov/pubmed/11861280
http://dx.doi.org/10.1182/blood-2005-11-4413
http://dx.doi.org/10.1182/blood-2005-11-4413
http://www.ncbi.nlm.nih.gov/pubmed/16551969
http://www.ncbi.nlm.nih.gov/pubmed/10206716
http://dx.doi.org/10.1111/j.1600-0625.2007.00658.x
http://www.ncbi.nlm.nih.gov/pubmed/18205712
http://www.ncbi.nlm.nih.gov/pubmed/9354811
http://dx.doi.org/10.1002/jemt.10244
http://dx.doi.org/10.1002/jemt.10244
http://www.ncbi.nlm.nih.gov/pubmed/12500262
http://dx.doi.org/10.1038/nri2782
http://www.ncbi.nlm.nih.gov/pubmed/20498670
http://dx.doi.org/10.1007/978-1-4419-9533-9_11
http://www.ncbi.nlm.nih.gov/pubmed/21713658
http://dx.doi.org/10.3389/fimmu.2014.00569
http://www.ncbi.nlm.nih.gov/pubmed/25452755
http://dx.doi.org/10.1002/eji.1830110410
http://www.ncbi.nlm.nih.gov/pubmed/6166481
http://www.ncbi.nlm.nih.gov/pubmed/3031469
http://www.ncbi.nlm.nih.gov/pubmed/9819414
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://dx.doi.org/10.1083/jcb.200608033
http://www.ncbi.nlm.nih.gov/pubmed/17664335
http://dx.doi.org/10.1007/978-1-59745-324-0_37
http://dx.doi.org/10.1007/978-1-59745-324-0_37
http://www.ncbi.nlm.nih.gov/pubmed/20012848
http://dx.doi.org/10.1016/j.yexcr.2008.05.014
http://www.ncbi.nlm.nih.gov/pubmed/18585706
http://dx.doi.org/10.1182/blood-2004-02-0756
http://dx.doi.org/10.1182/blood-2004-02-0756
http://www.ncbi.nlm.nih.gov/pubmed/15718418
http://www.ncbi.nlm.nih.gov/pubmed/1370498
http://www.ncbi.nlm.nih.gov/pubmed/8666661
http://www.ncbi.nlm.nih.gov/pubmed/9151686
http://dx.doi.org/10.1093/emboj/16.5.917
http://www.ncbi.nlm.nih.gov/pubmed/9118953

@° PLOS | ONE

AP-3 plays a crucial role in RBL-2H3 mast cell mediator release

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

Peden AA, Oorschot V, Hesser BA, Austin CD, Scheller RH, Klumperman J. Localization of the AP-3
adaptor complex defines a novel endosomal exit site for lysosomal membrane proteins. J Cell Biol.
2004; 164(7):1065—76. doi: 10.1083/jcb.200311064 PMID: 15051738

Asensio CS, Sirkis DW, Maas JW, Egami K, To TL, Brodsky FM, et al. Self-assembly of VPS41 pro-
motes sorting required for biogenesis of the regulated secretory pathway. Dev Cell. 2013; 27(4):425—
37.doi: 10.1016/j.devcel.2013.10.007 PMID: 24210660

Theos AC, Tenza D, Martina JA, Hurbain I, Peden AA, Sviderskaya EV, et al. Functions of adaptor pro-
tein (AP)-3 and AP-1 in tyrosinase sorting from endosomes to melanosomes. Mol Biol Cell. 2005; 16
(11):5356—72. doi: 10.1091/mbc.E05-07-0626 PMID: 16162817

Dragonetti A, Baldassarre M, Castino R, Démoz M, Luini A, Buccione R, et al. The lysosomal protease
cathepsin D is efficiently sorted to and secreted from regulated secretory compartments in the rat baso-
philic/mast cell line RBL. J Cell Sci. 2000; 113 (Pt 18):3289-98.

Olszewski MB, Trzaska D, Knol EF, Adamczewska V, Dastych J. Efficient sorting of TNF-alpha to
rodent mast cell granules is dependent on N-linked glycosylation. Eur J Immunol. 2006; 36(4):997—
1008. doi: 10.1002/€ji.200535323 PMID: 16541468

Raposo G, Tenza D, Mecheri S, Peronet R, Bonnerot C, Desaymard C. Accumulation of major histo-
compatibility complex class Il molecules in mast cell secretory granules and their release upon degranu-
lation. Mol Biol Cell. 1997; 8(12):2631—-45. PMID: 9398681

Bonifacino JS, Yuan L, Sandoval IV. Internalization and recycling to serotonin-containing granules of
the 80K integral membrane protein exposed on the surface of secreting rat basophilic leukaemia cells. J
Cell Sci. 1989; 92 (Pt 4):701-12.

Kantheti P, Qiao X, Diaz ME, Peden AA, Meyer GE, Carskadon SL, et al. Mutation in AP-3 delta in the
mocha mouse links endosomal transport to storage deficiency in platelets, melanosomes, and synaptic
vesicles. Neuron. 1998; 21(1):111-22. PMID: 9697856

Peden AA, Rudge RE, Lui WW, Robinson MS. Assembly and function of AP-3 complexes in cells
expressing mutant subunits. J Cell Biol. 2002; 156(2):327—-36. doi: 10.1083/jcb.200107140 PMID:
11807095

Meyer C, Zizioli D, Lausmann S, Eskelinen EL, Hamann J, Saftig P, et al. mu1A-adaptin-deficient mice:
lethality, loss of AP-1 binding and rerouting of mannose 6-phosphate receptors. EMBO J. 2000; 19
(10):2193-203. doi: 10.1093/emboj/19.10.2193 PMID: 10811610

Asensio CS, Sirkis DW, Edwards RH. RNAi screen identifies a role for adaptor protein AP-3 in sorting to
the regulated secretory pathway. J Cell Biol. 2010; 191(6):1173-87. doi: 10.1083/jcb.201006131 PMID:
21149569

Grabner CP, Price SD, Lysakowski A, Cahill AL, Fox AP. Regulation of large dense-core vesicle volume
and neurotransmitter content mediated by adaptor protein 3. Proc Natl Acad Sci U S A. 2006; 103
(26):10035—-40. doi: 10.1073/pnas.0509844103 PMID: 16788073

Newell-Litwa K, Chintala S, Jenkins S, Pare JF, McGaha L, Smith Y, et al. Hermansky-Pudlak protein
complexes, AP-3 and BLOC-1, differentially regulate presynaptic composition in the striatum and hippo-
campus. J Neurosci. 2010; 30(3):820-31. doi: 10.1523/JNEUROSCI.3400-09.2010 PMID: 20089890

Grimberg E, Peng Z, Hammel |, Sagi-Eisenberg R. Synaptotagmin lll is a critical factor for the formation
of the perinuclear endocytic recycling compartment and determination of secretory granules size. J Cell
Sci. 2003; 116(Pt 1):145-54. PMID: 12456724

Meng R, Wu J, Harper DC, Wang Y, Kowalska MA, Abrams CS, et al. Defective release of a granule
and lysosome contents from platelets in mouse Hermansky-Pudlak syndrome models. Blood. 2015;
125(10):1623-32. doi: 10.1182/blood-2014-07-586727 PMID: 25477496

Novak EK, Hui SW, Swank RT. Platelet storage pool deficiency in mouse pigment mutations associated
with seven distinct genetic loci. Blood. 1984; 63(3):536—44. PMID: 6696991

Kent HM, Evans PR, Schéfer IB, Gray SR, Sanderson CM, Luzio JP, et al. Structural basis of the intra-
cellular sorting of the SNARE VAMP7 by the AP3 adaptor complex. Dev Cell. 2012; 22(5):979-88. doi:
10.1016/j.devcel.2012.01.018 PMID: 22521722

Rous BA, Reaves BJ, lhrke G, Briggs JA, Gray SR, Stephens DJ, et al. Role of adaptor complex AP-3
in targeting wild-type and mutated CD63 to lysosomes. Mol Biol Cell. 2002; 13(3):1071-82. doi: 10.
1091/mbc.01-08-0409 PMID: 11907283

Martinez-Arca S, Rudge R, Vacca M, Raposo G, Camonis J, Proux-Gillardeaux V, et al. A dual mecha-
nism controlling the localization and function of exocytic v-SNAREs. Proc Natl Acad Sci U S A. 2003;
100(15):9011-6. doi: 10.1073/pnas.1431910100 PMID: 12853575

Woska JR, Gillespie ME. Small-interfering RNA-mediated identification and regulation of the ternary
SNARE complex mediating RBL-2H3 mast cell degranulation. Scand J Immunol. 2011; 73(1):8—17. doi:
10.1111/j.1365-3083.2010.02471.x PMID: 21128998

PLOS ONE | DOI:10.1371/journal.pone.0173462 March 8,2017 21/22


http://dx.doi.org/10.1083/jcb.200311064
http://www.ncbi.nlm.nih.gov/pubmed/15051738
http://dx.doi.org/10.1016/j.devcel.2013.10.007
http://www.ncbi.nlm.nih.gov/pubmed/24210660
http://dx.doi.org/10.1091/mbc.E05-07-0626
http://www.ncbi.nlm.nih.gov/pubmed/16162817
http://dx.doi.org/10.1002/eji.200535323
http://www.ncbi.nlm.nih.gov/pubmed/16541468
http://www.ncbi.nlm.nih.gov/pubmed/9398681
http://www.ncbi.nlm.nih.gov/pubmed/9697856
http://dx.doi.org/10.1083/jcb.200107140
http://www.ncbi.nlm.nih.gov/pubmed/11807095
http://dx.doi.org/10.1093/emboj/19.10.2193
http://www.ncbi.nlm.nih.gov/pubmed/10811610
http://dx.doi.org/10.1083/jcb.201006131
http://www.ncbi.nlm.nih.gov/pubmed/21149569
http://dx.doi.org/10.1073/pnas.0509844103
http://www.ncbi.nlm.nih.gov/pubmed/16788073
http://dx.doi.org/10.1523/JNEUROSCI.3400-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20089890
http://www.ncbi.nlm.nih.gov/pubmed/12456724
http://dx.doi.org/10.1182/blood-2014-07-586727
http://www.ncbi.nlm.nih.gov/pubmed/25477496
http://www.ncbi.nlm.nih.gov/pubmed/6696991
http://dx.doi.org/10.1016/j.devcel.2012.01.018
http://www.ncbi.nlm.nih.gov/pubmed/22521722
http://dx.doi.org/10.1091/mbc.01-08-0409
http://dx.doi.org/10.1091/mbc.01-08-0409
http://www.ncbi.nlm.nih.gov/pubmed/11907283
http://dx.doi.org/10.1073/pnas.1431910100
http://www.ncbi.nlm.nih.gov/pubmed/12853575
http://dx.doi.org/10.1111/j.1365-3083.2010.02471.x
http://www.ncbi.nlm.nih.gov/pubmed/21128998

@° PLOS | ONE

AP-3 plays a crucial role in RBL-2H3 mast cell mediator release

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

Woska JR, Gillespie ME. SNARE complex-mediated degranulation in mast cells. J Cell Mol Med. 2011.

Boyce JA. Eicosanoid mediators of mast cells: receptors, regulation of synthesis, and pathobiologic
implications. Chem Immunol Allergy. 2005; 87:59—79. doi: 10.1159/000087571 PMID: 16107763

Boyce JA. Mast cells and eicosanoid mediators: a system of reciprocal paracrine and autocrine regula-
tion. Immunol Rev. 2007; 217:168-85. doi: 10.1111/j.1600-065X.2007.00512.x PMID: 17498059

Filho EGF, da Silva EZM, Zanotto CZ, Oliver C, Jamur MC. Cross-Linking Mast Cell Specific Ganglio-
sides Stimulates the Release of Newly Formed Lipid Mediators and Newly Synthesized Cytokines.
Mediators Inflamm. 2016; 2016:9160540. doi: 10.1155/2016/9160540 PMID: 27578923

Bozza PT, Bakker-Abreu I, Navarro-Xavier RA, Bandeira-Melo C. Lipid body function in eicosanoid syn-
thesis: an update. Prostaglandins Leukot Essent Fatty Acids. 2011; 85(5):205—-13. doi: 10.1016/j.plefa.
2011.04.020 PMID: 21565480

Jedlitschky G, Keppler D. Transport of leukotriene C4 and structurally related conjugates. Vitam Horm.
2002; 64:153-84. PMID: 11898391

Reid G, Wielinga P, Zelcer N, De Haas M, Van Deemter L, Wijnholds J, et al. Characterization of the
transport of nucleoside analog drugs by the human multidrug resistance proteins MRP4 and MRP5. Mol
Pharmacol. 2003; 63(5):1094—103. PMID: 12695538

Rius M, Hummel-Eisenbeiss J, Keppler D. ATP-dependent transport of leukotrienes B4 and C4 by the
multidrug resistance protein ABCC4 (MRP4). J Pharmacol Exp Ther. 2008; 324(1):86—94. doi: 10.1124/
jpet.107.131342 PMID: 17959747

Shirasaka Y, Shichiri M, Kasai T, Ohno Y, Nakanishi T, Hayashi K, et al. A role of prostaglandin trans-
porter in regulating PGE; release from human bronchial epithelial BEAS-2B cells in response to LPS. J
Endocrinol. 2013; 217(3):265-74. doi: 10.1530/JOE-12-0339 PMID: 23528477

Blank U, Madera-Salcedo IK, Danelli L, Claver J, Tiwari N, Sanchez-Miranda E, et al. Vesicular traffick-
ing and signaling for cytokine and chemokine secretion in mast cells. Front Immunol. 2014; 5:453. doi:
10.3389/fimmu.2014.00453 PMID: 25295038

PLOS ONE | DOI:10.1371/journal.pone.0173462 March 8,2017 22/22


http://dx.doi.org/10.1159/000087571
http://www.ncbi.nlm.nih.gov/pubmed/16107763
http://dx.doi.org/10.1111/j.1600-065X.2007.00512.x
http://www.ncbi.nlm.nih.gov/pubmed/17498059
http://dx.doi.org/10.1155/2016/9160540
http://www.ncbi.nlm.nih.gov/pubmed/27578923
http://dx.doi.org/10.1016/j.plefa.2011.04.020
http://dx.doi.org/10.1016/j.plefa.2011.04.020
http://www.ncbi.nlm.nih.gov/pubmed/21565480
http://www.ncbi.nlm.nih.gov/pubmed/11898391
http://www.ncbi.nlm.nih.gov/pubmed/12695538
http://dx.doi.org/10.1124/jpet.107.131342
http://dx.doi.org/10.1124/jpet.107.131342
http://www.ncbi.nlm.nih.gov/pubmed/17959747
http://dx.doi.org/10.1530/JOE-12-0339
http://www.ncbi.nlm.nih.gov/pubmed/23528477
http://dx.doi.org/10.3389/fimmu.2014.00453
http://www.ncbi.nlm.nih.gov/pubmed/25295038

