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Background: The role of HDAC3 in allergic skin inflammation remains unknown.
Results: HDAC3 interacts with Fc�RI and regulates expression of MCP1 through Sp1 and c-Jun to mediate allergic skin
inflammation.
Conclusion: HDAC3 mediates allergic skin inflammation in relation with angiogenesis by regulating MCP1.
Significance: HDAC3 serves as a target for development of allergy therapeutics.

We have shown the induction of histone deacetylase 3
(HDAC3) in antigen-stimulated rat basophilic leukemia cells via
NF-�B. We investigated the role of HDAC3 in allergic skin
inflammation. We used a BALB/c mouse model of triphasic
cutaneous anaphylaxis (triphasic cutaneous reaction; TpCR)
and passive cutaneous anaphylaxis (PCA) to examine the role of
HDAC3 in allergic skin inflammation. Triphasic cutaneous
reaction involved induction of HDAC3 and was mediated by
HDAC3. HDAC3 showed an interaction with Fc�RI�. Trichos-
tatin A (TSA), an inhibitor of HDAC(s), disrupted this interac-
tion. Cytokine array analysis showed that the down-regulation
of HDAC3 led to the decreased secretion ofmonocyte chemoat-
tractant protein 1 (MCP1). Fc�RI was necessary for induction of
HDAC3 and MCP1. ChIP assays showed that HDAC3, in asso-
ciation with Sp1 and c-Jun, was responsible for induction of
MCP1 expression. TSA exerted a negative effect on induction
ofMCP1.HDAC3exerted anegative regulationonexpressionof
HDAC2 via interaction with Rac1. The down-regulation of
HDAC3 or inactivation of Rac1 induced binding of HDAC2 to
MCP1 promoter sequences. TSA exerted a negative effect on
HDAC3-mediated TpCR. The BALB/c mouse model of PCA
involved induction of HDAC3 and MCP1. HDAC3 and MCP1
were necessary for PCA that involved ear swelling, enhanced
vascular permeability, and angiogenesis. Recombinant MCP1
enhanced �-hexosaminidase activity and histamine release and
also showed angiogenic potential. TSA exerted a negative effect
on PCA. Our data show HDAC3 as a valuable target for the
development of allergic skin inflammation therapeutics.

The triphasic cutaneous reaction (TpCR)3 is a simple in vivo
cutaneous reaction (1) and employs preformed IgE and chem-
ical antigen, such as 2,4-dinitrofluorobenzene (DNFB). TpCR is
accompanied by triphasic ear swelling after DNFB stimulation.
The immediate phase is dependent on mast cells (1). However,
the second phase is induced in mast cell-deficient WBB6F1-
W/Wv mice (1). IL-1� and TNF-� seem to mediate the second
phase of ear swelling (2, 3). Ear swelling is also observed 7–8
days after stimulation with DNFB (1). The third phase is
reduced in mast cell-deficient WBB6F1-W/Wv mice (1).
Molecular mechanisms associated with TpCR merit further
investigation.
Passive cutaneous anaphylaxis (PCA) is IgE- and mast cell-

dependent (4). IL-33 is produced by mast cells and mediates
PCA (5). Histamine is the most prominent inducer of vascular
permeability accompanied by PCA (6). Hypoxia-inducible fac-
tor (HIF), an angiogenic factor, is necessary for various allergic
inflammatory diseases, including PCA (7). This suggests a close
relationship between PCA and angiogenesis. Mast cells
increase vascular permeability by heparin-initiated bradykinin
formation (8). Heparin induces anaphylaxis (9). Anaphylaxis
involves angiogenesis (10). Mast cells interact with endothelial
cells to contribute to angiogenesis in multiple myelomas (11).
These reports suggest that allergic inflammation involves vas-
cular permeability and angiogenesis.
Glucocorticoid resistance in asthma is associated with the

reduced HDAC2 (histone deacetylase 2) activity (12). Cortico-
steroid function is dependent onHDAC2 (13). The reduction of
HDAC2 activity has been reported in various allergic diseases
(14). The reduction of HDAC2 results from post-translational
modification, such as tyrosine nitration (15). Conditional dele-
tion of HDAC1 in T cells enhances Th2 cytokine expression in
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airway inflammation (16). Trichostatin A (TSA), an inhibitor of
HDAC(s), attenuates airway inflammation in a mouse asthma
model by decreasing expression of Th2 cytokines (17). HDAC3
expression is induced by antigen stimulation in RBL2H3 cells
via NF-�B (18). NF-�B, activated by TNF-�, induces chronic
inflammation in the adipose tissues by inhibiting expression of
cytosolic phosphoenolpyruvate carboxykinase in adipocytes
through activation of HDAC3 (19). This implies a role of
HDAC3 in inflammation.
We examined the role of HDAC3 in allergic skin inflamma-

tion with respect to Fc�RI (Fc� receptor I) signaling. We inves-
tigated molecular mechanisms of HDAC3-mediated allergic
skin inflammation and identified a downstream target of
HDAC3.We investigatedmolecularmechanisms of expression
regulation of this target gene by HDAC3. We examined
whether HDAC3 activity and MCP1 (monocyte chemoattrac-
tant protein 1), a downstream target ofHDAC3, were necessary
for allergic skin inflammation in relation with angiogenesis.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—RBL2H3 cells were obtained
from the Korea Cell Line Bank (Seoul, Korea). Cells were grown
in Dulbecco’s modified Eagle’s medium containing heat-inacti-
vated fetal bovine serum, 2 mM L-glutamine, 100 units/ml pen-
icillin, and 100�g/ml streptomycin (Invitrogen). Cultures were
maintained in 5% CO2 at 37 °C. Bone marrow-derived mouse
mast cells were isolated and cultured according to the standard
procedures (20).
Isolation of Mast Cells from Mice—Ears of BALB/c mice

were cut into fragments and incubated in RPMI1640
medium supplemented with 25% fetal bovine serum, 1.5
mg/ml collagenase (Sigma-Aldrich), 0.5 mg/ml hyaluroni-
dase (Sigma-Aldrich), 0.2 mg/ml protease (Sigma-Aldrich),
and 0.5 mg/ml DNase I (Sigma-Aldrich) for 60 min at 37 °C.
Dispersed cells were filtered sequentially through 70- and
40-�m cell strainers (BD Biosciences). The pelleted cells
were resuspended in RPMI1640 medium containing 0.1%
bovine serum albumin and submitted to a continuous iso-
tonic Percoll gradient (72%) for mast cell isolation. Purified
mast cells were resuspended in RPMI-FBS. The cell purity
(�96%) and viability (�98%) were evaluated by toluidine
blue and trypan blue exclusion staining, respectively.
Mice—Five-week-old female BALB/c mice were purchased

from Nara Biotech (Seoul, Korea) and maintained in specific
pathogen-free conditions. All animal experiments were
approved by the institutional review board for animal studies of
Kangwon National University.
Preparation of siRNADuplexes—Construction of siRNAwas

carried out according to the instructionmanual provided by the
manufacturer (Ambion, Austin, TX).
IgE-dependent TpCR in the Mouse Ear—To induce IgE-de-

pendent TpCR in the ear of female BALB/c mice, mice were
sensitized by injecting mouse anti-DNP monoclonal IgE anti-
body (10�g/kg) intravenously. Twenty-four hours later, a cuta-
neous reaction was evoked by painting with 25 �l of 0.15%
DNFB acetone-olive oil (3:1) solution onto each surface of both
ear lobes. Ear thickness was measured by using a digital gauge.
In order to examine the effect of HDAC3 on TpCR, scrambled

(100 nM) orHDAC3 siRNA (100 nM)was injected intravenously
on the day of IgE sensitization. To examine the effect of MCP1
on TpCR, neutralizing MCP1 (nMCP1) antibody (10 �g/kg) or
isotype-matched IgG (10 �g/kg) was injected intraperitoneally
on the day of IgE sensitization and 2 days after DNFB
stimulation.
Histological Analyses—Ear samples of BALB/c mice were

fixed in 10% (v/v) buffered formalin, embedded in paraffin, sec-
tioned at 4–6�m, and then stainedwith hematoxylin and eosin
to examine the extent of lymphocyte infiltration. Immunohis-
tochemistry staining of ear or lung tissues was performed by
using the 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 amicrowave oven and then allowing the sections
to cool for 30 min at room temperature. Nonspecific endoge-
nous protein binding was blocked using 1% bovine serum albu-
min (BSA). The sections were then incubated with primary
antibodies overnight at 4 °C. The following primary antibodies
were used for detection of proteins: anti-HDAC3 (1:100; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) and anti-MCP1
(1:200; Santa Cruz Biotechnology, Inc.). Isotype-matched con-
trol IgG antibody (1:200; Santa Cruz Biotechnology, Inc.) was
employed to serve as a negative control. After washing, biotiny-
lated secondary antibodies were applied at 1:100 or 1:200 dilu-
tions for 1 h. Colorwas developedwith diaminobenzidine (Vec-
tor Laboratories Inc.). Sections were counterstained with
Mayer’s hematoxylin.
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 (1:200; BD Biosciences) or Fc�RI� (1:200; Santa
Cruz Biotechnology, Inc.) 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 TSA on co-localization of HDAC3 with Fc�RI�,
IgE-sensitized RBL2H3 cells were incubated with TSA (50 nM)
for 12 h prior to stimulation with DNP-HSA.
Passive Cutaneous Anaphylaxis—BALB/c mice were pas-

sively sensitized with an intradermal injection of DNP-specific
IgE (0.5 �g/kg) into both ears. The mice were challenged 24 h
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later with an intravenous injection of DNP-HSA (250 �g/kg)
plus 250 �l of PBS containing 2% (v/v) Evans blue solution.
Thirtyminutes afterDNP-HSAchallenge, themicewere eutha-
nized, and the 2% (v/v) Evans blue dye was extracted from each
dissected ear in 700 �l of acetone/water (7:3) at room temper-
ature overnight. The absorbance of Evans blue in the extracts
was measured with a spectrophotometer at 620 nm. In order to
examine the effect of MCP1 on PCA, BALB/c mice were pas-
sively sensitized with an intradermal injection of DNP-specific
IgE (0.5 �g/kg) along with neutralizing MCP1 antibody (10
�g/kg) or IgG (10 �g/kg). The mice were challenged 24 h later
with an intravenous injection of DNP-HSA (250 �g/kg) plus
250 �l of PBS containing 2% (v/v) Evans blue solution.
Preparation of Tissue Lysates from Mouse Ears—Mouse ear

tissues were dissected and flash frozen in liquid nitrogen and
then crushed into a fine powder with amortar and pestle. Total
protein lysates were made by suspension of crushed tissue in

modified radioimmune precipitation assay buffer (150 mM

sodium chloride, 50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM

PMSF, 1% Triton X-100, 1% sodium deoxycholic acid, 0.1%
sodium dodecyl sulfate) containing protease inhibitors and
incubation at 4 °C for 30 min with constant agitation. Insoluble
material was then removed by centrifugation at 13,000 � g for
15 min at 4 °C. Western blot analysis was performed using 20
�g of total protein.
Cytokine Array Analysis—Expression levels of cytokine/

chemokines were determined by using a Proteom ProfilerTM
mouse cytokine array kit (R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions.
Chromatin Immunoprecipitation (ChIP) Assay—Assayswere

performed according to the manufacturer’s instructions
(Upstate Biotechnology, Inc.). The antibody immunoprecipi-
tates were reverse cross-linked. To examine the binding of
HDAC3 or HDAC2 to MCP1 promoter sequences, PCR was

FIGURE 1. HDAC3 mediates TpCR, an allergic skin inflammation. A, BALB/c mice were given an intravenous injection of DNP-specific IgE antibody (10
�g/kg). The next day, both ears of mice were painted with DNFB or DMSO. Ear thickness was measured for a total of 8 days. Means � S.E. (error bars) of three
independent experiments are shown. ***, p � 0.0005. Each experimental group consists of five BALB/c mice. B, at each time point after DNFB stimulation, ear
tissue lysates from each BALB/c mouse were subjected to Western blot analysis. A representative blot of three independent experiments is shown. C, BALB/c
mice were given an intravenous injection with DNP-specific IgE antibody along with scrambled or HDAC3 siRNA (each at 100 nM). The next day, both ears of
mice were painted with DNFB or DMSO. Each experimental group consists of four BALB/c mice. Means � S.E. of three independent experiments are depicted.
***, p � 0.0005, compared with IgE/scrambled; ##, p � 0.005, compared with IgE/SiHDAC3/DNFB (24 h); ###, p � 0.0005, compared with IgE/SiHDAC3/DNFB
(1 h). D, ear tissue lysates prepared at the indicated time point were subjected to Western blot analysis (top). Tissue lysates prepared at the indicated time point
were immunoprecipitated (IP) with anti-Fc�RI� antibody (2 �g/ml), followed by Western blot analysis (IB) (bottom).
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done on the phenol/chloroform-extracted DNA with specific
primers of MCP1 promoter-1 (5�-AGTGAGCAAGGTTGA-
CAGGAAGCA-3� (sense) and 5�-CTGTTCTCCACGGAGT-
TGCCCTTG-3� (antisense)), MCP1 promoter-2 (5�-GCAT
TGACCAAAGTCCATGGGCAG-3� (sense) and 5�-AGC-
CTGGGAGGTCACCATTGGAAA-3� (antisense)), and MCP1
promoter-3 (5�-GATGATGCTGCTCCTTGGCA-3� (sense)
and 5�-CCAACCCAAGCCCTTCTTTG-3� (antisense)). To
examine binding of HDAC3 to HDAC2 promoter sequences,
PCR was done on the phenol/chloroform-extracted DNA with
specific primers of HDAC2 promoter-1 (5�-ATGCAAGT-
GCTTAGAACTGTACC-3� (sense) and 5�-GCCCCAGTGC-
CTGGTAGCCTA-3� (antisense)), HDAC2 promoter-2 (5�-
TAGGCTACCAGGCACTGGGGC-3� (sense) and 5�-GGT-
GAACAACCTGCGCAAGG-3� (antisense)) and HDAC2
promoter-3 (5�-CCTTGCGCAGGTTGTTCACC-3� (sense)
and 5�-CTCCTCCTCCTGCTGCTGCTG-3� (antisense)).
Aortic Ring Formation Assays—In brief, 96-well plates were

coated with 30 �l of Matrigel/well and polymerized in an incu-
bator. Aortas isolated from 6-week-old male Sprague-Daw-
ley rats were cleared of periadventitial fat and connective
tissues in cold PBS and cut into rings of 1–1.5 mm in circum-

ference. The aortic rings were randomized into wells and
sealed with a 30-�l overlay ofMatrigel. PBS ormouse recom-
binantMCP1 (100 ng/ml in PBS) was added. After 6 days, the
extent of microvessel sprouting was determined by using an
inverted microscope (magnification, 100�; Olympus). The
assay was scored from 0 (negative) to 5 (most positive) in a
double-blinded manner.
Whole Mount Staining—In order to examine effect of

HDAC3 on angiogenesis, BALB/c mice were given an intrave-
nous injection of scrambled (100 nM) or HDAC3 siRNA (100
nM) twice in a total of 5 days. Mouse ears were fixed in 4% (v/v)
paraformaldehyde and blockedwith TNB buffer (NENLife Sci-
ence Products) containing 0.3% Triton X-100. Primary anti-
body, rabbit anti-CD31 (PECAM-1) was diluted in TNB buffer,
and ear samples were incubated with primary antibody over-
night at 4 °C. The samples were then washed three times and
subsequently incubated with the secondary antibody, anti-rab-
bit IgG Alex 488 (Molecular Probes, Inc.). In order to examine
the relationship between PCA and angiogenesis, anti-DNP-
specific IgE (0.5�g) was injected into ears of BALB/cmice. The
next day, the mice were challenged with intravenous injection
of 250�g ofDNP-HSA in 250�l of PBS. Themicewere injected

FIGURE 2. HDAC3 activity is required for an interaction between HDAC3 and Fc�RI�. A, the IgE-sensitized RBL2H3 cells were incubated with or without TSA
(50 nM) for 12 h prior to stimulation with or without DNP-HSA (100 ng/ml) for 1 h. Cell lysates prepared were immunoprecipitated (IP) with the indicated
antibody (2 �g/ml), followed by Western blot analysis (top). Cell lysates prepared were subjected to Western blot analysis (IB) (bottom). B, the IgE-sensitized
BMMCs were stimulated with DNP-HSA (100 ng/ml) for 1 h. Cell lysates prepared were immunoprecipitated with the indicated antibody, followed by Western
blot analysis (top). Cell lysates prepared were subjected to Western blot analysis (bottom). C, the IgE-sensitized RBL2H3 cells were incubated with or without TSA
(50 nM) for 12 h prior to stimulation with or without DNP-HSA for 1 h. Immunofluorescence staining employing the indicated antibody was performed.

HDAC3 Mediates Allergic Skin Inflammation

JULY 27, 2012 • VOLUME 287 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 25847

 at E
w

ha M
edical L

ibrary on July 5, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


with DNP-HSA twice in a total of 6 days before whole mount
staining employing anti-PECAM-1 antibody.

�-Hexosaminidase Secretion Assays—The �-hexosamini-
dase secretion assay was performed according to standard
procedures (18). In order to examine the in vivo effect of
HDAC3 or MCP1 on �-hexosaminidase, ear tissue lysates
(20 �g) of a BALB/c mouse of each experimental group were
used.
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. To measure the
cellular histamine level, culture supernatants were used.

Statistical Analysis—Data were analyzed and graphed using
the GraphPad Prism statistics program (GraphPad Software).
Results are presented as mean � S.E. Statistical analysis was
performedusing t testswith differences betweenmeans consid-
ered significant when p was �0.05.

RESULTS

HDAC3 Is Necessary for TpCR—The induction of HDAC3 in
antigen-stimulated RBL2H3 cells was reported (18). We exam-
ined a role of HDAC3 in allergic inflammation reaction. For
this, we employed a BALB/c mouse model of TpCR. Ear swell-
ingwas seen at 1 h and 24 h afterDNFB stimulation on ears (Fig.
1A). Increased ear swelling was also seen at 7 days after antigen

FIGURE 3. HDAC3 is necessary for induction of MCP1. A, serum of a BALB/c mice of each experimental group was obtained 24 h after DNFB stimulation and
subjected to cytokine array analysis. Each BALB/c mouse was given an intravenous injection of DNP-specific IgE. On the same day, each siRNA (100 nM) was also
injected via the tail vein. The next day, DNFB was painted on both ears of BALB/c mice. Each experimental group consists of four BALB/c mice. Representative
array data are shown. B, paraffin section of the ear tissue of the indicated BALB/c mouse was subjected to immunohistochemistry staining employing
anti-MCP1 antibody or isotype-matched control IgG. Representative images from four animals of each experimental group are shown (magnification, �400;
Olympus). C, the IgE-sensitized RBL2H3 cells or BMMCs were incubated with or without TSA (50 nM) for 12 h prior to stimulation with or without DNP-HSA (100
ng/ml) for 1 h. Cell lysates prepared were subjected to Western blot analysis. D, RBL2H3 cells were transiently transfected with the indicated siRNA (each at 10
nM). The next day, cells were sensitized with DNP-specific IgE (100 ng/ml) for 16 h, followed by stimulation with or without DNP-HSA for 1 h. Cell lysates were
subjected to Western blot analysis. E, RBL2H3 cells were transiently transfected with the indicated siRNA (each at 10 nM). The next day, cells were sensitized with
DNP-specific IgE (100 ng/ml) for 16 h, followed by stimulation with or without DNP-HSA for 1 h. Cell lysates were subjected to Western blot analysis. F, RBL2H3
cells were transiently transfected with the indicated siRNA (each at 10 nM). The next day, cells were sensitized with DNP-specific IgE (100 ng/ml) for 16 h,
followed by stimulation with or without DNP-HSA for 1 h. Cell lysates were immunoprecipitated (IP) with the indicated antibody (2 �g/ml), followed by Western
blot analysis.
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stimulation (Fig. 1A). Western blot analysis of BALB/c mouse
ear tissue lysates showed induction of HDAC3 (Fig. 1B). This
increased expression ofHDAC3was sustainedup to 7 days after
antigen stimulation (Fig. 1B). The in vivo down-regulation of
HDAC3 by siRNA exerted a negative effect on increased ear
thickness by DNFB stimulation (Fig. 1C). BALB/c mice that
received DNFB alone did not show changes in ear thickness
(Fig. 1C). In vivodown-regulation ofHDAC3prevented antigen
from inducing expression of C-Kit and tryptase, marker pro-
teins for mast cell activation (Fig. 1D). Interestingly, we found
an interaction between HDAC3 and Fc�RI� by antigen stimu-
lation (Fig. 1D). HDAC3 was necessary for an interaction
between Fc�RI� and Lyn, an essential molecule for Fc�RI sig-
naling (Fig. 1D). Mast cells isolated from ear tissues of BALB/c
mice showed an interaction between HDAC3 and Fc�RI� and
an interaction between HDAC3 and Lyn by DNFB stimulation
(supplemental Fig. 1). Mast cells isolated from ear tissues of
BALB/c mice also showed an increased expression of HDAC3
and Lyn by DNFB stimulation (supplemental Fig. 1). Taken

together, these results suggest that HDAC3 is necessary for
TpCR.
Interaction between HDAC3 and Fc�RI� Requires HDAC3

Activity—Because HDAC3 showed an interaction with Fc�RI�
in a BALB/c mouse model of TpCR (Fig. 1D), we examined
whether HDAC3 activity was required for this interaction.
Antigen (DNP-HSA) stimulation induced an interaction
between HDAC3 and Fc�RI� and also induced an interaction
between HDAC3 and Lyn in antigen-stimulated RBL2H3 cells
and BMMCs (Fig. 2, A and B). TSA, an inhibitor of HDAC(s),
prevented an interaction betweenHDAC3 and Fc�RI� and also
prevented interaction between HDAC3 and Lyn (Fig. 2, A and
B). TSA did not affect expression of HDAC3, HDAC5, or
HDAC2 in antigen-stimulated RBL2H3 cells (Fig. 2A) or in
BMMCs (Fig. 2B). TSA did not affect expression of Lyn in these
cell lines (data not shown). Immunofluorescence staining
showed a partial co-localization of HDAC3 with Fc�RI in
RBL2H3 cells (Fig. 2C). TSA inhibited co-localization of
HDAC3with Fc�RI� (Fig. 2C). Sodiumbutyrate, an inhibitor of

FIGURE 4. HDAC3 binds to promoter sequences of MCP1. A, RBL2H3 cells were transiently transfected with the indicated siRNA (10 nM each) prior to
sensitization with DNP-specific IgE (100 ng/ml). The IgE-sensitized RBL2H3 cells were then stimulated with DNP-HSA for 1 h. ChIP assays employing the
indicated antibodies were performed. B, the IgE-sensitized RBL2H3 cells were incubated with or without TSA (50 nM) for 12 h prior to stimulation with or without
DNP-HSA for 1 h. ChIP assays were performed. C, RBL2H3 cells were transiently transfected with the indicated siRNA (10 nM each) prior to sensitization with
DNP-specific IgE (100 ng/ml). The IgE-sensitized RBL2H3 cells were then stimulated with DNP-HSA for 1 h. ChIP assays employing the indicated antibodies were
performed. IP, immunoprecipitation.
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HDAC(s), inhibited an interaction between HDAC3 and
Fc�RI� and also inhibited an interaction between HDAC3 and
Lyn (supplemental Fig. 2A). Sodium butyrate did not affect
expression of HDAC3, HDAC5, or HDAC2 (supplemental Fig.
2A). Sodium butyrate inhibited co-localization of HDAC3 with
Fc�RI� (supplemental Fig. 2B). Taken together, HDAC3 activ-
ity is necessary for an interaction betweenHDAC3 and Fc�RI�,
and HDAC3 may mediate Fc�RI signaling.
HDAC3 Is Necessary for Induction of MCP1—In order to

examine the mechanism of HDAC3-mediated TpCR, serum of
BALB/cmice, obtained 24 h after painting of DNFB on ear, was
subjected to cytokine array analysis. DNFB induced secretion of
MCP1 (Fig. 3A). DNFB also induced secretion of C5a, well
known stimulator of anaphylaxis (21). In vivo down-regulation
of HDAC3 exerted a negative effect on secretion ofMCP1, C5a,

TIMP1, and sICAM1 in BALB/c mice stimulated with DNFB
(Fig. 3A). Immunohistochemistry staining showed that
HDAC3 was necessary for induction of MCP1 by antigen stim-
ulation in a BALB/c mouse model of TpCR (Fig. 3B). TSA pre-
vented induction of MCP1 by antigen stimulation (Fig. 3C),
suggesting that HDAC3 activity is necessary for induction of
MCP1. The down-regulation of HDAC3 prevented antigen
from decreasing expression of HDAC2 and prevented antigen
from inducing expression of MCP1 (Fig. 3D). However, the
down-regulation of HDAC3 did not affect expression of Lyn
(Fig. 3D). The down-regulation of Fc�RI� prevented antigen
from increasing expression of HDAC3 and MCP1 (Fig. 3E).
The down-regulation of Fc�RI� prevented antigen from
decreasing expression of HDAC2 (Fig. 3E). The down-regu-
lation of HDAC3 prevented an interaction between HDAC3

FIGURE 5. HDAC3-Rac1 interaction, but not HDAC3 activity, is necessary for down-regulation of HDAC2 by Rac1. A, RBL2H3 cells were transiently
transfected with the indicated siRNA (10 nM each) prior to sensitization with DNP-specific IgE (100 ng/ml). The IgE-sensitized RBL2H3 cells were then stimulated
with DNP-HSA for 1 h, followed by cellular fractionation. Cell lysates prepared from each fraction were immunoprecipitated (IP) with anti-HDAC3 antibody (2
�g/ml), followed by Western blot analysis (IB) (bottom). Cell lysates were also subjected to Western blot analysis (top). Cellular fractionation was performed as
reported (18). B, the IgE-sensitized RBL2H3 cells were pretreated with or without MG132 (1 �M), an inhibitor of proteasomal degradation, for 1 h, prior to
stimulation with DNP-HSA for 1 h. Cell lysates were subjected to Western blot analysis. C, control vector (1 �g) or dominant negative Rac1 construct (Rac1N17)
(1 �g) was transfected into RBL2H3 cells prior to sensitization with DNP-specific IgE. Cell lysates prepared after stimulation with DNP-HSA for 1 h were subjected
to Western blot analysis (top). Rac1 activity assay was also performed as reported (18). Cell lysates prepared were also immunoprecipitated with anti-HDAC2
antibody (2 �g/ml), followed by Western blot analysis (bottom). V, control vector. D, the IgE-sensitized RBL2H3 cells were incubated with or without TSA (50 nM)
for 12 h prior to stimulation with or without DNP-HSA (100 ng/ml) for 1 h. Cell lysates prepared were subjected to Western blot analysis (top). Cell lysates
prepared were also immunoprecipitated with anti-HDAC3 antibody (2 �g/ml), followed by Western blot analysis (bottom). E, RBL2H3 cells were transiently
transfected with control vector (1 �g) or Rac1N17 (1 �g) prior to sensitization with DNP-specific IgE (100 ng/ml). The IgE-sensitized RBL2H3 cells were then
stimulated with DNP-HSA for 1 h. ChIP assays employing the indicated antibodies were performed.
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and Fc�RI� and prevented an interaction between Fc�RI�
and Lyn (Fig. 3F). Taken together, HDAC3 acts downstream
of Fc�RI and mediates the effect of Fc�RI on induction of
MCP1.
HDAC3 Binds to Promoter Sequences of MCP1 and HDAC2—

Because HDAC3 was necessary for induction of MCP1 (Fig.
3D), we examined the role of HDAC3 in expression regulation
of MCP1. For this, ChIP assays were performed. MCP1 pro-
moter sequences contain binding sites for transcription factors,
such as AP1, Sp1, NF-�B, and Snail. Antigen stimulation
induced binding of HDAC3, Sp1, and c-Jun toMCP1 promoter
sequences (Fig. 4A). The down-regulation of HDAC3 pre-
vented binding of Sp1 and c-Jun to MCP1 promoter sequences
(Fig. 4A). TSA prevented binding of Sp1 and c-Jun to MCP1
promoter sequences (Fig. 4B). TSA prevented binding of
HDAC3 to theAP1/Sp1 site ofMCP1 promoter sequences (Fig.

4B). TSAdid not affect binding ofHDAC3 to theAP1/NF-�Bor
AP1/Sp1/Snail site ofMCP1 promoter sequences (Fig. 4B). The
down-regulation of HDAC3 (Fig. 4A) or TSA treatment (Fig.
4B) did not affect binding of NF-�B to MCP1 promoter
sequences, suggesting that NF-�B may regulate expression of
MCP1 independently of HDAC3. TSA inhibited an interaction
between HDAC3 and Sp1 and also inhibited an interaction
between HDAC3 and c-Jun (supplemental Fig. 3A). TSA inhib-
ited induction of Sp1 and c-Jun by antigen stimulation (supple-
mental Fig. 3A). The down-regulation of HDAC3 showed the
same effect as TSA on induction of Sp1 and c-Jun (supplemen-
tal Fig. 3B). The down-regulation of Sp1 or c-Jun inhibited
induction of MCP1 and HDAC3 by antigen stimulation (sup-
plemental Fig. 3C). These results suggest that HDAC3, through
interaction with Sp1 or c-Jun, may be at least partially respon-
sible for induction of MCP1. This is the first report that MCP1

FIGURE 6. MCP1, regulated by HDAC3, is necessary for TpCR. A, BALB/c mice were given an intravenous injection of DNP-specific IgE (10 �g/kg). A BALB/c
mice were also given an intraperitoneal injection of nMCP1 antibody (10 �g/kg) or isotype-matched IgG (10 �g/kg) the day before and 2 days after DNFB
stimulation. ***, p � 0.0005; comparison was made between IgE/IgG and IgE/IgG/DNFB (1 h, 24 h, and 8 days). #, p � 0.005; comparison was made between
IgE/IgG/DNFB and IgE/nMCP1Ab/DNFB (1 and 24 h). ###, p � 0.0005; comparison was made between IgE/IgG/DNFB and IgE/nMCP1 Ab/DNFB (8 days after
DNFB stimulation). Western blot of ear tissue lysates, isolated 8 days after DNFB simulation, from a BALB/c mouse of each experimental group was performed
(right). Ear tissue lysates were also subjected to immunoprecipitation (IP), followed by Western blot analysis (IB) (right). B, the IgE-sensitized RBL2H3 cells or
IgE-sensitized BMMCs were preincubated with neutralizing nMCP1 antibody (2 �g/ml) or isotype-matched IgG (2 �g/ml) for 1 h, followed by stimulation with
DNP-HSA for 1 h. The �-hexosaminidase activity assays were performed as described. Means � S.E. of three independent experiments are depicted. *, p � 0.05;
**, p � 0.005. C, RBL2H3 cells or BMMCs were treated with various concentrations of mouse recombinant MCP1 for 1 h. �-Hexosaminidase activity was
measured as described. Means � S.E. (error bars) of three independent experiments are depicted. **, p � 0.005; ***, p � 0.0005. D, RBL2H3 cells or BMMCs were
treated with various concentrations of recombinant MCP1 for 1 h. Cell lysates were prepared and subjected to Western blot (top) or immunoprecipitation,
followed by Western blot (bottom).
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expression is under the control of HDAC3. HDAC2 showed
binding toMCP1 promoter sequences in the absence of antigen
stimulation (Fig. 4C). The down-regulation of HDAC3 induced
binding of HDAC2 to MCP1 promoter sequences (Fig. 4C).
These results suggest that HDAC2 may act as a negative regu-
lator of MCP1. The MCP1 promoter contains the binding site
forYY1 (Fig. 4A).HDAC2 forms transcriptional repressor com-
plexes by associating with many different proteins, including
YY1, a mammalian zinc finger transcription factor (22). It is
probable thatHDAC2 interactswithYY1 to bind to theYY1 site
ofMCP1 promoter sequences.We examined themechanism of
negative regulation of HDAC2 by HDAC3. Sp1 and c-Jun
showed the binding to HDAC2 promoter sequences (supple-
mental Fig. 4A). The down-regulation of HDAC3 (supplemen-
tal Fig. 4A) or TSA treatment (supplemental Fig. 4B) decreased
binding of Sp1 and c-Jun to HDAC2 promoter sequences.
HDAC3 showed binding to the Sp1 site of HDAC2 promoter
sequences (supplemental Fig. 4A). TSAdid not affect binding of
HDAC3 to the Sp1 site of HDAC2 promoter sequences (sup-
plemental Fig. 4B), suggesting that binding of HDAC3 to the

HDAC2 promoter does not regulate HDAC2 expression
because TSA did not affect expression of HDAC3 or HDAC2
(Fig. 2, A and B). Taken together, HDAC3 regulates expression
of MCP1, through interaction with Sp1 or c-Jun, to mediate
allergic inflammation.
HDAC3-Rac1 Interaction Is Necessary forDown-regulation of

HDAC2—It seems that HDAC3 does not exert transcriptional
control over HDAC2 (supplemental Fig. 4,A and B).We exam-
ined the mechanism of expression regulation of HDAC2 in
terms of post-translational modification. The role of reactive
oxygen species in the down-regulation of HDAC(s) has been
reported (23).We hypothesized that Rac1 would be involved in
the down-regulation of HDAC2 by HDAC3. Antigen stimula-
tion led to an interaction between HDAC3 and Rac1 at the
membrane (Fig. 5A). MG132, an inhibitor of proteasomal deg-
radation, prevented antigen from decreasing expression of
HDAC2 in antigen-stimulated RBL2H3 cells (Fig. 5B), suggest-
ing that down-regulation of HDAC2 may result from protea-
somal degradation. The dominant negative Rac1 construct
(Rac1N17) prevented antigen from decreasing expression of

FIGURE 7. PCA involves induction of HDAC3 and MCP1. A, BALB/c mice were given an intradermal injection of DNP-specific IgE antibody (0.5 �g/kg) or
DNP-specific IgG (0.5 �g/kg). The next day, BALB/c mice were given an intravenous injection of PBS or DNP-HSA (250 �g/kg). Ear thickness was measured for
up to 120 min. Means � S.E. (error bars) of three independent experiments are depicted. Each experimental group consists of five BALB/c mice. B, BALB/c mice
were given an intradermal injection of DNP-specific IgE (0.5 �g/kg) or DNP-specific IgG (0.5 �g/kg). The next day, BALB/c mice were given an intravenous
injection of PBS or DNP-HSA (250 �g/kg) along with 2% (v/v) Evans blue solution. Representative images from four animals of each experimental group are
shown. Means � S.E. of three independent experiments are depicted. Lysates from ears of BALB/c mice were subjected to Western blot analysis (right). A
representative Western blot from four animals for each experimental group is shown. C, BALB/c mice were given an intradermal injection of DNP-specific IgE
(0.5 �g/kg). The next day, mice were given an intravenous injection of PBS or DNP-HSA (250 �g/kg). Six days after injection of DNP-specific IgE, whole mount
staining using anti-PECAM-1 antibody was performed (magnification, �100; Olympus). Representative images from four animals of each experimental group
are shown. As a control, ear tissue prepared from a BALB/c mice injected with DNP-specific IgE and DNP-HSA was subjected to immunofluorescence staining
employing the indicated secondary antibody but not primary antibody.
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HDAC2 and prevented antigen from inducing ubiquitination
and tyrosine nitration of HDAC2 (Fig. 5C). Rac1 activity was
necessary for induction of HDAC3 and MCP1 (Fig. 5C). TSA
did not affect Rac1 activity or an interaction between HDAC3
and Rac1 (Fig. 5D). It is reasonable that HDAC3-Rac1 inter-
action, but not HDAC3 activity, may be necessary for down-
regulation of HDAC2. ChIP assays showed that the inactiva-
tion of Rac1 induced binding of HDAC2 to MCP1 promoter
sequences (Fig. 5E). Reduced binding of HDAC2 is associ-
ated with the induction of MCP1 (24). It would be necessary
to examine the mechanism of negative regulation of MCP1
by HDAC2.
MCP1 Is Necessary for TpCR—Because HDAC3 was neces-

sary for the induction of MCP1 (Fig. 3A), we examined the role
of MCP1 in TpCR. The blocking of MCP1 by neutralizing anti-
body (nMCP1) exerted a negative effect on ear swelling by
DNFB stimulation (Fig. 6A). MCP1 was necessary for both ini-

tial and late phases of allergic skin inflammation (Fig. 6A). The
blocking of MCP1 prevented antigen from increasing expres-
sion of c-Kit and CCR2 (chemokine, CC motif, receptor 2), a
receptor for MCP1 (Fig. 6A, right). MCP1 was necessary for
activation of CCR2 and induction of c-Kit and tryptase by anti-
gen stimulation (Fig. 6A, right). The blocking of MCP1 pre-
vented antigen from increasing �-hexosaminidase activity in
both RBL2H3 cells and BMMCs (Fig. 6B), suggesting that
MCP1 may acts on mast cells and basophils to mediate TpCR.
Recombinant MCP1 enhanced �-hexosaminidase activity in
both RBL2H3 cells and BMMCs (Fig. 6C) and induced expres-
sion and activity of CCR2 in both RBL2H3 cells and BMMCs
(Fig. 6D). Taken together, these results suggest that MCP1,
induced by HDAC3, mediates TpCR.
PCA Involves Induction of HDAC3 and MCP1—Just like

TpCR, PCA involves ear swelling (25). HDAC3 was necessary
for induction of C5a (Fig. 3A). Therefore, we examined the

FIGURE 8. HDAC3 is necessary for PCA. A, BALB/c mice were given an intradermal injection of DNP-specific IgE (0.5 �g/kg). On the same day, BALB/c mice were
given an intravenous injection of scrambled (100 nM) or HDAC3 siRNA (100 nM). The next day, BALB/c mice were given an intravenous injection of PBS or
DNP-HSA (250 �g/kg) along with 2% (v/v) Evans blue solution. One hour after injection of Evans blue solution, the dye was eluted from the ear in 700 �l of
formamide at 63 °C. The absorbance was measured at 620 nm. Representative images from four animals of each experimental group are shown. *, p � 0.05;
***, p � 0.0005. B, ear tissue lysates prepared from BALB/c mouse of each experimental group were subjected to a �-hexosaminidase activity assay (left). Tissue
lysates were prepared 1 h after injection of DNP-HSA. One hour after injection of DNP-HSA, serum of each BALB/c mouse was obtained and subjected to a
histamine release assay (right). Each experimental group consists of four BALB/c mice. C, same as B except that Western blot analysis was performed.
D, immunohistochemistry staining was performed using paraffin section prepared from ear tissue of a BALB/c mouse of each experimental group (magnifi-
cation, �400; Olympus).
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involvement of HDAC3 in PCA. For this, BALB/c mice were
given an intradermal injection of DNP-specific IgE or DNP-
specific IgG. Twenty-four hours later, BALB/c mice were given
an intravenous injection ofDNP-HSA. Ear swellingwas evident
15min after injection ofDNP-HSAanddecreased 120min after
DNP-HSA injection (Fig. 7A). DNP-specific IgG did not induce
ear swelling (Fig. 7A). We examined whether PCA would
accompany vascular permeability. For this, BALB/c mice were
given an intradermal injection of DNP-specific IgE or DNP-
specific IgG, Twenty-four hours later, BALB/c mice were given
an intravenous injection of DNP-HSA or PBS along with 2%
(v/v) Evans blue solution. PCA was accompanied by an
enhanced vascular permeability (Fig. 7B). DNP-specific IgG did
not enhance vascular permeability (Fig. 7B).Western blot anal-
ysis of ear tissue lysates of BALB/c mouse showed that PCA
involved induction of HDAC3 andMCP1 (Fig. 7B, right). DNP-
specific IgG did not induce expression of HDAC3 or MCP1
(Fig. 7B, right). We next examined whether PCA involved
enhanced blood vessel formation. For this, BALB/c mice were
given an intradermal injection of DNP-specific IgE. The next

day, BALB/c mice were given an intravenous injection of DNP-
HSA or PBS. Six days after injection of DNP-specific IgE, whole
mount staining employing PECAM-1, an angiogenic marker,
was performed. PCA involved enhanced blood vessel formation
(Fig. 7C). TNP-specific IgE induced ear swelling (supplemental
Fig. 5A). TNP-specific IgE also induced vascular permeability
(supplemental Fig. 5B). PCA induced by TNP-specific IgE and
TNP-BSA involved induction ofHDAC3 andMCP1 and down-
regulation of HDAC2 (supplemental Fig. 5B). These results
suggest that PCA is accompanied by angiogenesis and involves
induction of HDAC3 and MCP1.
HDAC3 Is Necessary for PCA—Because PCA involved induc-

tionofHDAC3 (Fig. 7B),we examined the role ofHDAC3 inPCA.
The in vivo down-regulation of HDAC3 exerted a negative effect
on enhanced vascular permeability (Fig. 8A) and �-hexosamini-
dase activity and histamine release in a BALB/c mouse model of
PCA (Fig. 8B). The in vivo down-regulation of HDAC3 prevented
antigen from increasing expression of MCP1 and tryptase (Fig.
8C). PCA involved an interaction between HDAC3 and Fc�RI�
(Fig. 8C). The in vivo down-regulation of HDAC3 prevented an

FIGURE 9. The HDAC3 activity is required for in vitro and in vivo allergic inflammation. A, IgE-sensitized RBL2H3 cells were incubated with various
concentrations of TSA (1, 10, and 50 nM) for 12 h, followed by stimulation with DNP-HSA for 1 h (top). The IgE-sensitized BMMCs were incubated with TSA (50
nM) for 12 h, followed by stimulation with DNP-HSA for 1 h (bottom). Histamine release and �-hexosaminidase activity were measured as described. Means �
S.E. (error bars) of three independent experiments are depicted. *, p � 0.05; **, p � 0.005. Comparison was made between IgE/DNP-HSA and IgE/TSA/DNP-HSA.
B, BALB/c mice were given an intravenous injection of DNP-specific IgE antibody (10 �g/kg). The next day, both ears of mice were painted with DNFB or DMSO
along with TSA (500 nM). Ear thickness was measured for up to 6 h. Means � S.E. of three independent experiments are shown. **, p � 0.005. Each experimental
group consists of five BALB/c mice. C, at each time point after DNFB stimulation, histamine release and �-hexosaminidase activity were measured as described.
Means � S.E. of three independent experiments are depicted. *, p � 0.05; **, p � 0.005. D, at each time point after DNFB stimulation, ear tissue lysates were
prepared and subjected to Western blot analysis (top). Cell lysates were also immunoprecipitated (IP) with the indicated antibody, followed by Western blot
analysis (IB) (bottom).
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interaction between Fc�RI� and Lyn (Fig. 8C). Immunohisto-
chemistry staining showed that in vivo down-regulation of
HDAC3 prevented antigen from inducing expression of MCP1
(Fig. 8D). The in vivo down-regulation of HDAC3 exerted a nega-
tive effect on ear swelling (supplemental Fig. 6A, left) and also
exerted a negative effect on blood vessel formation in a BALB/c
mouse model of PCA (supplemental Fig. 6B). Taken together,
these results suggest the role of HDAC3 in PCA.
HDAC3 Activity Is Required for in Vitro and in Vivo Allergic

Inflammation—Because HDAC3 was shown to mediate aller-
gic skin inflammation, we examined whether HDAC3 activity

was necessary for allergic skin inflammation. Inhibition of
HDAC3 by TSA prevented antigen from increasing hista-
mine release and �-hexosaminidase activity in RBL2H3 cells
(Fig. 9A, top) and BMMCs (Fig. 9A, bottom). A BALB/c
mouse model showed that HDAC3 activity was necessary for
ear swelling accompanied by TpCR (Fig. 9B). TSA exerted
negative effects on histamine release and �-hexosaminidase
activity in a BALB/c mouse model of TpCR (Fig. 9C). TSA
did not affect in vivo expression of HDAC3 or HDAC2 (Fig.
9D). However, TSA exerted a negative effect on induction of
MCP1 and tryptase (Fig. 9D). TSA inhibited an interaction

FIGURE 10. MCP1 is necessary for vascular permeability and angiogenesis accompanied by PCA. A, BALB/c mice were given an intradermal injection of
DNP-specific IgE (0.5 �g/kg) along with an intravenous injection of IgG (10 �g/kg) or were given an intravenous injection of nMCP1 antibody (10 �g/kg) along
with an intradermal injection of DNP-specific IgE (0.5 �g/kg). The next day, BALB/c mice were given an intravenous injection of PBS or DNP-HSA (250 �g/kg)
along with 2% (v/v) Evans blue solution. Representative images from four animals of each experimental group are shown. *, p � 0.05; **, p � 0.005. B, BALB/c
mice were given an intravenous injection of mouse recombinant MCP1 (rMCP1) protein (10 �g/kg) or PBS. One hour or 24 h after injection, BALB/c mice were
given an intravenous injection of 2% (v/v) Evans blue solution. Representative images from four animals of each experimental group are shown. **, p � 0.005.
C, BALB/c mouse ear tissue lysates prepared 1 h after injection of recombinant MCP1 were subjected to �-hexosaminidase activity assays (left). One hour after
injection of recombinant MCP1, serum of each BALB/c mouse was obtained and subjected to a histamine release assay (right). **, p � 0.005. Each experimental
group consists of four BALB/c mice. D, BALB/c mouse ear tissue lysates prepared at each time point were subjected to Western blot analysis (top). Ear tissue
lysates were immunoprecipitated with the indicated antibody, followed by Western blot analysis (bottom). E, BALB/c mice were given an intradermal injection
of DNP-specific IgE (0.5 �g/kg) along with an intravenous injection of IgG (10 �g/kg) or were given an intravenous injection of nMCP1 antibody (10 �g/kg)
along with an intradermal injection of DNP-specific IgE (0.5 �g/kg). The next day, mice were given an intravenous injection of PBS or DNP-HSA (250 �g/kg).
Whole mount staining was performed. Six days after sensitization with DNP-specific IgE, whole mount staining was performed. ***, p � 0.0005; **, p � 0.005.
Each experimental group consists of four BALB/c mice. Representative images from four animals of each experimental group are shown. Area densities of blood
vessels were measured. F, BALB/c mice were given an intravenous injection of mouse recombinant MCP1 protein (10 �g/kg) or PBS. Five days after the injection
of MCP1 protein, ears of BALB/c mice were excised and subjected to whole mount staining employing anti-PECAM-1 antibody. **, p � 0.005. Representative
images from four animals of each experimental group are shown (magnification, �100; Olympus). Each experimental group consists of four BALB/c mice. Area
densities of blood vessels were measured. G, recombinant MCP1 (10 ng) or PBS was added to rat aorta. After 6 days, the extent of microvessel sprouting was
determined by using an inverted microscope (magnification, �100; Olympus). Photographs are representative of endothelial cell sprouts formed from the
margin of vessel segments. Error bars, S.E.
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between Fc�RI� and HDAC3 and also inhibited an interac-
tion between HDAC3 and Lyn (Fig. 9D). These results sug-
gest that HDAC3 activity is required for in vitro and in vivo
allergic inflammation.
MCP1 Is Necessary for Vascular Permeability and Angiogen-

esis Accompanied by PCA—Because PCA involved induction of
MCP1 (Fig. 7B) and was accompanied by an enhanced angio-
genesis (Fig. 7C), we examined whether MCP1 was necessary
for PCA-induced angiogenesis. Neutralizing MCP1 antibody
(nMCP1) exerted a negative effect on enhanced vascular per-
meability in a BALB/c mouse model of PCA (Fig. 10A). Mouse
recombinant MCP1, injected intravenously, induced vascular
permeability in BALB/c mice (Fig. 10B). MCP1 has potent his-
tamine-releasing activity for basophils (26). Recombinant
MCP1 enhances �-hexosaminidase activity and histamine
release in BALB/c mice (Fig. 10C), suggesting that the MCP1/
CCR2 signaling axis may induce mast cell degranulation in an
IgE-independent manner. It would be interesting to examine
whether recombinant MCP1 could activate Fc�RI signaling.
Western blot analysis of ear tissue lysates of BALB/c mice
showed thatMCP1 induced expression and activation of CCR2,
a receptor for MCP1 (Fig. 10D). Whole mount staining of
BALB/cmouse ear tissue, 6 days after IgE sensitization, showed
increased expression of PECAM-1 (Fig. 10E). The blocking of
MCP1 exerted a negative effect on induction of PECAM-1 by
DNP-HSA stimulation (Fig. 10E). Mouse recombinant MCP1
induced angiogenesis in BALB/c mice based on whole mount
staining employing anti-PECAM-1 antibody (Fig. 10F) and aor-

tic ring formation (Fig. 10G). Taken together, these results sug-
gest that MCP1 is necessary for PCA-induced vascular perme-
ability and angiogenesis.

DISCUSSION

HDAC3 interacts with Src and is phosphorylated at its tyro-
sine residue by Src (27). Activation of the Fc�RI is followed by
rapid phosphorylation of Src family kinases, such as Lyn (28),
Syk (29), and Btk (30). This led us to hypothesize that antigen
stimulation may induce an interaction between HDAC3 and
Fc�RI. We found an interaction between Fc�RI� and HDAC3
(Fig. 2A). TSA inhibited an interaction between HDAC3 and
Fc�RI� (Fig. 2A) and co-localization of HDAC3 with Fc�RI�
(Fig. 2C). It seems that HDAC3 acts downstream of Fc�RI (Fig.
2E). Therefore, it would be interesting to examine the effect of
Lyn on expression and phosphorylation status of HDAC3.
Characteristics of this novel interaction of HDAC3 and Fc�RI�
merit further investigation.
Human dermal microvascular endothelial cells are essential

for development and maintenance of skin inflammation (31).
Inflammatory skin disease displays prominent microvessel
development (31). Sirtinol, a specific sirtuin (a class III HDAC)
inhibitor, decreases monocyte adhesion on activated human
dermal microvascular endothelial cells and diminishes inflam-
matory response to TNF-� (31). It would be interesting to
examine expression ofHDAC3 inhumandermalmicrovascular
endothelial cells and the role of HDAC3 in inflammatory
response. Human psoriatic skin shows overexpression of

FIGURE 11. Proposed mechanism of allergic skin inflammation mediated by HDAC3. Ub, ubiquitin; ROS, reactive oxygen species.
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HDAC1 (32). These reports suggest a potential role ofHDAC(s)
in human skin inflammatory diseases.
MCP1 is necessary for mast cell adhesiveness and migration

and is necessary for the potential of most cells to recruit mono-
cytes (33). MCP1 is necessary for type I hypersensitivity reac-
tion, such as allergic conjunctivitis, and the blocking of MCP1
prevents allergen from stimulating mast cell degranulation
(34). MCP1 expression is under the control of histone modifi-
cations (24). HDACs are considered as co-repressors of gene
expression. However, HDAC5 plays an essential role of up-reg-
ulation of sodium/calcium exchange in cardiomyocytes (35).
The inhibition of HDACs by FR276457 decreases MCP1 pro-
duction (36). This suggests a role of HDAC(s) in up-regulation
ofMCP1 expression.We examined the possible involvement of
MCP1 in expression regulation of HDAC3. The down-regula-
tion of HDAC3 leads to the decreased secretion of MCP1 in a
BALB/c mouse model of TpCR (Fig. 3A). The induction of
MCP1 requires histone deacetylase activity (Fig. 3C). TNF�
induces expression of MCP1 by NF-�B p65-dependent histone
acetylation in NIH3T3 fibroblasts (37). PLC� cooperates with
NF-�B to induce expression of MCP1 expression in human
keratinocytes (38). Our result shows the binding of NF-�B to
MCP1 promoter sequences (Fig. 4B).
Because HDAC2 expression is under the control of HDAC3,

it is plausible that HDAC2 may serve as a negative regulator of
allergic skin inflammation by regulating expression of MCP1.
HDAC3 does not exert transcriptional control over HDAC2
(supplemental Fig. 4B). It is plausible that expression of
HDAC2 may be under post-translational control. Rac1 is nec-
essary for MCP1 production in vascular smooth muscle cells
(39). Rac1 promotes proteasomal degradation of p21 (40) and is
responsible for ubiquitination of the SWI/SNF protein BAF60b
(41). HDAC3 interacts with Rac1 (Fig. 5A), and Rac1 is respon-
sible for the down-regulation, tyrosine nitration, and ubiquitin-
ation ofHDAC2 (Fig. 5C). Antigen stimulation inducesTip60, a
histone acetyltransferase, in RBL2H3 and BMMCs.4 It will be
also necessary to examine acetylation as a cause for ubiquitina-
tion ofHDAC2.The down-regulation ofHDAC3prevents Rac1
frommoving to the membrane (Fig. 5A), suggesting HDAC3 is
necessary for translocation and activity of Rac1. Rac1 is neces-
sary for induction of MCP1 (Fig. 5C). TSA does not affect Rac1
activity (Fig. 5D). It is plausible that HDAC3 activity is not nec-
essary for Rac1 activity but is necessary for regulation of MCP1
expression. It will be interesting to identify domains of HDAC3
that are necessary for Rac1 activity and for translocation of
Rac1 into the membrane. Overall, HDAC3-Rac1 interaction is
necessary for expression regulation of MCP1 by HDAC3.
Allergic inflammation, such as PCA, involves vascular per-

meability resulting fromcellular interaction (8).We show that a
BALB/c mouse model of PCA involves enhanced vascular per-
meability and is accompanied by induction of HDAC3 and
MCP1 (Fig. 7B).
Angiogenesis is necessary for allergic inflammation (42).

Mast cell tryptase and chymase are angiogenic (43). VEGF
secretion during hypoxia requires mast cells (44). Mast cells

play an essential role of angiogenesis in cervical carcinogenesis
(45). Vascular permeability is closely related with angiogenesis
(46). We therefore hypothesized that PCA would be associated
with angiogenesis. We show that a BALB/c mouse model of
PCA involves angiogenesis (Fig. 7C). MCP1 promotes angio-
genesis viaMCP1-interacting protein (MCP1IP) (47) andmedi-
ates TGF-�-induced angiogenesis (48). The blocking of MCP1
exerts a negative effect on PCA-induced angiogenesis (Fig.
10E). It will be interesting to examine the effect of the MCP1/
CCR2 signaling axis on expression of angiogenic marker pro-
teins. Conditioned medium of antigen-stimulated RBL2H3
cells induces signaling changes in rat aortic endothelial cells
(10). It is therefore plausible that MCP1 may mediate interac-
tion betweenmast cells and endothelial cells. It would be inter-
esting to identify downstream targets of MCP1. In conclusion,
antigen stimulation induces interaction between HDAC3 and
Fc�RI� and interaction betweenHDAC3 andLyn (Fig. 11). This
interaction leads to interaction betweenHDAC3 and Rac1 (Fig.
11). HDAC3-Rac1 interaction is responsible for induction of
Sp1 and c-Jun. Sp1 and c-Jun bind to MCP1 promoter
sequences (Fig. 11).MCP1, induced byHDAD3,mediates aller-
gic skin inflammation (Fig. 11). HDAC2, negatively regulated
by Fc�RI� andHDAC3, is under the control of proteasome-de-
pendent ubiquitination (Fig. 11). HDAC2 is displaced from
MCP1 promoter sequences upon degradation, and this leads to
binding of c-Jun and Sp1 to MCP1 promoter sequences for
induction of MCP1 expression (Fig. 11). HDAC2, Sp1, and
c-Jun may compete for the sites on MCP1 (Fig. 11). Our study
suggests that HDAC3 can serve as a target for the development
of allergic skin inflammation therapeutics.
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FIGURE LEGENDS  

FIGURE 1. HDAC3-FcεRIβ interaction occurs in mast cells isolated from ears of BALB/c 
mouse in mouse model of chronic allergic inflammation. BALB/c mice were given 
intravenous (i.v.) injection of DNP-specific IgE antibody (10 μg/kg). The next day, both ears of 
mice were painted with 2, 4-dinitrofluorobenzene (DNFB) or DMSO. At each time point after 
DNFB stimulation, mast cells were isolated form ears. Cell lysates prepared were subjected to 
Western blot analysis or immunoprecipitated with the indicated antibody, followed by Western 
blot analysis.           
 
FIGURE 2. Sodium butyrate prevents an interaction between HDAC3 and FcεRIβ. A, The 
IgE-sensitized RBL2H3 cells were incubated with or without sodium butyrate (50 nM) for 12 
hours prior to stimulation with or without DNP-HSA (100 ng/ml) for 1 h. Cell lysates prepared 
were immnuoprecipitated with the indicated antibody (2 μg/ml), followed by Western blot 
analysis. Cell lysates prepared were also subjected to Western blot analysis. B, The IgE-
sensitized RBL2H3 cells were incubated with or without sodium butyrate (50 nM) for 12 hours 
prior to stimulation with or without DNP-HSA for 1 h. Immunofluorescence staining employing 
the indicated antibody was performed.  

FIGURE 3. HDAC3 interacts with and is necessary for induction of SP1 and c-jun. A, The 
IgE-sensitized RBL2H3 cells were incubated with or without TSA (50 nM) for 12 hours prior to 
stimulation with or without DNP-HSA (100 ng/ml) for 1 h. Cell lysates prepared were 
immnuoprecipitated with the indicated antibody (2 μg/ml), followed by Western blot analysis. 
Cell lysates prepared were subjected to Western blot analysis. B, RBL2H3 cells were transiently 
transfected with the indicated siRNA (each at 10 nM). The next day, cells were sensitized with 
DNP-specific IgE (100 ng/ml) for 16 h, followed by stimulation with or without DNP-HSA for 
1 h. Cell lysates were also immunoprecipitated with the indicated antibody (2 μg/ml), followed 
by Western blot analysis. Cell lysates were also subjected to Western blot analysis. C, RBL2H3 
cells were transiently transfected with the indicated siRNA (each at 10 nM). The next day, cells 
were sensitized with DNP-specific IgE (100 ng/ml) for 16 h, followed by stimulation with or 
without DNP-HSA for 1 h. Western blot analysis was performed.        

 
FIGURE 4. HDAC activity is not required for expression regulation of MCP1 by HDAC2. 
A, RBL2H3 cells were transiently transfected with the indicated siRNA (10 nM each) prior to 
sensitization with DNP-specific IgE (100 ng/ml). The IgE-sensitized RBL2H3 cells were then 
stimulated with DNP-HSA for 1 h. ChIP assays employing the indicated antibodies were 



performed. B, The IgE-sensitized RBL2H3 cells were incubated with or without TSA (50 nM) 
for 12 hours prior to stimulation with or without DNP-HSA for 1 h. ChIP assay were performed.   
 
FIGURE 5. PCA induced by TNP-BSA involves induction of HDAC3 and MCP1. A, 
BALB/c mice were given intra dermal (i.d.) injection of DNP-specific IgE antibody (0.5 μg/kg) 
or TNP-specific IgE (0.5 μg/kg). The next day, BALB/c mice were given i.v. injection of PBS, 
DNP-HSA (250 μg/kg) or TNP-BSA (250 μg/kg). Ear thickness was measured for upto 120 min. 
Means ± SEM of three independent experiments are depicted. Each experimental group consists 
of five BALB/c mice. Comparison was made between IgE/PBS and IgE/DNP-HSA 
(***p<0.0005). Comparison was also made between IgE/PBS and IgE/TNP-BSA (+++p<0.0005). 
B, BALB/c mice were given i.d. injection of DNP-specific IgE (0.5 μg/kg) or TNP-specific IgE 
(0.5 μg/kg). The next day, BALB/c mice were given i.v. injection of PBS, DNP-HSA (250 
μg/kg) or TNP-HSA (250 μg/kg) along with 2% (v/v) Evans blue solution. Representative 
images from four animals of each experimental group are shown. Means ± SEM of three 
independent experiments are depicted. Lysates from ear of BALB/c mouse was subjected to 
Western blot analysis (right panel). Representative Western blot from four animals for each 
experimental group is shown.   
 

FIGURE 6. HDAC3 is necessary for ear swelling and angiogenesis induced by PCA. A, 
BALB/c mice were given intra dermal (i.d.) injection of DNP-specific IgE (0.5 μg/kg). On the 
same day, BALB/c mice were given i.v. injection of scrambled (100 nM) or HDAC3 siRNA 
(100 nM). The next day, BALB/c mice were given i.v. injection of PBS or DNP-HSA (250 
μg/kg). At each time after injection of PBS or DNP-HSA, ear thickness was measured (left 
panel). Means ± SEM of three independent experiments are depicted. Each experimental group 
consists of five BALB/c mice. ***p< 0.0005, compared with IgE/scrambled; ##p <0.005, 
compared with IgE/DNP-HSA. One hour after injection of DNP-HSA, ear tissue lysates were 
prepared and subjected to Western blot analysis (right panel). B, BALB/c mice were given intra 
dermal (i.d.) injection of DNP-specific IgE (0.5 μg/kg). On the same day, BALB/c mice were 
given i.v. injection of scrambled (100 nM) or HDAC3 siRNA (100 nM). The next day, BALB/c 
mice were given i.v. injection of PBS or DNP-HSA (250 μg/kg). Six days after injection of 
DNP-specific IgE, whole mount staining employing anti-PECAM-1 antibody was performed.   
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