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Background: The relationship between anaphylaxis and tumor metastasis remains unknown at the molecular level.
Results: The miR-384/HDAC3 axis regulates an interaction between tumor cells and mast cells.
Conclusion: HDAC3 mediates a positive feedback loop between anaphylaxis and tumor metastasis.
Significance: HDAC3 can be a target for the development of allergy and cancer therapeutics.

Allergic inflammation has been known to enhance the meta-
static potential of tumor cells. The role of histone deacetylase-3
(HDAC3) in allergic skin inflammation was reported.We inves-
tigated HDAC3 involvement in the allergic inflammation-pro-
motion of metastatic potential of tumor cells. Passive systemic
anaphylaxis (PSA) induced HDAC3 expression and Fc�RI sig-
naling inBALB/cmice. PSAenhanced the tumorigenic andmet-
astatic potential of mouse melanoma cells in HDAC3- and
monocyte chemoattractant protein 1-(MCP1)-dependent man-
ner. The PSA-mediated enhancement of metastatic potential
involved the induction of HDAC3,MCP1, andCD11b (amacro-
phage marker) expression in the lung tumor tissues. We exam-
ined an interaction between anaphylaxis and tumor growth and
metastasis at the molecular level. Conditioned medium from
antigen-stimulated bone marrow-derived mouse mast cell cul-
tures induced the expression of HDAC3, MCP1, and CCR2, a
receptor for MCP1, in B16F1 mouse melanoma cells and
enhanced migration and invasion potential of B16F1 cells. The
conditioned medium from B16F10 cultures induced the activa-
tion of Fc�RI signaling in lung mast cells in an HDAC3-depen-
dent manner. Fc�RI signaling was observed in lung tumors
derived from B16F10 cells. Target scan analysis predicted
HDAC3 to be as a target of miR-384, and miR-384 and HDAC3
were found to form a feedback regulatory loop. miR-384, which
is decreased by PSA, negatively regulated HDAC3 expression,
allergic inflammation, and the positive feedback regulatory
loop between anaphylaxis and tumormetastasis.We show the
miR-384/HDAC3 feedback loop to be a novel regulator of the
positive feedback relationship between anaphylaxis and
tumor metastasis.

Allergen-induced pulmonary inflammation promotes
metastasis of B16F1 melanoma cells to the lung in a CD4- and

G-protein-coupled receptor-dependent manner (1). Mast cell-
derived angiopoietin-1 plays a critical role in the growth of
plasma cell tumors (2). Plasma cell tumors are closely related to
mast cell infiltration and neovascularization (2), supporting a
causal relationship between inflammation and tumor growth
(2). Mast cells promote the growth of Hodgkin lymphomas by
inducing neovascularization and fibrosis (3). Tumor cells are
surrounded by infiltrating inflammatory cells, such as macro-
phages and mast cells, and tumor progression is closely related
to the expression of mast cell chymase (mMCP-5), tryptases
(mMCP-6 and -7), and carboxypeptidase A (mMC-CPA) (4).
Mast cells play a tumor-promoting role in many cancers (5)

and are required for macroscopic expansion of Myc-induced
pancreatic islet tumors (6). Mast cell-derived hypoxia-induci-
ble factor-1� is necessary for promoting melanoma growth (7).
Mast cells in the tumor microenvironment are involved in the
development of tumor lymphatic vessels in some molecular
subtypes of breast cancer (8). Mast cells migrate to the tumor
site and are necessary for the growth of pancreatic ductal ade-
nocarcinoma (9). Mast cell mediators, such as histamine and
cannabinoids, promote invasion of cervical carcinoma cells
(10). Inflammatory mast cells promote angiogenesis during
squamous epithelial carcinogenesis via the mast cell-specific
proteases MCP-4 and MCP-6 (11). Mast cells are activated by
stem cell factor and released by tumor cells, and these activated
mast cells exacerbate tumor immunosuppression by increas-
ing T regulatory cell numbers, resulting in augmentation of
the suppression of T cells (12). These reports suggest a causal
relationship between allergic inflammation and tumor
development.
Systemic anaphylaxis is an immediate hyper-acute reaction

that is mediated by bioactive mediators, mostly frommast cells
(13, 14). Thesemediators cause severe hypotension, decrease in
body temperature, and increased �-hexosaminidase activity
(13). Anaphylaxis requires activation of mast cells and baso-
phils (15). Passive systemic anaphylaxis (PSA)3 is achieved by
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not Fyn kinase controls IgG-mediated systemic anaphylaxis
(16). Given the fact that mast cells promote tumor growth, it is
probable that PSA promotes tumor growth and metastasis.
Although allergic inflammation, such as allergen-induced pul-
monary inflammation, is believed to enhance the metastatic
potential of tumor cells, the effect of PSA on tumor metastasis
and an interaction between anaphylaxis and tumor metastasis
has not been explored yet.
Histone acetylation/deacetylation plays an important role in

the regulation of inflammatory genes associated with allergic
inflammation (17). The induction of cyclooxygenase (COX)-2,
which occurs during allergic inflammation, is accompanied by
degradation of histone deacetylase (HDAC) 1 (19). HDAC2
expression and activity are decreased in asthmatic subjects,
smokers, and smoking asthmatic subjects (20). Trichostatin A,
an inhibitor of HDACs, attenuates airway inflammation in ani-
mal models of asthma (21). HDAC3 is necessary for the induc-
tion of TNF-�, a cytokine increased during allergic inflamma-
tion, in cardiomyocytes during lipopolysaccharide stimulation
(22). HDAC3, induced by antigen stimulation, interacts with
Fc�RI and is necessary for allergic inflammation both in vitro
and in vivo (23). Although we reported the role of HDAC3 in
allergic skin inflammatory reactions, such as passive cutaneous
anaphylaxis (23), the role of HDAC3 in PSA has not been inves-
tigated. Furthermore, the possible role of HDAC3 inmediating
an interaction between tumor and mast cells remains.
MicroRNAs (miRNAs) are small, single-stranded noncoding

RNAs that play important roles in the post-transcriptional reg-
ulation of gene expression in mammalian cells by regulating
translation. The inhibition of mmu-miR-106a decreases inter-
leukin (IL) 1–10 expression while increasing pro-inflammatory
cytokine expression (24). Alveolar macrophage-derived vascu-
lar endothelial growth factor (VEGF) is necessary for allergic
airway inflammation in asthmatic mice, and miR-20b nega-
tively regulates the expression of VEGF (25). miR-1248 inter-
acts with the IL-5 transcript in the 3�-untranslated region and
serves as a positive regulator of IL-5 expression (26). Let-7
miRNA inhibits allergic lung airway inflammation by decreas-
ing the expression of IL-5 (27). miRNA let-7a regulates the
expression of IL-13, a cytokine necessary for allergic lung dis-
ease (28). The down-regulation of miR-145 inhibits Th2 cyto-
kine production and airway hyper-responsiveness (29). These
reports address the roles of miRNAs in allergic inflammation
and inmediating the interaction between tumor andmast cells.
To date, miRNAs that bind to and regulate the expression of
HDAC3 andparticipate inmediating tumor andmast cell inter-
action have not been identified.
In this study, we examined the relationship between PSA and

tumor metastasis, with the aim of delineating the PSA-medi-
ated molecular mechanisms in enhancing the tumorigenic and
metastatic potential of tumor cells.We investigated the effect of
HDAC3 and the effect of MCP1, a target of HDAC3-mediated
up-regulation, on PSA and the positive feedback relationship
between anaphylaxis and tumor. We identified miR-384 as a
novel regulator of HDAC3. We investigated the effect of miR-
384 on allergic inflammation and on the tumor-mast cell inter-
action using a mouse melanoma model. In this study, we pro-
vide evidence that amiR-384/HDAC3 feedback regulatory loop

acts as a novel regulator of the positive feedback relationship
between anaphylaxis and tumor metastasis.

EXPERIMENTAL PROCEDURES

Cell Culture—Rat basophilic leukemia (RBL2H3) cells were
obtained from the Korea Cell Line Bank (Seoul, Korea). Cells
were grown in Dulbecco’s modified Eagle’s medium containing
heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100
units/ml penicillin, and 100 �g/ml streptomycin (Invitrogen).
Cultures were maintained in 5% CO2 at 37 °C. Bone marrow-
derived mast cells (BMMC) and lung mast cells were isolated
and maintained according to the standard procedures (30).
Cancer cell lines used in this study were cultured in Dulbecco’s
modified minimal essential medium (DMEM; Invitrogen) sup-
plemented with heat-inactivated 10% fetal bovine serum (FBS,
Invitrogen) and antibiotics at 37 °C in a humidified incubator
with a mixture of 95% air and 5% CO2.
Chemicals and Reagents—Oligonucleotides used in this

study were commercially synthesized by the Bionex Co. (Seoul,
Korea). DNP-HSA and DNP-specific IgE antibody were pur-
chased from Sigma. Chemicals used in this study were pur-
chased from Sigma. All other antibodies were purchased from
Cell Signaling Co. (Beverly, MA). Anti-mouse and anti-rabbit
IgG-horseradish peroxidase-conjugated antibody was pur-
chased from Pierce. Lipofectamine and PlusTM reagent for
transfection were purchased from Invitrogen. Cytokine ELISA
kit was purchased from Koma Biotech (Seoul, Korea).
Mice—Female 5–6-week-old BALB/c mice were purchased

from Orient Co. (Seongnam, Korea). All animal care, experi-
ments, and euthanasia were performed in accordancewith pro-
tocols approved by the Kangwon National University Animal
Research Committee (Chunchon, Korea). To measure tumori-
genic potential, mouse melanoma B16F1 cells (1 � 106 cells in
100 �l of PBS), after induction of passive systemic anaphylaxis,
were injected subcutaneously into the right flank of eachmouse
(n � 5). Tumor growth was evaluated by measuring the tumor
diameters with calipers and calculating the tumor volumes
using an approximated formula for a prolate ellipsoid as fol-
lows: volume � ((a�b2)/2), where a is the longest axis of the
tumor, and b is the shortest axis. After 3 weeks, the mice were
sacrificed, and the final tumor volumes were measured. For
lungmetastasis experiments, B16F1 cells (1� 106 cells in 0.2ml
of PBS), after induction of passive systemic anaphylaxis were
injected into the tail vein of BALB/cmice. Fifteen days after IgE
sensitization, the mice were sacrificed, and the tumor nodules
on the surface of the lungs were counted under a dissecting
microscope. H&E staining served to validate the identity of
malignant colonies in the lungs ofmice that had received tumor
cells intravenously. For H&E staining, lung tumor tissue sam-
ples were fixed in 10% (v/v) buffered formalin, embedded in
paraffin, sectioned at 4 �m, and then stained with hematoxylin
and eosin.
Monitoring of Rectal Temperature—Changes in core body

temperature associated with systemic anaphylaxis were moni-
tored by measuring changes in rectal temperatures using a rec-
tal probe coupled to a digital thermometer as described (31).
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�-Hexosaminidase Activity Assays—The �-hexosaminidase
activity assay was performed according to standard procedures
(23).
Histamine Release Assay—Serum histamine level was mea-

sured according to the manufacturer’s instructions (SPI-Bio).
For serum histamine levels, blood from each mouse was col-
lected by cardiac puncture under anesthesia.
Histological Analyses—Harvested tissues (lung) were frozen

in optimal cutting temperature compound by Tissue Tek
(OCT; Allegiance, McGaw, IL). Frozen tissues were cryosec-
tioned (6–10�m) and placed on positively charged glass slides.
Nonspecific binding of antibodies was blocked by incubation
with 1% bovine serum albumin (BSA) for 1 h before incubation
with primary antibodies. The following primary antibodies
were used for single and double staining: anti-Fc�R1� (1:100)
and anti-HDAC3 (1:100, Santa Cruz Biotechnology); anti-
MCP1 (1:50, Abcam, UK), and FITC-conjugated anti-CD11b
antibody (1:100, Pierce). The sections were incubated with pri-
mary antibodies overnight at 4 °C. After washing, secondary
antibodies were applied at 1:100 or 1:200 dilutions for 1 h. We
used goat anti-rabbit IgG-FITC (Santa Cruz Biotechnology) for
HDAC3, rabbit anti-goat Alexa 546 for MCP1 and Fc�R1�

staining (Molecular Probes). DAPI (Molecular Probes) was
added to stain nuclei. Confocal images were acquired using a
confocal laser scanning microscope (FV-1000, Olympus).
Immunohistochemical staining of lung tissues was also per-
formed using an established avidin-biotin detection method
(Vectastain ABC kit, Vector Laboratories Inc., Burlingame,
CA). Briefly, 4–6-�m-thick sections of the paraffin-embedded
tissue blocks were cut, mounted on positively charged glass
slides, and dried in an oven at 56 °C for 30 min. The sections
were deparaffinized in xylene and then rehydrated in graded
ethanol and water. Endogenous peroxidase was blocked by
incubation in 3% (v/v) hydrogen peroxide for 15 min. Antigen
retrieval was accomplished by pretreatment of the sections
with citrate buffer at pH 6.0 for 20 min at 56 °C in a microwave
oven and then allowing the sections to cool for 30 min at room
temperature. Nonspecific endogenous protein binding was
blocked using 1% bovine serum albumin (BSA). The sections
were then incubated with primary antibodies overnight at 4 °C.
The following primary antibodies were used for single and dou-
ble staining: anti-c-kit (1:100, Santa Cruz Biotechnology), anti-
HDAC3 (1:100, Santa Cruz Biotechnology), and anti-MCP1
(1:50, Abcam). After washing, biotinylated secondary antibod-
ies were applied at 1:100 or 1:200 dilutions for 1 h. Color was
developed with diaminobenzidine (Vector Laboratories, Inc.).
Sections were counterstained with Mayer’s hematoxylin. Sec-
tions incubated without primary antibody served as controls.
To visualize tissue mast cells, the sections were stained with
0.1% olivine blue (Sigma) in 0.1 N HCl for 15 min.
Immunofluorescence Staining—RBL2H3 cells were seeded

onto glass coverslips in 24-well plates and were sensitized with
DNP-specific IgE (100 ng/ml) for 16 h. After stimulation with
DNP-HSA (100 ng/ml) for 1 h, cells were fixed with 4% para-
formaldehyde (v/v) for 10 min and then permeabilized with
0.4% Triton X-100 for 10 min. Nonspecific antibody-binding
sites were blocked by incubation with 1% BSA in TBST for 30
min. Cells were then incubated with primary antibody specific

to HDAC3 (1:100; Santa Cruz Biotechnology) or Fc�RI� (1:100;
Santa Cruz Biotechnology) for 2 h, followed by washing with
TBS-T three times. Anti-goat IgG-FITC (for detection of
HDAC3) or anti-rabbit Alexa Fluor 586 (for detection of
Fc�RI�) secondary antibody (Molecular Probes) was added to
cells and incubated for 1 h. Coverslips were then washed and
mounted by applying Mount solution (Biomeda, Foster City,
CA). Fluorescence images were acquired using a confocal laser
scanning microscope and software (Fluoview version 2.0) with
a � 60 objective (Olympus FV300, Tokyo, Japan). To examine
the effect of miR-384 on the co-localization of HDAC3 with
Fc�RI, RBL2H3 cells were transfected with control mimic (10
nM) or miR-384 mimic (10 nM). The next day, cells were sensi-
tized with DNP-specific IgE (100 ng/ml) for 24 h, followed by
stimulation with DNP-HSA (100 ng/ml) for 1 h. Immunofluo-
rescence staining was performed.
Transfection—Transfections were performed according to

the manufacturer’s instructions. Lipofectamine and Plus
reagents (Invitrogen) were used. The construction of siRNA
was carried out according to the instruction manual provided
by the manufacturer (Ambion, Austin, TX). For miR-384
knockdown, cells were transfected with 10 nM oligonucleotide
(inhibitor) with Lipofectamine 2000 (Invitrogen), according
to the manufacturer’s protocol. The sequences used were
5�-ACAUUGCCUAGGAAUUGUUUACA-3� (miR-384 inhib-
itor) and 5�-UUCUCCGAACGUGUCACGUTT-3� (control
inhibitor).
Western Blot Analysis—Western blot and immunoprecipita-

tionwere performed according to the standard procedures (23).
For analysis of proteins from tissues, frozen samples were
grounded to a fine powder using amortar and pestle over liquid
nitrogen. Proteins were solubilized in RIPA buffer containing
protease inhibitors, and insoluble material was removed by
centrifugation.
Cytokine Arrays—Expression levels of cytokine/chemokines

were determined by using a ProteomProfilerTM human angio-
genesis antibody array kit (R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions.
RNA Extraction and Quantitative Real Time PCR—Total

miRNA was isolated using the mirVanamiRNA isolation kit
(Ambion). miRNA was extended by a poly(A) tailing reaction
using the A-Plus poly(A) polymerase tailing kit (Cell Script).
cDNA was synthesized from miRNA with poly(A) tail using a
poly(T) adaptor primer and qScriptTM reverse transcriptase
(Quanta Biogenesis). Expression levels of miR-384b was quan-
tified with SYBR Green quantitative RT-PCR kit (Ambion)
using an miRNA-specific forward primer and a universal
poly(T) adaptor reverse primer. The expression ofmiR-384was
defined based on the threshold (Ct), and relative expression
levelswere calculated as 2�(Ct of miR-384) � (Ct of U6) after normal-
ization with reference to expression of U6 small nuclear RNA.
For quantitative PCR, SYBR PCRMaster Mix (Applied Biosys-
tems) was used in a CFX96 Real Time System thermocycler
(Bio-Rad).
Chromatin Immunoprecipitation (ChIP) Assay—Assayswere

performed according to the manufacturer’s instruction
(Upstate). The HDAC3 antibody immunoprecipitates were
reverse cross-linked. PCRwas done on the phenol/chloroform-
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extracted DNA with specific primers of the MCP1 promoter
(5�-AAA TAG AGG GGT TGG GGG AG-3� (sense) and
5�-CCGAGACTCGAACTGCACAT-3� (antisense)), and the
sequences were used to examine the binding of HDAC3 to the
MCP1 promoter sequences. To examine binding of HDAC3
to the miR-384 promoter sequences, specific primers of the
miR-384 promoter-1 sequences (5�-TGTCTCGCATCCAGC-
CTAAG-3� (sense) and 5�-TTCCGCTGCAAGAGAAATA-
ACC-3� (antisense)) and miR-384 promoter-2 sequences
(5�-TCAGCGAACCAGCTCACAAT-3� (sense) and 5�-GTCT-
TTCATTCTCCACCCAAGC-3� (antisense)) were used.
Cellular Invasion Assays—The invasive potential of B16 F1

cells was determined by using a transwell chamber system with
8-�m pore polycarbonate filter inserts (Costar, Acton, MA).
The lower and upper sides of the filter were coated with gelatin
andMatrigel, respectively. To obtain conditioned medium, the
IgE-sensitized BMMCs were preincubated with nMCP1 anti-

body (10 �g/ml) or isotype-matched control IgG (10 �g/ml)
for 12 h, followed by stimulation with DNP-HSA (100 ng/ml)
or PBS for 4 h. The trypsinized B16F1 cells (2 � 104) in the
conditioned medium containing 0.1% bovine serum albumin
were then added to each upper chamber of the transwell.
B16F1 cells were seeded in M199 containing 20% FBS in the
lower chamber, and cells were incubated at 37 °C for 14 h.
The cells were fixed with methanol, and the invaded cells
were stained and counted.
IgE-dependent Passive Systemic Anaphylaxis—For induction

of systemic anaphylaxis, BALB/c mice were sensitized by i.v.
injection of DNP-specific IgE (0.5 �g/kg). The next day, sensi-
tized mice were challenged by i.v. injection of DNP-HSA (250
�g/kg). The following day, trypsinized B16F1 or B16F10mouse
melanoma cells in suspension were inoculated into each flank
of the mouse to examine the effect of systemic anaphylaxis on
tumorigenic potential. To determine the effect of HDAC3 on

FIGURE 1. PSA enhances the tumorigenic and metastatic potential of mouse melanoma cells. A, BALB/c mice were sensitized to DNP-specific IgE (0.5
�g/kg) by i.v. injection. The next day, BALB/c mice were given an i.v. injection of DNP-HSA (250 �g/kg). Each flank of the mouse received injection of B16F1
melanoma cells (2 � 105) on day 3 of the time line. On the day 15 of the time line, the tumor volumes were measured. Each experimental group consisted of
five mice. Representative images from five animals of each experimental group are shown. The mean � S.E. of three independent experiments is shown. *, p �
0.05; **, p � 0.005. B, 15 days after injection of DNP-specific IgE, lysates were isolated from tumor tissue and subjected to Western blot analysis. C, protocol was
the same as in A except that B16F10 cells were injected. D, BALB/c mice were sensitized to DNP-specific IgE (0.5 �g/kg) by an i.v. injection. The next day, BALB/c
mice were given an i.v. injection of DNP-HSA (250 �g/kg). B16F1 melanoma cells (2 � 105) were injected into the tail vein of BALB/c mouse on the day 3 of the
time line. Fifteen days after injection of IgE, lung tissues were isolated and the number of tumor nodules was counted to measure the extent of lung metastasis.
Representative images from five animals of each experimental group are shown. The mean � S.E. of three independent experiments is shown. ***, p � 0.0005.
E, 15 days after injection of DNP-specific IgE, lysates were isolated from lung tumor tissue and subjected to Western blot analysis. F, lysates from B16F10
cell-derived tumor tissue were isolated and subjected to immunoprecipitation (IP) with anti-Fc�RI� (2 �g/ml), followed by Western blot analysis (left panel).
Tissue lysates were also subjected to Western blot analysis (right panel).
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FIGURE 2. HDAC3 is necessary for PSA. A, BALB/c mice were injected with control (scrambled) siRNA (100 nM) or HDAC3 siRNA (100 nM) via the tail vein. The
next day, BALB/c mice were injected with DNP-specific IgE (0.5 �g/kg) via the tail vein. The following day, BALB/c mice were injected i.v. with DNP-HSA (250
�g/kg), and rectal temperatures were measured. Each experimental group consisted of five mice. The means � S.E. of three independent experiments are
depicted. SiCtrl denotes scrambled siRNA. B, 2 h after injection of DNP-HSA, lung tissue lysates were isolated and subjected to Western blot analysis (upper
panel). Lung tissue lysates were also immunoprecipitated (IP) with the indicated antibody (2 �g/ml), followed by Western blot analysis (lower panel).

FIGURE 3. HDAC3 is necessary for enhanced tumorigenic and metastatic potential of B16F1 melanoma cells by PSA. A, BALB/c mice were sensitized to
DNP-specific IgE (0.5 �g/kg) by an i.v. injection. The next day, BALB/c mice were given an i.v. injection of DNP-HSA (250 �g/kg). Each flank of the mouse received
injection of B16F1 melanoma cells (2 � 105) on day 3 of the time line. Four days after injection of tumor cells, BALB/c mice were given an i.v. injection of
scrambled siRNA (100 nM) or HDAC3 siRNA (100 nM) along with DNP-HSA (250 �g/kg) or PBS. On day 15 of the time line, the tumor volumes were measured.
Each experimental group consisted of five mice. Representative images from five animals of each experimental group are shown. The mean � S.E. of three
independent experiments is depicted. Ctrl, control. *, p � 0.05; **, p � 0.005; ***, p � 0.0005. B, lysates isolated from tumor tissue of mice from each
experimental group was subjected to Western blot analysis. C, BALB/c mice were given an i.v. injection with DNP-specific IgE(0.5 �g/kg). The next day, mice
were treated with DNP-HSA (250 �g/kg) or PBS. On the day 3 of the time line, mice were given an i.v. injection with B16F1 cells. On day 7 of the time line, mice
were given an i.v. injection of scrambled siRNA (100 nM) or HDAC3 siRNA (100 nM). The extent of lung metastasis was measured. Each group consisted of five
mice. **, p � 0.005. D, lysates isolated from lung tumor tissue of mice from each experimental group were immunoprecipitated (IP) with the indicated antibody
(2 �g/ml), followed by Western blot analysis (right panel). Tissue lysates were also subjected to Western blot analysis (left panel).
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the tumorigenic potential of melanoma cells, control (scram-
bled) siRNA (100 nM) or HDAC3 siRNA (100 nM) was injected
i.v. into the tail vein of BALB/c mice 3 days after tumor cell
injection. To determine the effect of PSA on the metastatic
potential of mouse melanoma cells, BALB/c mice were
injected with 2,4-dinirophnyl (DNP)-specific IgE (0.5 �g/kg)
via the tail vein. The next day, BALB/c mice were injected i.v.
with DNP-HSA (250 �g/kg). Two days after injection of
DNP-HSA, mouse melanoma B16F1 cells were injected, via
tail vein, into BALB/c mice. To determine the effect of PSA
on the tumorigenic potential of mouse melanoma cells,
BALB/c mice were injected with DNP-specific IgE via the tail
vein. The next day, BALB/c mice were injected i.v. with anti-
gen DNP-HSA (250 �g/kg). Two days after injection of DNP-
HSA, B16F1 mouse melanoma cells were injected into the
flanks of each BLAB/c mouse.
Statistical Analysis—Data were analyzed and graphed using

GraphPad Prism statistics program (GraphPad Prism soft-
ware). Results are presented as means� S.E. Statistical analysis
was performed using t tests with differences between means
considered significant when p � 0.05.

RESULTS

Passive Systemic Anaphylaxis Enhances Tumorigenic and
Metastatic Potential of Mouse Melanoma B16F1 Cells—Aller-
gen-induced pulmonary anaphylaxis promotes metastases of
mousemelanoma cells (1). In this, CD4 andG-protein-coupled
receptors are necessary for asthmatic condition-induced
enhancedmetastatic potential ofmelanoma cells. This suggests
a functional role for mast cells in promoting the metastatic
potential ofmousemelanoma cells. In this study, wemonitored
the effect of PSAon the tumorigenic andmetastatic potential of
tumor cells. Induction of PSA enhanced the tumorigenic
potential of B16F1 mouse melanoma cells (Fig. 1A). Western
blotting of lung tumor tissue lysates showed that PSA increased
the expression of allergic reaction markers, such as HDAC3,
integrin �5, and prostaglandin E synthase (PGES) (Fig. 1B).
HDAC3 interacts with Snail to repress transcription of various
genes such as prostaglandin dehydrogenase (PGDH) (32). The
down-regulation of PGDH is associated with the induction of
PGES (32). HDAC3 interacts with Snail in antigen-stimulated
RBL2H3 cells (data not shown), and HDAC3 may, in associa-
tion with Snail, bind to the PGDH promoter sequences, result-

FIGURE 4. HDAC3 regulates the expression of MCP1 and enhances tumorigenic potential of B16F1 melanoma cells. A, BALB/c mice were given an i.v.
injection of DNP-specific IgE (0.5 �g/kg). The next day, mice were given an i.v. injection of DNP-HSA (250 �g/kg). Each flank of the mouse received injections
of B16F1 melanoma cells (2 � 105) on day 3 of the time line. On day 6 of the time line, BALB/c mice were given an i.v. injection of scrambled siRNA (100 nM) or
HDAC3 siRNA (100 nM). Each group consisted of five mice. The mean � S.E. of three independent experiments is depicted.*, p � 0.05. B, blood serum was
collected from BALB/c mice of each experimental group. Eighteen days after injection of B16F1 cells, serum of BALB/c mice of each experimental group was
incubated with a cytokine array. C, lysates prepared from lungs of BALB/c mice were immunoprecipitated (IP) with the indicated antibody (each at 2 �g/ml),
followed by Western blot analysis (upper panel). The same tissue lysates were subjected to Western blot analysis (lower panel). D, ChIP assays were performed
in antigen-stimulated RBL2H3 cells using the indicated antibody (2 �g/ml).
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ing in the decreased expression of PGDH and thereby the
induction of PGES. PSA decreased the expression of HDAC2,
DNA methyltransferase (DNMT) 1, and E-cadherin (Fig. 1B).
We previously reported the decreased expression of HDAC2 in
antigen-stimulated RBL2H3 cells (30). DNMT1 acts as a nega-
tive regulator of allergic skin inflammation (33). PSA also
enhanced the tumorigenic potential of highly malignant
B16F10 mouse melanoma cells (Fig. 1C).
We next examined the effect of PSA on themetastatic poten-

tial of mouse melanoma cells. BALB/c mice were injected with
DNP-specific IgE via the tail vein and subsequently challenged
with DNP-HSA (Fig. 1D). Two days after injection of DNP-
HSA, B16F1 cells were injected into the BALB/c mouse. PSA
enhanced metastasis of B16F1 cells to the lung (Fig. 1D), and it
increased the expression of HDAC3, Snail, PGES, and integrin
�5 (Fig. 1E). PSA induced the activation of Fc�RI signaling, as
indicated by an interaction between Fc�RI� and Lyn (Fig. 1F).
Western blotting analysis of lung tumor tissue lysates showed

PSA induced increased expression of adhesion molecules such
as integrin �4 and VCAM-1 (Fig. 1F). Taken together, these
results suggest that the PSA-mediated enhancement of the
tumorigenic andmetastatic potential of mouse melanoma cells
involve the activation of mast cells and Fc�RI signaling.
HDAC3 Is Necessary for PSA—The role of HDAC3 in allergic

skin inflammation has been reported (23). Because the PSA-
mediated enhancement of tumorigenic and metastatic poten-
tial involved the increased expression of HDAC3 (Fig. 1, B and
D), we examined the effect of HDAC3 on PSA by assessing the
effect of siRNA-mediated knockdown of HDAC3 on PSA.
BALB/c mice were injected with scrambled siRNA or HDAC3
siRNA, followed by injection with DNP-specific IgE and chal-
lenge with DNP-HSA. The in vivo down-regulation of HDAC3
prevented the antigen from decreasing the rectal temperature
of the mice (Fig. 2A). Western blotting analysis of lung tissue
lysates revealed the induction of HDAC3 and MCP1 by PSA
(Fig. 2B). The in vivo down-regulation of HDAC3 also pre-

FIGURE 5. MCP1 is necessary for enhanced metastatic potential of B16F1 melanoma cells by PSA. A, on day 0 of the time line, BALB/c mice were given an
i.v. injection of DNP-specific IgE (0.5 �g/kg). The next day, BALB/c mice were given an i.v. injection of DNP-HSA (250 �g/kg) along with an intraperitoneal
injection of neutralizing MCP1 antibody (nMCP1 Ab, 10 �g/kg) or isotype-matched IgG (10 �g/kg). On the day 5 of the time line, BALB/c mice were given an i.v.
injection of B16F1 cells. On day 7 of the time line, BALB/c mice were given an intraperitoneal injection of neutralizing MCP1 antibody (10 �g/kg) or isotype-
matched IgG (10 �g/kg). On day 10 of the time line, the extent of lung metastasis was determined. *, p � 0.05. B, lung tumor tissue lysates were isolated from
each mouse of each experimental group and immunoprecipitated (IP) with the indicated antibody (2 �g/ml), followed by Western blot analysis (right panel).
Tumor lysates were also subjected to Western blot analysis (left panel). C, on day 0 of the time line, BALB/c mice were given an i.v. injection of B16F1 cells (2 �
105) along with an intraperitoneal injection of mouse recombinant MCP1 protein (10 �g/kg) or PBS. On day 4 of the time line, BALB/c mice were given an
intraperitoneal injection of mouse recombinant MCP1 protein (10 �g/kg) or PBS. Ten days after injection of B16F1 cells, the extent of lung metastasis of B16F1
melanoma cells was determined. Immunohistochemical staining was also performed. **, p � 0.005. D, lung tumor tissue lysates were isolated from each mouse
of each group of mice and were immunoprecipitated with the indicated antibody, followed by Western blot analysis (right panel). Tumor lysates were also
subjected to Western blot analysis (left panel). IB, immunoblot.
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vented the PSA-mediated Fc�RI�-Lyn and Fc�RI� and HDAC3
interactions (Fig. 2B). Taken together, these results suggest that
HDAC3 is necessary for PSA.
HDAC3 Is Necessary for Enhanced Tumorigenic and Meta-

static Potential of Mouse Melanoma Cells by PSA—Because
HDAC3 was necessary for PSA, we examined the role of
HDAC3 in the enhanced tumorigenic and metastatic potential
by PSA. For this, BALB/cmice were injected withDNP-specific
IgE via the tail vein (Fig. 3A). The next day, BALB/c mice were
injected i.v. with DNP-HSA (Fig. 3A). Two days after injection
of DNP-HSA, B16F1 cells were injected into the flanks of each
BLAB/c mouse (Fig. 3A). Four days after injection of B16 F1
cells, siHDAC3 or siControl was injected i.v. into BALB/c
mouse (Fig. 3A). The in vivo down-regulation of HDAC3 sup-
pressed PSA-mediated enhancement of tumorigenic potential
(Fig. 3A). The in vivo down-regulation of HDAC3 decreased
the expression of Snail and integrin �5 while increasing the
expression of E-cadherin (Fig. 3B). These data suggest PSA-
mediated tumorigenesis may involve the epithelial mesen-
chymal transition (EMT). The in vivo down-regulation of
HDAC3 attenuated themetastatic potential of B16F1 cells by

PSA (Fig. 3C), suggesting that PSA-mediated promotion of
metastatic potential may occur in an HDAC3-dependent
manner. The in vivo down-regulation of HDAC3 decreased
the expression of Snail, MCP1, and CCR2, a receptor for
MCP1, while increasing the expression of HDAC2, in lung
tumor tissue (Fig. 3D). Immunoprecipitation analysis
showed that PSA stimulated Fc�RI�-HDAC3 and Fc�RI�-
Lyn interactions (Fig. 3D), although these effects were attenu-
ated by the down-regulation of HDAC3 (Fig. 3D). Taken
together, these results suggest that HDAC3 is necessary for
enhanced tumorigenesis and metastasis of B16F1 cells and the
activation of Fc�RI signaling by PSA.
MCP1 Is Regulated by HDAC3—We then sought to identify

molecules that mediate the effect of PSA on tumorigenesis and
metastasis of mouse melanoma cells. The in vivo down-regula-
tion of HDAC3 exerted a negative effect on enhanced tumori-
genic potential of B16F1 cells by PSA (Fig. 4A). Cytokine array
analysis of sera of BALB/c mice showed that PSA induced the
expression of MCP1 in an HDAC3-dependent manner (Fig.
4B). MCP1 is required for mast cell-mediated allergic conjunc-
tivitis (34). The enhanced tumorigenic potential of B16F1 cells

FIGURE 6. MCP1 is necessary for enhanced invasion and migration potential of B16F1 cells. A, IgE-sensitized RBL2H3 cells were stimulated with or without
DNP-HSA (100 ng/ml) for 1 h. The conditioned medium (C.M.) of RBL2H3 cells of each experimental group was incubated with the cytokine array. B, same as A
except that cell lysates were immunoprecipitated (IP) with the indicated antibody (2 �g/ml), followed by Western blot analysis. C, RBL2H3 cells were transiently
transfected with Sicontrol (10 nM) or SiHDAC3 (10 nM). The next day, cells were sensitized with DNP-specific IgE (100 ng/ml), followed by stimulation with
DNP-HSA (100 ng/ml) for 2 h. Conditioned medium was prepared and added to B16F1 cells in serum-free medium in a 1:1 ratio. The IgE-sensitized RBL2H3 or
BMMCs were preincubated with nMCP1 antibody (10 �g/ml) or isotype-matched IgG (10 �g/ml) for 2 h, followed by stimulation with DNP-HSA (100 ng/ml) for
2 h. Then the medium from RBL2H3 or BMMC cultures was added to B16F1 cells in serum-free medium in 1:1 ratio. At 24 h after addition of each conditioned
medium, Western blot analysis was performed. D, IgE-sensitized BMMCs were preincubated with or without nMCP1 antibody (10 �g/ml) for 2 h, followed by
stimulation with DNP-HSA (100 ng/ml) for 2 h. This conditioned medium from BMMCs was added to B16F1 cells in serum-free medium in 1:1 ratio. Wounds were
made immediately to the B16F1 cells, and wound migration assays were performed. Forty eight hours later, the number of migrated B16F1 cells was
determined under light microscope. *, p � 0.005. E, using an 8-�m Matrigel-coated Boyden chamber, B16F1 melanoma cells (2 � 104) in conditioned medium
of BMMCs treated as indicated were plated in the upper chamber, and the growth medium for B16F1 cells was placed in the lower chamber. Twenty four hours
later, the number of invading cells per a �200 field in response to either conditioned medium (C.M.) with or without nMCP1 was determined by H&E staining.
**, p � 0.005.
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FIGURE 7. Enhanced metastatic potential of B16F1 melanoma cells is associated with the recruitment of macrophages and the activation of mast cells.
A, lung tumor tissue was resected from each experimental group of mice as indicated. Cryosections were prepared, and immunofluorescence staining
employing MCP1 or C11b was performed. DAPI staining was also performed for nuclear staining. B, same as A except that immunofluorescence staining
employing HDAC3 or Fc�RI� was performed.

FIGURE 8. Mouse melanoma cells activate mast cells. A, BLAB/c mice were given an i.v. injection of B16F1 (106) or B16F10 cells (106). Fourteen days after the
injection of tumor cells, the extent of lung metastasis was determined as described. �-Hexosaminidase activity assays using lung tumor tissue lysates were
performed (lower panel). **, p � 0.005. B, tissue lysates from the lung tumor tissue derived from B16F1 or B16F10 were immunoprecipitated (IP) with the
indicated antibody, followed by Western blot analysis (lower panel). The same tissue lysates were also subjected to Western blot analysis (upper panel). C, mast
cells were isolated from the indicated lung tumor tissue and �-hexosaminidase activity assays (left panel). Lysates prepared from lung mast cells were
immunoprecipitated with the indicated antibody, followed by Western blot analysis (lower panel). The same lysates were also subjected to Western blot
analysis (upper panel).*, p � 0.05.
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is correlated with the activation of Fc�RI signaling, which
involves an interaction of Fc�RI� with HDAC3 and Lyn (Fig.
4C). PSA induced the expression of MCP1, CCR2 (a receptor
forMCP1), and c-Kit, a mast cell marker, in anHDAC3-depen-
dent manner (Fig. 4C). ChIP assays showed that the HDAC3
binds to MCP1 promoter sequences (Fig. 4D), suggesting that
MCP1 is a direct target of HDAC3. Taken together, these
results imply thatMCP1, along withHDAC3,may play a role in
the PSA-mediated promotion of the tumorigenic and meta-
static potential of mouse melanoma cells.
MCP1 Is Necessary for PSA-mediated Metastasis—Because

MCP1 is directly regulated by HDAC3 (Fig. 4D), we examined
the effect of MCP1 on enhanced metastatic potential of mouse
melanoma cells by PSA.NeutralizingMCP1 antibody (nMCP1)
prevented PSA from enhancing the metastatic potential of
B16F1 cells (Fig. 5A). MCP1 was necessary for the induction of

HDAC3, c-Kit, and CCR2 by PSA in lung tumor tissue (Fig. 5B,
left panel). The fact that MCP1 regulates the expression of
HDAC3 suggests that the MCP1/CCR2 signaling axis forms a
feedback loop with HDAC3. The induction of HDAC3-Fc�RI�
and Fc�RI�-Lyn interactions by PSA in lung tumor tissue
occurred in anMCP1-dependent manner (Fig. 5B, right panel).
Treatment of cells with mouse recombinant MCP1 protein
enhanced the metastatic potential of B16F1 cells (Fig. 5C).
Immunohistochemical staining showed the induction of c-Kit
by MCP1 treatment (Fig. 5C), suggesting that MCP1 induces
the activation ofmast cells in tumor tissue. RecombinantMCP1
protein induced its own expression (Fig. 5C), suggesting that
MCP1 regulates its own expression through CCR2. Western
blotting analysis of lung tumor tissue lysates showed the induc-
tion of HDAC3, Snail, and CCR2 by MCP1 protein (Fig. 5D).
Taken together, these results suggest that theMCP1/CCR2 sig-

FIGURE 9. HDAC3 is necessary for the activation of mast cells by B16F10 melanoma cells. A, BALB/c mice were given an i.v. injection of B16F10 cells (2 �
105). BALB/c mice were also given an i.v. injection of Sicontrol (100 nM) or SiHDAC3 (100 nM) on the same day. Seven days after the injection of B16F10 cells,
BALB/c mice were given an i.v. injection of Sicontrol (100 nM) or SiHDAC3 (100 nM). Fourteen days after the injection of B16F10 cells, the extent of lung
metastasis was determined. B, tissue lysates from the lung tumor tissue derived from B16F10 cells were immunoprecipitated (IP) with the indicated antibody,
followed by Western blot analysis (right panel). The same tissue lysates were also subjected to Western blot analysis (left panel). C, tissue lysates from the lung
tumor tissue derived from B16F10 cells were subjected to �-hexosaminidase activity assays. **, p � 0.005. D, lysates from lung mast cells were immunopre-
cipitated with the indicated antibody (2 �g/ml), followed by Western blot analysis (right panel). The same cell lysates were subjected to Western blot analysis
(left panel). E, mast cells were isolated from the indicated lung tumor tissue, and �-hexosaminidase activity assays were performed. **, p � 0.005. F, B16F10 cells
were transiently transfected with scrambled siRNA (100 nM) or HDAC3 siRNA (100 nM). 48 h after transfection, the conditioned medium (C.M.) was added to lung
mast cells isolated from BALB/c mouse. At each time point after addition of conditioned medium, cell lysates were isolated and subjected to Western blot
analysis.
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naling axis mediates enhanced metastatic potential of mouse
melanoma cells by PSA.
MCP1 Is Necessary for the Enhanced Invasion andMigration

Potential of Tumor Cells by Allergic Inflammation—MCP1 was
necessary for the enhanced metastatic potential of B16F1 cells
(Fig. 5A); based on these data, we hypothesized that MCP1
might enhancemigration and invasion of tumor cells. Cytokine
array analysis showed the induction of MCP1 in antigen-stim-
ulated RBL2H3 cells and increased expression and phosphory-
lation of CCR2 in antigen-stimulated RBL2H3 cells (Fig. 6, A
and B). The conditioned medium of antigen-stimulated
RBL2H3 cells or BMMCs induced the expression of HDAC3,
MCP1, and CCR2 in B16F1 cells (Fig. 6C). However, the condi-

tionedmedium of RBL2H3 cells transfected with siHDAC3 did
not induce expression of HDAC3, MCP1, or CCR2 in B16F1
cells (Fig. 6C). Moreover, the conditioned medium of BMMCs
or RBL2H3 cells treated with neutralizing MCP1 antibody did
not induce expression of HDAC3, MCP1, or CCR2 in B16F1
cells (Fig. 6C). These results suggest that HDAC3 and MCP1
mediate the interaction between mouse mast and melanoma
cells. The conditioned medium of antigen-stimulated RBL2H3
or BMMCs enhanced the migration potential of B16F1 cells,
and this enhanced migration potential was dependent on
MCP1 (Fig. 6D). The conditioned medium of antigen-stimu-
lated RBL2H3 or BMMCs enhanced the invasion potential of
B16F1 cells, and this enhanced invasion potential was depen-

FIGURE 10. miR-384 acts as a negative regulator of HDAC3 and in vitro allergic inflammation. A shows the potential binding of miR-384 to 3�-UTR-HDAC3.
B, RBL2H3 cells were transfected with control mimic (10 nM) or miR-384 mimic (10 nM) along with wild type Luc-HDAC3–3�-UTR or mutant (mut) Luc-HDAC3–
3�-UTR. The next day, cells were sensitized with DNP-specific IgE (100 ng/ml) for 24 h, followed by stimulation with DNP-HSA (100 ng/ml) for 1 h. Luciferase
activity assays were performed as described. *, p � 0.05; **, p � 0.005. C, RBL2H3 cells were transfected with scrambled siRNA (10 nM) or HDAC3 siRNA (10 nM).
The next day, cells were sensitized with DNP-specific IgE (100 ng/ml) for 24 h, followed by stimulation with DNP-HSA (100 ng/ml). One hour after DNP-HSA
stimulation, miRNAs were isolated, and the expression of miR-384 was determined by quantitative real time PCR (left panel). ChIP assays were performed to
examine binding of HDAC3 to the promoter sequences of miR-384 (right panel). Numbers in parentheses denote putative binding sites for transcription factors
in the promoter sequences of miR-384. ***, p � 0.0005. D, RBL2H3 cells were transfected with control inhibitor (Ctrl. Inh) (10 nM) or miR-384 inhibitor (10 nM).
The next day, miRNAs were isolated, and the expression of miR-384 was determined by quantitative real time PCR (left panel). Cell lysates were subjected to
�-hexosaminidase activity assays were performed (right panel). E, same as D except that Western blot and immunoprecipitation were performed. F, same as D
except that immunofluorescence staining was performed. G, RBL2H3 cells were transfected with control mimic (10 nM) or miR-384 mimic (10 nM). The next day,
cells were sensitized with DNP-specific IgE (100 ng/ml) for 24 h, followed by stimulation with DNP-HSA (100 ng/ml). One hour after DNP-HSA stimulation,
miRNAs were isolated, and the expression of miR-384 was determined by quantitative real time PCR (left panel). Cell lysates were also prepared and subjected
to immunoprecipitation with the indicated antibody (2 �g/ml), followed by Western blot analysis (right panel). **, p � 0.005; ***, p � 0.0005. H, RBL2H3 cells
were transfected with control mimic (10 nM) or miR-384 mimic (10 nM). The next day, cells were sensitized with DNP-specific IgE (100 ng/ml) for 24 h, followed
by stimulation with DNP-HSA (100 ng/ml) for 1 h. Immunofluorescence staining was performed as described.
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dent on MCP1 (Fig. 6E). Taken together, these results suggest
thatMCP1 exerts paracrine control over tumor cells to enhance
their invasion and migration potential.
PSA Induces the Recruitment of Macrophages to Tumor Tis-

sues and Activation ofMast Cells byMCP1—Macrophages play
essential role in tumor metastases (35). In our mouse model of
PSA, there was increased expression of MCP1 and CD11b, a
marker of macrophages, in lung tumor tissues (Fig. 7A,middle
panels). In addition, PSA induced co-localization ofMCP1with
CD11b (Fig. 7A,middle panels), suggesting that MCP1 recruits
macrophages to promote tumormetastasis.MCP1was respon-
sible for the increased expression of CD11b (Fig. 7A, right pan-
els). PSA induced the expression of HDAC3 and the co-local-
ization of Fc�RI� with HDAC3 (Fig. 7B,middle panels), both of
which were dependent on MCP1 (Fig. 7B, right panels). Taken
together, these results suggest that MCP1 is necessary for the
recruitment of macrophages for creation of a tumor microen-
vironment that leads to enhanced tumor metastasis.
Tumor Cells Induce Activation of Mast Cells—We then

examined whether there is a positive feedback regulatory loop
between allergic inflammation and tumor metastasis. We
tested this hypothesis by assessing whether tumor cells would
activate mast cells. When injected into BALB/c mouse, B16F10
cells showed higher metastatic potential than B16F1 cells (Fig.
8A). Lung tumor tissue derived from B16F10 cells showed
higher �-hexosaminidase activity and HDAC3 expression,
along with an increased interaction between Fc�RI�, Lyn, and

HDAC3 than those derived from B16F1 cells (Fig. 8, A and B).
Mast cells isolated from lung tumor tissue derived fromB16F10
cells showed higher �-hexosaminidase activity, HDAC3 expres-
sion, and an increased interaction between Fc�RI�, Lyn, and
HDAC3 than those derived from B16F1 cells (Fig. 8C). Taken
together, these results suggest the presence of a positive feed-
back loop between tumor and mast cells.
HDAC3 Is Necessary for the Activation of Mast Cells by

Tumor Cells—The fact that tumor cells activate mast cells led
us to examine the involvement of HDAC3 in this process.
B16F10 cells showed higher metastatic potential than B16F1
cells (Fig. 9A). The in vivo down-regulation of HDAC3
decreased the metastatic potential of B16F10 cells (Fig. 9A).
Western blotting analysis of lung tumor tissue lysates showed
that the down-regulation of HDAC3 prevented the interaction
between Fc�RI� and HDAC3 (Fig. 9B). The in vivo down-regu-
lation of HDAC3 also decreased �-hexosaminidase activity
associated with lung tumor tissue (Fig. 9C) and prevented an
interaction between Fc�RI� and HDAC3 in lung mast cells
derived from lung tumor tissue derived from B16F10 cells (Fig.
9D). The conditioned medium of B16F10 cells increased
�-hexosaminidase activity in lung mast cells (Fig. 9E). How-
ever, the conditioned medium of B16F10 cells transfected
with HDAC3 siRNA did not affect �-hexosaminidase activ-
ity in lungmast cells or promote the formation of the Fc�RI�-
HDAC3 complex in lung mast cells (Fig. 9, E and F). Taken
together, these results suggest that tumor cells induce the

FIGURE 11. miR-384 acts as a negative regulator of PSA. A, BALB/c mice were sensitized to DNP-specific IgE (0.5 �g/kg) by an i.v. injection. BALB/c mice were
also given an i.v. injection of control mimic (100 nM) or miR-384 mimic (100 nM). The next day, BALB/c mice were given an i.v. injection of DNP-HSA (250 �g/kg).
One hour after stimulation with DNP-HSA, lung tissues were isolated and the expression of miR-384 was determined by quantitative real time PCR. **, p � 0.005;
***, p � 0.0005. B, same as A except that immunoprecipitation, Western blot, and �-hexosaminidase activity assays were performed. For histamine release
assays, sera of BALB/c mice were employed. *, p � 0.05; **, p � 0.005.
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activation of mast cells through the HDAC3/MCP1/CCR2
signaling axis.
miR-384 Acts as a Negative Regulator of HDAC3 and Allergic

Inflammation—The role of miRNAs in allergic inflammation
and an interaction between tumor cells and mast cells remain
largely unknown. Target scan analysis predicted the binding of
miR-384 to the 3�-UTR of HDAC3 (Fig. 10A). The miR-384
mimic decreased luciferase activity of the 3�-wild type UTR-
HDAC3 but not luciferase activity of the mutant 3�-UTR-
HDAC3 (Fig. 10B). Antigen stimulation decreased the expres-
sion of miR-384 (Fig. 10C). The down-regulation of HDAC3
restored the expression of miR-384 in antigen-stimulated
RBL2H3 cells (Fig. 10C). We examined whether HDAC3
directly regulates the expression of miR-384. miR-384 pro-
moter sequences contain putative binding sites for various
transcription factors, such as HDAC3, HDAC2, SOX-5, and
HSF (Fig. 10C). HDAC3 showed binding to the promoter

sequences of miR-384 that contain a putative binding site for
HDAC3 (Fig. 10C).
These results suggest that miR-384 andHDAC3 form a feed-

back regulatory loop. ThemiR-384 inhibitor increased �-hexo-
saminidase activity in RBL2H3 cells (Fig. 10D). The miR-384
inhibitor induced an interaction between Fc�RI� and HDAC3,
increased the expression of HDAC3, and induced co-localiza-
tion of HDAC3 with Fc�RI� in RBL2H3 cells (Fig. 10, E and F).
The miR-384 mimic prevented an interaction between Fc�RI�
andHDAC3 in antigen-stimulatedRBL2H3 cells, decreased the
expression of HDAC3, and prevented co-localization of
HDAC3 with Fc�RI� (Fig. 10, G and H). Taken together, these
results suggest that miR-384 acts as a negative regulator of
HDAC3 and allergic inflammation.
miR-384 Acts as a Negative Regulator of PSA—We employed

the BALB/c mouse model of PSA to examine the in vivo role of
miR-384. PSA decreased the expression of miR-384 (Fig. 11A).

FIGURE 12. miR-384 inhibitor enhances the metastatic potential and mast cell activation by tumor cells. A, BALB/c mice were given an i.v. injection with
B16F1 (2 � 105) or B16F10 cells (2 � 105). BALB/c mice were given an i.v. injection with control inhibitor (100 nM) or miR-384 inhibitor (100 nM) on the day 0, 4,
and 8 of the time line. Fourteen days after the injection of B16F1 or B16F10 cells, the extent of lung metastasis was determined. miRNA from each mouse of each
experimental group was isolated, and the expression of miR-384 was determined by quantitative real time PCR. Histamine release assays employing sera of
BALB/c mice were also performed. *, p � 0.05; **, p � 0.005. ***, p � 0.0005. B, lysates from lung tumor tissue of each experimental group were immunopre-
cipitated with the indicated antibody (2 �g/ml), followed by Western blot (middle panel). Lysates were subjected to Western blot analysis (left panel). Lysates
were subjected to �-hexosaminidase activity assays were performed (right panel). **, p � 0.005. C, same as B except that lung mast cells isolated from lung
tumor tissue were employed. **, p � 0.005.
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Western blotting analysis of lung tissue showed that the miR-
384 mimic attenuated the antigen-stimulated increase in
HDAC3 expression and prevented an interaction between
HDAC3 and Fc�RI� in lung tissue, along with inhibiting
�-hexosaminidase activity associated with the mouse model of
PSA (Fig. 11B). PSA increased the secretion of histamine, which
was attenuated by treatment with the miR-384 mimic (Fig.
11B). Taken together, these results suggest that miR-384 is a
negative regulator of PSA.
miR-384 Inhibitor Enhances Metastatic Potential of Tumor

Cells—Next, we examined whether miR-384 affects the meta-
static potential of tumor cells. B16F10 cells showed highermet-
astatic potential than B16F1 cells, and treatment with an miR-
384 inhibitor enhanced the metastatic potential of B16F1 cells
(Fig. 12A) and decreased the expression of miR-384 in lung
tumor tissue (Fig. 12A). BALB/c mice injected with B16F10

cells showed higher secretion levels of histamine than those
injected with B16F1 cells (Fig. 12A). Treatment with an miR-
384 inhibitor increased the secretion of histamine in sera of
BALB/c mice injected with B16F1 cells (Fig. 12A). Western
blotting analysis of lung tumor tissue showed that treatment
with an miR-384 inhibitor increased the expression of HDAC3
and induced an interaction between HDAC3 and Fc�RI�, while
also increasing the�-hexosaminidase activity in lung tumor tissue
(Fig. 12B). Western blotting analysis of lung mast cells from lung
tumor tissue derived from B16F1 cells showed that miR-384
increased the expression of HDAC3 and induced an interaction
betweenHDAC3andFc�RI�,while also increasing�-hexosamini-
dase activity in lung mast cells derived from lung tumor tissue
derived from B16F1 cells (Fig. 12C). Taken together, these results
suggest thatmiR-384 negatively regulates themetastatic potential
of B16F1 cells by regulating the expression of HDAC3.

FIGURE 13. miR-384 mimic negatively regulates the enhanced metastatic potential and mast cell activation by tumor cells. A, BALB/c mice were given
an i.v. injection with B16F1 (2 � 105) or B16F10 cells (2 � 105). BALB/c mice were given an i.v. injection with control mimic (100 nM) or miR-384 mimic (100 nM)
on the days 0, 4, and 8 of the time line. Fourteen days after the injection of B16F1 or B16F10 cells, the extent of lung metastasis was determined. miRNA from
each mouse of each experimental group was isolated, and the expression of miR-384 was determined by quantitative real time PCR. Formalin-fixed lung
sections were stained with H&E. Black arrows indicate lung metastatic foci (scale bar, 5 �m). Immunohistochemical staining employing lung tumor tissue was
performed as described. Histamine release assays employing sera of BALB/c mice were also performed. **, p � 0.005; ***, p � 0.0005; ns, not significant. B,
lysates from lung tumor tissue of each experimental group were immunoprecipitated (IP) with the indicated antibody (2 �g/ml), followed by Western blot
(middle panel). Lysates were subjected to Western blot analysis (left panel). Lysates were subjected to �-hexosaminidase activity assays were performed (right
panel). ***, p � 0.005; ns, not significant. C, same as B except that lung mast cells isolated from lung tumor tissue were employed. ***, p � 0.005; ns, not
significant.
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miR-384 Mimic Decreases Metastatic Potential of Tumor
Cells—We next examined whether overexpression of miR-384
would negatively regulate the metastatic potential of tumor
cells. Treatment with the miR-384 mimic decreased the meta-
static potential of B16F10 cells and decreased the expression of
HDAC3 in lung tumor tissue (Fig. 13A).Moreover, themiR-384
mimic decreased the expression of c-kit, a marker of mast cell
activation (Fig. 13A), suggesting the activation of mast cells by
B16F10 cells. Histological analysis confirmed that B16F10 cells
generated not only more but also significantly larger metastatic
foci in the BALB/c mice than B16F1 cells, with B16F10/miR-
384mimic reducing themetastatic burden (Fig. 13A). ThemiR-
384 mimic decreased the secretion of histamine in sera of
BALB/c mice injected with B16F10 cells (Fig. 13A). Western
blotting analysis of lung tumor tissue showed that miR-384
mimic decreased the expression of HDAC3 and inhibited an
interaction between HDAC3 and Fc�RI� (Fig. 13B), along with

decreasing the �-hexosaminidase activity in lung tumor tissue
(Fig. 13B). Western blotting analysis of lung mast cells from
lung tumor tissue derived from B16F10 cells showed that miR-
384 mimic decreased the expression of HDAC3 and inhibited
an interaction between HDAC3 and Fc�RI� (Fig. 13C), along
with decreasing �-hexosaminidase activity in lung mast cells
(Fig. 13C). Taken together, these results suggest that miR-384
negatively regulates metastatic potential by decreasing the
expression of HDAC3.
miR-384 Attenuates the PSA-mediated Enhancements of

Metastatic Potential—Treatment with an miR-384 mimic neg-
atively attenuated the PSA-mediated effects on B16F1 cell
metastasis, decreased the expression of HDAC3 in lung tumor
tissue derived from B16F1 cells, and decreased the expression
of c-kit, a marker of mast cell activation (Fig. 14A). In addition,
treatment with the miR-384 mimic attenuated the PSA-medi-
ated increase in the number of metastatic foci and histamine

FIGURE 14. miR-384 negatively regulates the enhanced metastatic potential of tumor cells by PSA. A, BALB/c mice were sensitized to DNP-specific IgE (0.5
�g/kg) by an i.v. injection. The next day, BALB/c mice were given an i.v. injection of DNP-HSA (250 �g/kg). Each mouse received injection of B16F1 melanoma
cells (2 � 105) on day 2 of the time line. BALB/c mice were given an i.v. injection with control mimic (100 nM) or miR-384 mimic (100 nM) on days 4 and 8 of the
time line. Fourteen days after the injection of B16F1 cells, the extent of lung metastasis was determined. miRNA from each mouse of each experimental group
was isolated, and the expression of miR-384 was determined by quantitative real time PCR. Formalin-fixed lung sections were stained with H&E. Black
arrowheads indicate lung metastatic foci. (Scale bar, 5 �m.) Immunohistochemical staining employing lung tumor tissue was performed as described. Hista-
mine release assays employing sera of BALB/c mice were performed. **, p � 0.005; ***, p � 0.005. B, lysates from lung tumor tissue of each experimental group
were immunoprecipitated (IP) with the indicated antibody (2 �g/ml), followed by Western blot (middle panel). Lysates were subjected to Western blot analysis
(left panel). Lysates were subjected to �-hexosaminidase activity assays (right panel). **, p � 0.05. C, same as B except that lung mast cells isolated from lung
tumor tissue were employed. ***, p � 0.005.
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secretion in sera of BALB/c mice (Fig. 14A). Western blotting
analysis of lung tumor tissue showed that the miR-384 mimic
treatment decreased the expression of HDAC3, inhibited an
interaction between HDAC3 and Fc�RI�, and decreased
�-hexosaminidase activity in lung tumor tissue (Fig. 14B).
Western blotting analysis of lung mast cell lysates from lung
tumor tissue derived fromB16F1 cells showed that themiR-384
mimic decreased the expression of HDAC3, inhibited an inter-
action between HDAC3 and Fc�RI�, and decreased �-hexo-
saminidase activity in lung mast cells (Fig. 14C). Taken
together, these results confirm that miR-384 attenuated the
effects of PSA on metastasis by decreasing the expression of
HDAC3.
miR-384 Regulates the Interaction between Tumor Cells and

Mast Cells—The conditioned medium of B16F10 cells induced
the expression of HDAC3 in BMMCs and RBL2H3 cells (Fig.
15, A and C). The conditioned medium of B16F10 cells trans-
fected with miR-384 mimic did not induce the expression of
HDAC3 in BMMCs or RBL2H3 cells (Fig. 15, A and C). The
conditioned medium of B16F1 cells did not induce the expres-
sion of HDAC3 in BMMCs or RBL2H3 cells (Fig. 15, A and C).

Furthermore, the conditioned medium of B16F10 cells
increased �-hexosaminidase activity in BMMCs and RBL2H3
cells (Fig. 15D), and these effects were reversed with treatment
from the miR-384 mimic (Fig. 15, B and D). Taken together,
these results suggest that miR-384 may regulate the positive
feedback relationship between tumor and mast cells.

DISCUSSION

We previously reported the induction of HDAC3 and the
decreased expression of E-cadherin in antigen-stimulated
RBL2H3 cells (30). HDAC3 represses the expression of E-cad-
herin (36), a protein involved in EMT. Hypoxia-inducible fac-
tor-1�-mediated HDAC3 expression is essential for hypoxia-
induced EMT and metastasis (37). Hypoxia-inducible factor
promotes the murine allergic airway inflammation and is
increased in asthma and rhinitis (38). These reports led us to
hypothesize that HDAC3 may link allergic inflammation with
tumormetastasis. HDAC3plays an essential role in allergic skin
inflammation, such as passive cutaneous anaphylaxis (23).
However, the role of HDAC3 in PSA has not been reported. In

FIGURE 15. miR-384 exerts a negative regulation on the interaction between tumor cells and mast cells. A, B16F1 or B16F10 cells were transfected with
control mimic (10 nM) or miR-384 mimic (10 nM). At 48 h after transfection, the conditioned medium (C.M.) was added to BMMC. Twelve hours after addition of
conditioned medium, cell lysates were immunoprecipitated (IP) with the indicated antibody (2 �g/ml), followed by Western blot analysis. Cell lysates were also
subjected to Western blot analysis. B, same as A except that �-hexosaminidase activity assays were performed. **, p � 0.005; ns, not significant. C, same as A
except that the conditioned medium was added to RBL2H3 cells. **, p � 0.005; ns, not significant. D, same as B except that RBL2H3 cells were employed.
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this study, we show that HDAC3 is necessary for PSA and the
activation of mast cells by PSA.
The expression of integrin �5 is increased in tumor tissue

derived from B16F10 cells after PSA induction. Integrin �5,
through interaction with epidermal growth factor receptor, is
necessary for allergic skin inflammation (30) and is also neces-
sary for interaction between T cells and fibroblasts in airway
inflammation (39). It is reasonable that integrin �5 may medi-
ate cellular interaction, if any, between mast and tumor cells. It
will be interesting to examine the involvement of EGF receptor
signaling in relation to Fc�RI in PSA. Because PSA induces the
expression of HDAC3, it is probable that HDAC3 up-regulates
the expression of integrin �5 to induce an interaction between
tumor andmast cells. Tumors derived fromB16F10 cells under
PSA exhibit the increased expression of VCAM-1 and integrin
�4 in ourmousemodel of PSA. VCAM-1, induced by Th2 cyto-
kines, such as IL-12, contributes to allergen-induced experi-
mental asthma (40). In the bonemarrow, VCAM-1 attracts and
tethers �4 integrin-expressing osteoclast progenitors to facili-
tate their maturation into multinucleated osteoclasts that
mediate osteolytic metastasis (41). These data imply a role for
VCAM-1 in mediating an interaction between tumor and mast
cells. Overall, it is reasonable to conclude that the enhancement
in metastatic potential mediated by PSA involves interactions
between mast and tumor cells.
Our data show that PSA induces the activation of Fc�RI sig-

naling in lung tissue and that HDAC3mediates PSA-promoted
enhanced tumorigenic and metastatic potential. We hypothe-
sized that mast and tumor cells would form a positive feedback
loop.
Integrin �5 enhances paracrine function of angiogenic cells

via activation of signal transducer and activator of transcription

(STAT) and induction of MCP1 (42). We showed that tumors
derived from B16F1 cells under PSA have higher MCP1 levels.
HDAC3 has been shown to promote TNF-� expression (22),
and TNF-� induces the expression ofMCP1 via the p38MAPK
signaling pathway (43). The MCP1/CCR2 axis is involved in
peritoneal dialysis-related EMT of peritoneal mesothelial cells
(44). These data imply a paracrine role for MCP1 in mediating
an interaction between tumor and mast cells. In this study, we
demonstrate the role of MCP1 in PSA-promoted enhanced
metastatic potential of B16F1 cells. The fact thatMCP1 protein
induces the expression of CCR2 and HDAC3 in tumor tissue
derived from B16F1 cells suggests a paracrine role of MCP1 in
PSA-promoted enhanced metastatic potential of tumor cells.
Our data indicate that MCP1 secreted by antigen-stimulated
BMMCs activates CCR2 signaling in B16F1 cells, which in turn
induces the expression of HDAC3 and MCP1. Therefore, it is
reasonable to conclude that mast cells exert a paracrine control
over tumor cells via MCP1.
Stem cell factor-producing tumors are capable of recruiting

mast cells into the tumor, which in turn promotes the expres-
sion of many factors that facilitate activation of Treg cells, thus
promoting tumor growth (12). Cancer-induced expansion and
activation of CD11b� Gr-1� cells predispose mice to adenovi-
rus-triggered anaphylactoid-type (45). These reports suggest a
role of tumor cells in the activation of mast cells.
Based on our observations, we hypothesized that tumor and

mast cells form a positive feedback loop. We show that the
conditioned medium of B16F10 cells activates Fc�RI signaling
in lung mast cells in an HDAC3-dependent manner, which
indicates that HDAC3 mediates an interaction between tumor
and mast cells by regulating the expression of MCP1.

FIGURE 16. Proposed mechanism of positive feedback relationship mediated by HDAC3. CCR2, chemokine, cc motif, receptor 2; HDAC3, histone deacety-
lase-3; MCP1, monocyte chemoattractant protein-1; PSA, passive systemic anaphylaxis.
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In this study, we found that PSA activated various stromal
cells such as macrophages and endothelial cells, in an HDAC3-
dependent manner.4 The activated macrophages and endothe-
lial cells, in an HDAC3-dependent manner, enhanced the inva-
sion potential of B16F1 cells,4 suggesting that these stromal
cells, just like mast cells, contribute to the enhanced the meta-
static potential of B16F1 cell by PSA. We also found a positive
feedback relationship between tumor cells and these stromal
cells.4We are currently working on the molecular mechanisms
associated with the enhanced metastatic potential of B16F1
cells by macrophages and endothelial cells.
miR-221 influences effector functions and actin cytoskeleton

in mast cells (46), and it acts as a positive transcriptional regu-
lator of c-kit (47). The loss of miR-21 significantly enhances
the Th1-associated delayed-type hypersensitivity cutaneous
responses (18). We show that miR-384 and HDAC3 form a
feedback regulatory loop and that miR-384 acts as a negative
regulator of allergic inflammation and the interaction between
mast and tumor cells. Further studies are necessary to further
identify factor(s) regulated by miR-384, and these additional
studies will improve our understanding of the role of PSA in
tumorigenesis. Because miRNAs target multiple genes, studies
focused on examining whether miR-384 affects expression of
various genes other than HDAC3 are also warranted. In this
study, we also found that the expression of miR-212 was
decreased in the mouse model of PSA.4 It would be interesting
to examine the effect of miR-212 on the expression of HDAC3
and the interaction between tumor and mast cells.
Just like other HDACs, HDAC3 may have broad effects on

chromatin. Although we identified MCP1 as a target of
HDAC3, it would be challenging to attribute a positive feedback
relationship between anaphylaxis and tumor to HDAC3/
MCP1/CCR2 axis alone. Therefore, it would be necessary to
identify miRNA genes and downstream genes that are regu-
lated by HDAC3 for better understanding of the mechanism of
PSA-promoted tumor metastasis.
In this study, we show that the miR-384/HDAC3 axis regu-

lates a positive feedback relationship between tumor and mast
cells (Fig. 16). Thus, HDAC3 can be developed as a therapeutic
target in treatment of allergic inflammation and cancer.
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