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The  role  of  DNA  methyl  transferase  I (DNMT1)  in  allergic  inflammation  was  investigated.  Antigen  stim-
ulation  decreased  expression  of DNMT1  in  rat  basophilic  leukemia  cells  (RBL2H3).  The  down  regulation
of  DNMT1  induced  expression  of  histone  deacetylase  3 (HDAC3).  HDAC3  was necessary  for  allergic  skin
inflammation,  such  as  such  as triphasic  cutaneous  reaction  and  passive  cutaneous  anaphylaxis.  The  down
regulation  of  DNMT1  resulted  from  activation  of  PKC  and  rac1 which  were  necessary  for  proteasome-
dependent  ubiquitination  of  DNMT1  by  antigen  stimulation.  N-acetyl-L-cysteine,  an  inhibitor  of  reactive
oxygen  species  production,  exerted  negative  effects  on allergic  skin  inflammation.  Antigen  stimulation
led  to increased  expression  of Tip60,  a histone  acetyl  transferase.  Wild  type,  but  not  mutant  form,  Tip60
decreased  expression  of  DNMT1  while  increasing  expression  of  HDAC3,  suggesting  role  for  acetylation  in
ubiquitin-dependent  proteasomal  degradation  of  DNMT1.  In  vivo  down  regulation  of  DNMT1  increased
ear thickness,  typical  of  allergic  skin  inflammation,  induced  vascular  leakage  and  promoted  angiogenesis
in  BALB/c  mouse.  The  down  regulation  of  DNMT1  enhanced  angiogenic  potential  of  rat  aortic  endothelial

cells  (RAEC)  accompanied  by activation  of  VEGR-2  and  induced  interaction  between  VEGR-2  and  syk  in
RAEC.  The  enhanced  angiogenic  potential  of  RAEC  was  associated  with  the induction  of VEGF  by  down
regulation  of DNMT1  in  RBL2H3  cells.  The  down  regulation  of  DNMT1  induced  leukocytes-endothelial
cell  interaction  and expression  of  various  adhesion  molecules.  Aspirin  exerted  a  negative  effect  on aller-
gic skin  inflammation  by indirect  regulation  on  DNMT1  via  Tip60.  Taken  together,  these  results  suggest

llerg
novel  role  for  DNMT1  in a

. Introduction

DNA methyl transferase I (DNMT1) is a maintenance DNA
ethyl transferase that catalyzes addition of a methyl group to

ytosines to adjacent to guanines (Bestor, 1988; Yoder et al.,
997). DNMT1 prefers hemimethylated DNA substrate (Bacolla
t al., 1999) although it can catalyze methylation of unmethylated
NA (Jair et al., 2006). DNA methylation and histone modifica-

ion are major epigenetic modification in various cellular activities
Adcock et al., 2006). DNA methylation is a nonredundant repres-
or of the Th2 effector program (Makar and Wilson, 2004). DNA

ethyltransferase 3b recruits HDAC2 to regulate differentiation

f PC12 cells (Bai et al., 2005). Histone deacetylation induces
NMT1 expression to silence survivin gene expression (Ma et al.,
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ic  skin  inflammation.
© 2012 Elsevier Ltd. All rights reserved.

2011). Apicidin, an inhibitor of HDAC(s), down regulates DNMT1
(You et al., 2008). Histones acetylation leads to decreased DNMT1
expression (Nandakumar et al., 2011). The above reports suggest
interactions among epigenetic factors.

Glucocorticoid resistance in asthma is associated with the
reduced HDAC2 activity (Li et al., 2010; Barnes and Adcock,
2009). Corticosteroid function is dependent on HDAC2 (Meja et al.,
2008). The reduction of HDAC2 activity has been reported in
asthma (Pankaj et al., 2008). Conditional deletion of HDAC1 in
T cells enhances Th2 cytokine expression in airway inflamma-
tion (Grausenburger et al., 2010). Trichostatin A, an inhibitor of
HDAC(s), attenuates airway inflammation in mouse asthma model
by decreasing expression of Th2 cytokines (Choi et al., 2005). HDAC
inhibitors suppress induction of COX-2, a hall mark protein in aller-
gic inflammation (Yamaguchi et al., 2005). HDAC3 expression is

induced by antigen stimulation in RBL2H3 cells via NF-kB (Kim
et al., 2010c).  Antigen stimulation leads to the decreased expres-
sion of HDAC2 while increasing expression of HDAC3 (Kim et al.,
2010c).

dx.doi.org/10.1016/j.molimm.2012.06.010
http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
mailto:jeoungd@kangwon.ac.kr
dx.doi.org/10.1016/j.molimm.2012.06.010
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Allergic inflammation involves inflammation in relation with
ngiogenesis (Kim et al., 2011). IL-8 secreted from activated human
ast cells contributes to angiogenesis (Kim et al., 2010b). Mast

ells interact with endothelial cells to contribute to angiogenesis
n multiple myelomas (Nico et al., 2008). S-adenosyl methio-
ine, a methyl group donor, inhibits angiogenesis (Sahin et al.,
011).

In this study, we studied involvement of epigenetic factor(s),
uch as DNMT1, in allergic skin inflammation. We  examined
elationship between DNMT1 and HDAC(s). We  investigated mech-
nism of down regulation of DNMT1 in terms of acetylation-driven
roteasome-dependent ubiquitination. The role of DNMT1 in
ngiogenesis in relation with inflammation was investigated by
xamining effect of down regulation of DNMT1 on endothelial
ell signaling, expression of adhesion molecules and angio-
enc potential, such as endothelial cell tube formation and
ortic ring formation. We  showed that down regulation of
NMT1 led to induction of VEGF, which was responsible for
nhanced angiogenic potential. In this study, we also investi-
ated mechanism of anti-allergic effect by aspirin in terms of
xpression regulation of DNMT1. Our study provides novel role
f DNMT1 in allergic skin inflammation and the mechanism of
xpression regulation of epigenetic factors, such as DNMT1 and
DAC2.

. Materials and methods

.1. Cell culture

RBL2H3 cells were obtained from the Korea Cell Line Bank
Seoul, Korea). Cells were grown in Dulbecco’s modified Eagle’s

edium containing heat-inactivated fetal bovine serum, 2 mM
-glutamine, 100 units/ml penicillin, and 100 �g/ml strepto-
ycin (Invitrogen, San Diego, CA). Cultures were maintained

n 5% CO2 at 37 ◦C. Rat aortic endothelial cells (RAEC) were
solated and maintained as previously reported (Kim et al.,
011). Bone marrow-derived mouse mast cells were isolated
nd cultured according to the standard procedures (Kim et al.,
010a).

.2. Isolation of skin mast cells from mouse

Ears of BALB/c mice were cut into fragments and incubated in
PMI1640 medium supplemented with 25% fetal bovine serum,
.5 mg/ml  collagenase (Sigma-Aldrich, St. Louis, MO), 0.5 mg/ml
yaluronidase (Sigma-Aldrich, St. Louis, MO), 0.2 mg/ml  protease
Sigma-Aldrich, St. Louis, MO)  and 0.5 mg/ml  DNase I (Sigma-
ldrich, St. Louis, MO)  for 60 min  at 37 ◦C. Dispersed cells were
ltered sequentially through 70 �m and 40 �m cell strainers (Bec-
on Dickinson Labware, Franklin Lakes, New Jersey). The pelleted
ells were resuspended in RPMI1640 medium containing 0.1%
ovine serum albumin and submitted to a continuous isotonic
ercoll gradient (72%) for mast cell isolation. Purified mast cells
ere resuspended in RPMI-FBS. The cell purity (>96%) and viability

>98%) were evaluated by toluidine blue and trypan blue exclusion
taining, respectively.

.3. Mice
Five week-old female BALB/c mice were purchased from SLC
apan (Shizuoka, Japan) and maintained in SPF condition. All ani-

al  experiments were approved by Institutional review Board for
nimal studies of Kangwon National University.
unology 53 (2013) 1– 14

2.4. Chemicals and reagents

Oligonucleotides used in this study were commercially syn-
thesized by the Bionex Company (Seoul, Korea). DNP-HSA and
DNP-specific IgE antibody were purchased from Sigma Chemical
Company. Chemicals used in this study were purchased from Sigma
Chemical Company. All other antibodies were purchased from Cell
Signaling Company (Beverly, MA). Anti mouse and anti rabbit IgG-
horse radish peroxidase conjugate antibody was  purchased from
Pierce Company (Rockford, IL). Lipofectamin and PlusTM reagent
for transfection were purchased from Invitrogen (San Diego, CA).
Immunohistochemistry staining was performed by using avidin-
biotin detection method (Vectastain ABC kit, Vector Laboratories
Inc., Burlingame, CA).

2.5. Preparation of siRNA duplexes

The construction of siRNA was carried out according to the
instruction manual provided by the manufacturer (Ambion, Austin,
TX).

2.6. Western blot analysis and immunoprecipitation

For immunoprecipitation, cell lysates were immunoprecipi-
tated with respective antibody (each at 2 �g) on ice for 1 h. Protein
G-sepharose was  then added and the reaction was performed at
4 ◦C for 2 h on a rotary shaker. Immune complexes were washed
three times with lysis buffer, and 2× sample buffer was added
to the beads. Boiled samples were then loaded on gels. Western
immunoblot analyses were followed according to the standard pro-
cedures (Kim et al., 2010a,b,c).

2.7. Rac1 activity assays

Rac1 activity assays were performed according to the well estab-
lished procedures (Kim et al., 2010a,b,c).

2.8. IgE-dependent Triphasic Cutaneous Reaction (allergic skin
inflammation) in the mouse ear

IgE-dependent triphasic cutaneous reaction in the ear of female
BALB/c mice was induced as reported previously (Nagai et al.,
1999). In brief, mice were passively sensitized by injecting 0.5 �g of
mouse anti-DNP monoclonal IgE antibody intravenously. Twenty-
four hours later, cutaneous reaction was evoked by painting with
25 �l of 0.15% DNFB acetone–olive oil (3:1) solution onto each sur-
face of both ear lobes. Ear thickness was measured before and after
the DNFB challenge by using a digital gauge. To examine effect of
HDAC3 on allergic skin inflammation, scrambled siRNA (100 nM) or
HDAC3 siRNA (100 nM)  was injected i.v. on the day of IgE sensitiza-
tion and two  days after DNFNB stimulation. To determine effect of
aspirin on allergic skin inflammation, BALB/c mice were given i.p.
injection of aspirin (20 mg/kg) before and after DNFB stimulation.

2.9. IgE-dependent passive cutaneous anaphylaxis

BALB/c mice were passively sensitized with an intradermal
(i.d.) injection of DNP-specific IgE (0.5 �g/kg) into both ears. The
mice were challenged twenty-four hours later with an intravenous
(i.v.) injection of DNP-HSA (250 �g/kg) plus 250 �l PBS containing
2% (v/v) Evans blue solution. Thirty minutes after DNP-HSA chal-
lenge, the mice were euthanized, and the 2% (v/v) Evans blue dye

was extracted from each dissected ear in 700 �l of acetone/water
(7:3) at room temperature overnight. The absorbance of Evans
blue in the extracts was measured with a spectrophotometer at
620 nm.  In order to examine effect of NAC on PCA, BALB/c mice



r Imm

w
(
c
H
s

2

(
c
(
t
m
e
w

2

d
h
b
t
e
V
s
o
f
r
w
1
t
m
a
b
t
l
A
E
(
b
d
S
i
i
b

2

S

2

i
r
e
[
C
C
3
C
(

Y. Kim et al. / Molecula

ere passively sensitized with an i.d. injection of DNP-specific IgE
0.5 �g/kg) along with or without NAC (0.1 mM).  The mice were
hallenged twenty-four hours later with an i.v. injection of DNP-
SA (250 �g/kg) plus 250 �l PBS containing 2% (v/v) Evans blue

olution.

.10. Effect of DNMT1 on vascular leakage

Ears of BALB/c mouse were injected with scrambled siRNA
100 nM)  or DNMT1 siRNA (100 nM). The next day, the mice were
hallenged with intravenous injection of 250 �l PBS containing 2%
v/v) evansblue solution. The mice were killed an hours after injec-
ion of evansblue solution, followed by the removal of an ear for

easurement of the amount of dye extravasated. The dye was
luted from the ear in 700 �l of formamide at 63 ◦C. The absorbance
as measured at 620 nm.

.11. Histological analyses

Ear samples were fixed in 10% (v/v) buffered formalin, embed-
ed in paraffin, sectioned at 4 �m,  and then stained with
ematoxylin and eosin to examine extent of leukocytes infiltration
y in vivo down regulation of DNMT1 or HDAC3. Immunohis-
ochemical staining of ear tissues was then performed using an
stablished avidin-biotin detection method (Vectastain ABC kit,
ector Laboratories Inc., Burlingame, CA). Briefly, 4- to 6 �m-thick
ections of the paraffin-embedded tissue blocks were cut, mounted
n positively charged glass slides, and dried in an oven at 56 ◦C
or 30 min. The sections were deparaffinized in xylene and then
ehydrated in graded ethanol and water. Endogenous peroxidase
as blocked by incubation in 3% (v/v) Hydrogen peroxide for

5 min. Antigen retrieval was accomplished by pretreatment of
he sections with citrate buffer at pH 6.0 for 20 min  at 56 ◦C in a

icrowave oven and then allowing the sections to cool for 30 min
t room temperature. Nonspecific endogenous protein binding was
locked using 1% bovine serum albumin (BSA). The sections were
hen incubated with primary antibodies overnight at 4 ◦C. The fol-
owing primary antibodies were used for detection of proteins.
nti-DNMT1 (1:100, Abcam, England), anti-HDAC3 (1:100, Abcam,
ngland), anti-HDAC2 (1:100, Abcam, England), and anti-Tip60
1:50, Abcam, England). After washing, biotinylated secondary anti-
odies were applied at 1:100 or 1:200 dilutions for 1 h. Color was
eveloped with diaminobenzidine (DAB, Vector Laboratories Inc.).
ections were counterstained with Mayer’s Haematoxylin. Sections
ncubated without primary antibody served as controls. To visual-
ze tissue mast cells, the sections were stained with 0.1% toluidine
lue (Sigma) in 0.1 N HCl for 15 min.

.12. RT-PCR analysis

Total RNA was isolated by Trizol and converted into cDNA using
uperscript reverse transcriptase.

.13. Chromatin immunoprecipitation (ChIP) assay

Assays were performed according to manufacturer’s
nstruction (Upstate). The antibody immunoprecipitates were
everse cross-linked. PCR was done on the phenol-chloroform-
xtracted DNA with specific primers of HDAC3 promoter-1
5-AAATAGAGGGGTTGGGGGAG-3(sense)] and [5-CCGAGACT-
GAACTGCACAT-3(antisense)], HDAC3 promoter-2 [5-CAGACGA-

TGGGAAACCCAG-3(sense)] and [5-TCCGAGGCTTGAGACTTGGA-
(antisense)] and HDAC3 promoter-3 [5-GTCTCAAG-
CTCGGAACCG-3(sense)] and [5-CCGTAGGAAGTTGCCAC-3
antisense)] sequences were used.
unology 53 (2013) 1– 14 3

2.14. Endothelial cell tube formation assay

Growth factor–reduced matrigel was  added to 24-well plates
(200 �l matrigel per well) and polymerized for 30 min  at 37 ◦C. Rat
aortic endothelial cells were first incubated in M199 containing
1% FBS for 1 h, followed by the addition of conditioned medium
of each cell transiently transfected with control siRNA (10 nM)  or
DNMT1 siRNA (10 nM), before antigen stimulation. After 6 to 8 h of
incubation at 37 ◦C, the endothelial cells were photographed using
an inverted microscope (magnification, ×100; Olympus).

2.15. Aortic ring formation assays

Rat aortic ring assay was performed according to the standard
procedures (Kim et al., 2011).

2.16. Whole mount staining

BALB/c mice were given i.v. injection of scrambled siRNA
(100 nM)  or DNMT1 siRNA (100 nM)  twice in a total of five days.
Mouse ears were fixed in 4% (v/v) paraformaldehyde and blocked
with TNB buffer (NEN Life Science Products) containing 0.3% Tri-
ton X-100. Rabbit anti-CD31 (1:100, PECAM-1) was diluted in TNB
buffer, and ear samples were incubated with primary antibody
overnight at 4 ◦C. The samples were then washed three times and
subsequently incubated with the secondary antibody, anti-rabbit
IgG Alex 488 (1:100, Molecular probes). In order to examine effect of
allergic skin inflammation condition on angiogenesis, DNP-specific
IgE (0.5 �g) was  injected into ears of BALB/c mice. The next day,
the mice were challenged with intravenous injection of a 250 �g
of DNP-HSA in 250 �l PBS. The mice were injected with DNP-HSA
twice in a total of six days before whole mount staining employ-
ing anti-PECAM-1 antibody. Signals were visualized and digital
images were obtained by using a Zeiss Apotome microscope and
a Zeiss LSM 510 confocal microscope equipped with argon and
helium–neon lasers (Zeiss). Area densities (percentage of tissue
area) of blood vessels were measured by PECAM-1 immunoposi-
tive blood vessels at a magnification of ×200 in five regions, each
0.21 mm2 area, per mount or section.

2.17. ˇ-hexosaminidase activity assays

�-hexosaminidase activity assay was performed according to
the standard procedures (Kim et al., 2010c).

2.18. Statistical analysis

Data were analyzed and graphed using GraphPad Prism statis-
tics program (GraphPad Prism Software). Results are presented as
mean ± SE. Statistical analysis was performed using t tests with
differences between means considered significant when P < 0.05.

2.19. Histamine release assay

Histamine level was  measured according to manufacturer’s
instruction (SPI-Bio). To measure cellular histamine level, culture
supernatants were used.

2.20. Cellular adhesion assay
The IgE-sensitized RBL2H3 cells or BMMCs  were stimulated
with or without DNP-HSA (100 ng/ml) for 1 h. The RBL2H3 cells or
BMMCs  (each at 104/ml) were added and incubated with RAEC for
15 min, non-adhering cells were removed by gentle washing with
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Fig. 1. DNMT1 is down regulated by antigen stimulation. (A) The DNP-specific IgE-sensitized RBL2H3 cells were stimulated with DNP-HSA (100 ng/ml) for various time
intervals (left panel) or stimulated with various concentrations of DNP-HSA for 30 min. Western blot is a representative figure of three independent experiments. (B) The
IgE-sensitized bone marrow-derived mouse mast cells (BMMCs) were treated with DNP-HSA (100 ng/ml) for various time intervals. Cell lysates were subjected to Western
blot  analysis. Western blot is a representative figure of three independent experiments. (C) RBL2H3 cells were transiently transfected with scrambled siRNA (10 nM)  or EGFR
siRNA  (10 nM). The next day, cells were sensitized with DNP-specific IgE for 24 h, followed by stimulation with DNP-HSA for 1 h (left panel). RBL2H3 cells were transiently
transfected with control vector (1 �g) or FRNK (1 �g), an endogenous inhibitor of FAK. The next day, cells were sensitized with DNP-specific IgE for 24 h, followed by stimulation
with  DNP-HSA for 1 h (right panel). Cell lystes prepared were subjected to Western blot analysis. Western blot is a representative figure of three independent experiments.
(D)  RBL2H3 cells were transiently transfected with Fc�RI�  siRNA (10 nM)  or scrambled siRNA (10 nM). The next day, cells were sensitized with DNP-specific IgE for 24 h,
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BS, and the number of adherent cells was determined in triplicate
er ×40 magnification field.

. Results

.1. Antigen stimulation in RBL2H3 cells leads to the down
egulation of DNA methyltransferase I (DNMT1)

We reported the induction of HDAC3 in antigen-stimulated
BL2H3 cells (Kim et al., 2010c).  We  were interested to examine
he expression of other epigenetic factor(s) during allergic inflam-

ation. Antigen (DNP-HSA) stimulation decreased the expression
f DNMT1 while increasing that of HDAC3 in a time and dose-
ependent manner in RBL2H3 cells (Fig. 1A). The decreased
xpression of DNMT1 preceded induction of HDAC3 (Fig. 1A). The
ecreased expression of DNMT1 was also observed in antigen-
timulated bone marrow-derived mouse mast cells (BMMC)
Fig. 1B). We  previously reported role for EGFR and FAK in aller-
ic inflammation (Kim et al., 2011). The decreased expression of
NMT1 and increased expression of HDAC3 by antigen stimula-

ion was dependent on EGFR and FAK (Fig. 1C). EGFR and FAK were

lso necessary for activation of rac1 by antigen stimulation (Fig. 1C).
he decreased expression of DNMT1 was also dependent on Fc�RI�
Fig. 1D). Taken together, these results indicate that DNMT1 is
nvolved in allergic inflammation.
o Western blot analysis (left panel). Cell lysate were also immunoprecipitated with
n blot is a representative figure of three independent experiments.

3.2. The down regulation of DNMT1 leads to the induction of
HDAC3, and HDAC3 is necessary for allergic skin inflammation

Because the down regulation of DNMT1 preceded induction
of HDAC3, we examined possibility of DNMT1 as a negative reg-
ulator of HDAC3. 5-aza-2-deoxycytidine, an inhibitor of DNMT1,
decreased expression of DNMT1 and increased the expression of
HDAC3 (Fig. 2A). The down regulation of DNMT1 by RNA interfer-
ence induced expression of HDAC3 while decreasing expression of
HDAC2 in RBL2H3 cells (Fig. 2B). ChIP assay showed displacement
of DNMT1 from HDAC3 promoter sequences by antigen stimula-
tion, and also showed the direct binding of DNMT1 in the absence
of antigen stimulation (Fig. 2C). We  examined the role of HDAC3 in
allergic skin inflammation. For this, BALB/c mouse model of allergic
skin inflammation was  employed. In vivo i.v. injection of scram-
bled siRNA or HDAC3 siRNA was performed before and after DNFB
stimulation. The in vivo down regulation of HDAC3 exerted a nega-
tive effect on allergic skin inflammation (Fig. 2D) and H&E staining
also showed decreased ear thickness by down regulation of HDAC3
(Fig. 2E). Western blot analysis of BALB/c mouse ear tissue lysates
showed decreased expression of hall marks of allergic inflamma-
tion, such as COX-2, MMP-2, Snail, pERK and PGES, regardless of

routes of injection of HDAC3 siRNA (Fig. 2F). Ear skin mast cells iso-
lated from BALB/c mouse at ach time point after DNFB stimulation
showed down regulation of DNMT1 and induction of trypatse, a
marker of mast cell activation, and HDAC3 (Fig. 2G). We  examined
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Fig. 2. HDAC3, negatively regulated by DNMT1, is necessary for allergic inflammation. (A) RBL2H3 cells were treated with various concentrations of 5-aza-2-deoxycytidine
(ADC) for 24 h. Western blot analysis was  performed. (B) RBL2H3 cells were transiently transfected with scrambled siRNA (10 nM)  or DNMT1 siRNA (10 nM). At 48 h after
transfection, Western blot was performed. (C) The IgE-sensitized RBL2H3 cells were stimulated with DNP-HSA (100 ng/ml) for 1 h (left panel). RBL2H3 cells were transiently
transfected with scrambled siRNA or DNMT1 siRNA. The next day, cells were sensitized with DNP-specific IgE for 24 h, followed by stimulation with DNP-HSA for 1 h (right
panel).  ChIP assays were performed by using the indicated antibody. Number in parenthesis denotes primer 1site of HDAC3. (D) BALB/c mice were injected i.v. with DNP-
specific IgE antibody (10 �g) along with siRNA (each at 100 nM). The next day, cutaneous 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 for eight days. Each value represents average values obtained from five BALB/c mice of experimental
group.  Means ± SEM of three independent experiments are shown. (E) Eight days after stimulation with DNFB, ear of each mouse was subjected to H&E staining employing
paraffin section. (F) is the same as (D) except that BALB/c mouse was also given i.d. (intradermal) injection of scrambled (100 nM)  or HDAC3 siRNA (100 nM)  before and
after  DNFB stimulation. Eight days after stimulation with DNFB, tissue lysates from ear of each BALB/c mouse were subjected to Western blot analysis. Western blot is a
representative figure of three independent experiments. (G) BALB/c mice were given intravenous (i.v.) injection of DNP-specific IgE antibody (10 �g/kg). The next day, both
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ars  of mice were painted with 2,4-dinitrofluorobenzene (DNFB) or DMSO. At each
repared. Cell lysates prepared were subjected to Western blot analysis. Western b

echanism of induction of HDAC3 by down regulation of DNMT1.
he down regulation of DNMT1 led to induction of SP1 and p65, a
ubunit of NF-kB in RBL2H3 cells (Supplemental Fig. 1A). Antigen
timulation also led to induction of SP1 and p65 (Supplemental Fig.
B). HDAC3 promoter contains binding site transcription factors,
uch as AP1, NF-kB, Snail and GATA-1 (Supplemental Fig. 1C). ChIP
ssays showed the binding of DNMT1 to SP1/Snail/GATA-1 site of
DAC3 promoter sequences in the absence of antigen stimulation

Supplemental Fig. 1C). Antigen stimulation induced binding of SP1
o Snail/SP1 site of HDAC3 promoter sequences and also induced
inding of p65 to AP1/NF-kB site of HDAC3 promoter sequences
Supplemental Fig. 1C). Taken together, these results indicate that
NMT1 may  act as a negative regulator of HDAC3, and HDAC3 is
ecessary for allergic skin inflammation.

.3. Rac1 is necessary for the induction of HDAC3, down

egulation of DNMT1

Reactive oxygen species are necessary for allergic inflamma-
ion (Kim et al., 2010c).  We  examined role of reactive oxygen
int after DNFB stimulation, ear skin mast cells were isolated and cell lysates were
 representative figure of three independent experiments.

species in expression regulation of DNMT1. Activation of rac1
preceded induction of HDAC3 (Fig. 3A). The decreased expres-
sion of DNMT1 and HDAC2 occurred at the same time as the
activation of rac1 by antigen stimulation (Fig. 3A). The down
regulation of DNMT1 was correlated with DNMT1 modifications,
such as phosphorylation, acetylation and tyrosine nitrosification
(Fig. 3B). MG132, an inhibitor of proteasomal degradation, pre-
vented antigen from decreasing expression of DNMT1 and HDAC2
in RBL2H3 cells (Fig. 3C). The dominant negative rac1 construct
(rac1N17) partially prevented antigen from decreasing expres-
sion of DNMT1, HDAC2 and prevented antigen from increasing
expression of HDAC3 (Fig. 3D), suggesting that down regulation of
DNMT1 may  also occur independently of rac1. Rac1N17 prevented
antigen from inducing ubiquitination and tyrosine nitrosification
of DNMT1 (Fig. 3E). Antigen stimulation decreased expression of
DNMT1 and HDAC2 and disrupted interaction between DNMT1

and HDAC2 (Fig. 3F). The reduction of HDAC2 results from post
translational medication, such as tyrosine nitrosifcation (Adenuga
et al., 2009). Antigen stimulation induced ubiquitination of HDAC2
(Fig. 3G, left panel). Rac1N17 also prevented antigen from inducing
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Fig. 3. Rac1 is responsible for proteasomal degradation involving ubiquitination of DNMT1. (A) The IgE-sensitized RBL2H3 cells were stimulated with DNP-HSA for various
time  intervals. Cell lysates were subjected to Western blot analysis. (B) The IgE-sensitized RBL2H3 cells were stimulated with DNP-HSA for various time intervals. Cell lysates
were  immunoprecipitated with anti-DNMT1 antibody (2 �g/ml), followed by Western blot analysis. (C) 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. (D) 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. (E) is the same as (D) except that cell lysates prepared were immunoprecipitated with anti-DNMT1
antibody (2 �g/ml), followed by Western blot analysis employing the indicated antibodies. Rac1 activity assay was also performed as described. (F) The IgE-sensitized RBL2H3
cells  were stimulated with DNP-HSA for 1 h. Cell lysates were prepared and immunoprecipitated with anti-DNMT1 antibody (2 �g/ml) or anti-actin antibody (2 �g/ml),
followed by Western blot analysis. (G) The IgE-sensitized RBL2H3 cells were stimulated with DNP-HSA for 1 h. Cell lysates were prepared and immunoprecipitated with
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ith  DNP-specific IgE. Twenty four hours after, cells were then stimulated with DNP

2  �g/ml), followed by Western blot analysis (right panel).

biquitination and tyrosine nitrosification of HDAC2 (Fig. 3G, right
anel). These results suggest that Rac1 is at least partially respon-
ible for expression regulation of DNMT1 by inducing tyrosine
itrosification and proteasome-dependent ubiquitination. Next,
e examined whether reactive oxygen species would be necessary

or in vivo allergic skin inflammation. For this, we employed BALB/c
ouse model of allergic skin inflammation. N-acetyl-l-cysteine

NAC), an inhibitor of reactive oxygen species production, exerted
 negative effect on increased ear thickness resulting from aller-
ic skin inflammation (Supplemental Fig. 2A). BALB/c mice showed
riphasic cutaneous reaction, typical of allergic skin inflammation,
n response to DNFB stimulation (Supplemental Fig. 2A). Western
lot analysis showed that NAC prevented induction of HDAC3 and
ryptase, a marker of mast cell activation, and restored expression
f HDAC2 and DNMT1 in ear skin mast cells isolated from DNFB-
hallenged BALB/c mouse (Supplemental Fig. 2B). NAC prevented
ncrease in rac1 activity in DNFB-challenged BALB/c mouse (Sup-
lemental Fig. 2B). NAC also restored interaction between HDAC2
nd DNMT1 in DNFB-challenged BALB/c mouse (Supplemental Fig.
B). We  also employed BALB/c mouse model of passive cuta-

eous anaphylaxis (PCA) to examine effect of NAC on allergic skin

nflammation. NAC exerted a negative effect on increased vascular
ermeability accompanied by PCA in BALB/c mouse (Supplemental
ig. 3A). NAC exerted negative regulations on expression of HDAC3
tor (1 �g) or rac1N17 (1 �g) was transfected into RBL2H3 cells prior to sensitization
 for 1 h. Cell lysates prepared were immunoprecipitated with anti-HDAC2 antibody

and tryptase (Supplemental Fig. 3B). NAC restored expression of
DNMT1 and HDAC2 and also restored interaction between DNMT1
and HDAC2 (Supplemental Fig. 3B). NAC exerted a negative effect on
rac1 activity in DNP-HSA-challenged BALB/c mouse (Supplemental
Fig. 3B).

PKC signaling is necessary for activation of rac1 and is involved
in allergic inflammation (Kim et al., 2010c).  Inactivation of PKC� or
PKC� prevented antigen from inducing tyrosine nitrosification and
phosphorylation of DNMT1 and HDAC2, and also prevented antigen
from decreasing expression of DNMT1 and HDAC2 in RBL2H3 cells
(Supplemental Fig. 4). These results suggest that expression regula-
tion of DNMT1 involves modification by PKC and rac1 and reactive
oxygen species are necessary for allergic skin inflammation.

3.4. Acetylation leads to down regulation of DNMT1

Acetylation drives proteasomal degradation involving ubiquiti-
nation (Du et al., 2010). DNMT1 showed acetyaltion in repsonse
to antigen stimualtion in RBL2H3 cells (Fig. 3B). We examined the
effect of acetylation on expression of DNMT1. Antigen stimulation

led to increased expression of Tip60, a histone acetyl transferase
in RBL2H3 cells (Fig. 4A). The down regulation of Tip60 decreased
expression of HDAC3 while increasing expression of DNMT1 and
HDAC2 (Fig. 4B). Over expression of Tip60, but not mutant form
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Fig. 4. Acetylation of DNMT1 by Tip60 is responsible for its down regulation of DNMT1. (A) The IgE-sensitized RBL2H3 cells were stimulated with DNP-HSA for various
time  intervals. Western blot analysis was performed. (B) RBL2H3 cells were transiently transfected with scrambled siRNA or Tip60 siRNA, prior to sensitization with DNP-
specific IgE. After sensitization, cells were then stimulated with DNP-HSA for 1 h, followed by Western blot analysis. (C) RBL2H3 cells were transiently transfected with
control  vector (1 �g), Tip60 wt-Flag (1 �g) or Tip60mutFlag (1 �g). At 48 h after transfection, Western blot analysis was performed (upper panel). The same cell lysates were
immunoprecipitated with anti-Flag (2 �g/ml), anti-DNMT1 antibody (2 �g/ml) or anti-HDAC2 antibody (2 �g/ml), followed by Western blot analysis (lower panel (D) The
IgE-sensitized RBL2H3 cells were stimulated with DNP-HSA for various time intervals. Cell lysates were immunoprecipitated with anti-USP7 antibody (2 �g/ml), followed
b  with 
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y  Western blot analysis (upper panel). RBL2H3 cells were transiently transfected
mmunoprecipitated with anti-USP7 antibody (2 �g/ml), followed by Western blot 

f Tip60 (Q377E, G380E), decreased expression of DNMT1 and
DAC2 while increasing expression of HDAC3 (Fig. 4C), suggest-

ng that acetylation of DNMT1 leads to down regulation of DNMT1
nd thereby increases expression of HDAC3. Immunoprecipitation
howed interaction between Tip60 and DNMT1 and also showed
nteraction Tip60 and HDAC2 (Fig. 4C), suggesting that Tip60 may
irectly induce acetylation of DNMT1 and HDAC2. Immunopre-
ipitation also showed acetylation of DNMT1 and HDAC2 by wild
ype Tip60 (Fig. 4C). Antigen stimulation disrupted interaction
etween USP7, a deubiquitinating enzyme, and DNMT1 and also
isrupted interaction between USP7 and HDAC2 (Fig. 4D, upper
anel), suggesting that USP7 may  stabilize DNMT1 and HDAC2 in
he absence of antigen stimulation. Over expression of wild type
ip60, but not mutant Tip60, prevented interaction between USP7
nd DNMT1 and interaction between USP7 and HDAC2 (Fig. 4D,
ower panel). This suggests that Tip60 induces destabilization of
NMT1 and HDAC2 to result in degradation of DNMT1 and HDAC2.
hese results indicate that Tip60 is responsible for degradation

f DNMT1 and HDAC2 via acetylation-driven proteasome-
ependent ubiquitination. It would be also interesting to examine
ffect of other histone acetyl transferases on expression of
NMT1.
the indicated construct (each at 1 �g). At 48 h after transfection, cell lysates were
is (lower panel).

3.5. In vivo allergic inflammation involves decreased expression
of DNMT1

Because antigen stimulation led to the decreased expression
of DNMT1, we  examined whether DNMT1 would be involved
in in vivo allergic inflammation. DNFB stimulation after i.v.
injection of DNP-specific IgE led to typical triphasic pattern of
ear swelling (Fig. 5A). H&E staining of paraffin section showed
increased ear thickness and leukocytes infiltration by DNFB stim-
ulation (Fig. 5B). Western blot analysis of ear tissue of BALB/c
mouse showed decreased expression of DNMT1 and also showed
increased expression of HDAC3 and Tip60 (Fig. 5C, upper panel).
Immunoprecipitation showed increased acetylation of DNMT1
and showed decreased interaction between DNMT1 and USP7
by DNFB stimulation (Fig. 5C, lower panel). Immunoprecipitation
also showed increased interaction between DNMT1 and Tip60
(Fig. 5C, lower panel). Immunohistochemistry staining of paraf-
fin section showed that DNFB stimulation decreased expression

of DNMT1 and HDAC2 while increasing expression of Tip60 and
HDAC3 (Fig. 5D). These results indicate that the down regulation of
DNMT1 is correlated with the development of in vivo allergic skin
inflammation.
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Fig. 5. In vivo allergic inflammation involves decreased expression of DNMT1. (A) BALB/c BALB/c mice were injected i.v. with DNP-specific IgE antibody (10 �g). The next day,
ears  of mice were painted with 2, 4-dinitrofluorobenzene (DNFB). Ear thickness was measured for seven days as described. Each value represents average values obtained
from  five BALB/c mice of experimental group. Means ± SEM of three independent experiments are shown. (B) Paraffin sections (4–6 �m thickness) of the ear prepared at
seven  days after DNFB-challenge was also subjected to H&E staining. Representative images from four animals for each experimental group are shown. DNFB challenge
increases ear thickness and infiltration of leukocytes. (C) At each time point after DNFB stimulation, tissue lysates from ear of BALB/c mouse were subjected to Western
blot  analysis (upper panel). The same tissue lysates were immunoprecipitated with anti-DNMT1 antibody (2 �g/ml), followed by Western blot analysis (lower panel). (D)
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he  IgE-sensitized BALB/c mice were challenged with 0.15% DNFB in olive oil/acet
NFB  were used as a control. Paraffin sections (4–6 �m thickness) of the ears of BA
ntibodies. Representative images from four animals for each experimental group a

.6. DNMT1acts as negative regulator of allergic inflammation

Because the down regulation of DNMT1 was correlated with the
evelopment of allergic skin inflammation, we examined the pos-
ibility of DNMT1 as a negative regulator of allergic inflammation.
n vivo i.v. injection of DNMT1 siRNA increased ear thickness in
ALB/c mice (Fig. 6A). H&E staining showed that in vivo down regu-

ation of DNMT1 increased ear thickness and leukocytes infiltration
Fig. 6B). Immunohistochemistry staining of paraffin sections of
ALB/c mouse ear tissues showed decreased expression of DNMT1
nd HDAC2 while expression of HDAC3 was increased by down
egulation of DNMT1 (Fig. 6C). Western blot analysis of BALB/c
ouse ear tissue lysates showed that the in vivo down regula-

ion of DNMT1 induced expression of HDAC3, and also increased
xpression of adhesion molecules, such as integrin �5, ICAM-1
nd VCAM-1 (Fig. 6D), suggesting that down regulation of DNMT1
ay  affect vascular permeability and cellular interaction in rela-

ion with allergic inflammation. We  next examined tissues that
eflect DNMT1 activity. For this, we employed BALB/c mouse
odel of PCA (passive cutaneous anaphylaxis). Antigen (DNP-HSA)

timulation enhanced �-hexosaminidase activity (Supplemental
ig. 5A) and histamine release activity (Supplemental Fig. 5B) in
ar, lung and spleen, but not in liver tissue. Injection of DNMT1

iRNA (i.v.) enhanced �-hexosaminidase activity (Supplemental
ig. 5A) and histamine release activity (Supplemental Fig. 5B) in
ar, lung and spleen, but not in liver tissue. We  found increased
xpression of HDAC3 and decreased expression of DNMT1 and
 described. The sensitized BALB/c mice challenged with olive oil/acetone without
ice prepared at seven days after DNFB-challenge were stained with the indicated

wn (magnification, 400×; Olympus).

HDAC2 in ear, lung and spleen, but not in liver tissue, by anti-
gen stimulation (Supplemental Fig. 5C) or by in vivo DNMT1 siRNA
injection (Supplemental Fig. 5D). The down regulation of DNMT1
enhanced �-hexosaminidase activity and histamine release activ-
ity in RBL2H3 cells (Supplemental Fig. 5E). These results suggest
that the down regulation of DNMT1 may  activate mast cells in
ear, lung and spleen. Activation of mast cells in these tissues may
enhance vascular permeability and therefore cellular interaction.
Taken together, these results indicate involvement of DNMT1 in
allergic skin inflammation and further suggest role for DNMT1 in
allergic inflammation-induced cellular interaction and angiogene-
sis.

3.7. Down regulation of DNMT1 induces vascular leakage and
angiogenesis

The down regulation of DNMT1 led to increased expression of
various pro-inflammatory cytokines, such as TNF-�, IL-13 and IL-18
(data not shown). Expression of IL-13, a Th2 cytokine, is subjected to
epigenetic regulation (Lim et al., 2011). TNF-� induces expression
of adhesion molecules and vascular permeability (Lee et al., 2012).
Because the down regulation of DNMT1 induced expression of var-
ious adhesion molecules (Fig. 6D), we  hypothesized that the down

regulation of DNMT1 would induce vascular leakage. To examine
this possibility, DNMT1 siRNA (100 nM)  or scrambled siRNA
(100 nM)  was injected into ears of BALB/c mouse. The next day,
evansblue solution was  injected into tail vein of BALB/c mouse. The
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Fig. 6. The down regulation of DNMT1 increases ear thickness and expression of cellular adhesion molecules. (A) BALB/c mice were given i.v. injection of scrambled siRNA
(100  nM)  or DNMT1 siRNA (100 nM)  mouse twice a week. Ear thickness was  measured by using digital gauge. Each value represents average value obtained from five BALB/c
mice.  Means ± SEM of three independent experiments are shown. (B) Paraffin sections prepared from BALB/c mice that were given i.v. injection of siRNA were subjected
to  H&E staining. The down regulation of DNMT1 increases ear thickness and leukocytes infiltration. (C) Seven days after injection of siRNA, ear tissue of BALB/c mice were
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ubjected to immunohistochemistry staining employing the indicated antibodies. P
lympus). (D) Seven days after injection of siRNA, tissue lysates prepared from ears

own regulation of DNMT1 enhanced vascular leakage (Fig. 7A).
ext, we examined whether allergic inflammation involved angio-
enesis. Whole mount staining of BALB/c mouse ear tissue showed
ncreased expression of PECAM-1, an angiogenic marker protein, by
NP-HSA stimulation (Fig. 7B). The whole mount staining showed

hat the down regulation of DNMT1 promoted angiogenesis in the
ars of BALB/c mouse, as evidenced by increased expression of
ECAM-1 (Fig. 7C, left panel). Western blot of BALB/c mouse ear tis-
ue lysates showed induction of angiogenic marker proteins, such
s PECAM-1 and ICAM-1, by down regulation of DNMT1 (Fig. 7C,
ight panel). Taken together, these results suggest that the down
egulation of DNMT1 may  promote angiogenesis.

.8. Down regulation of DNMT1 induces changes in endothelial
ell signaling

Because the down regulation of DNMT1 led to enhanced vascu-
ar leakage (Fig. 7A) and angiogenesis in BLAB/c mouse (Fig. 7B), we
xamined the effect of DNMT1 on endothelial cell signaling. Condi-
ioned medium of RBL2H3 cells with the down regulation of DNMT1
nduced endothelial cell (RAEC) tube formation (Fig. 8A) and rat aor-
ic ring formation (Fig. 8B). AVASTIN, a VEGF-neutralizing antibody,
revented effects of down regulation of DNMT1 on endothelial
ell tube formation (Fig. 8A) and aortic ring formation (Fig. 8B).

e next examined whether the down regulation of DNMT1 would
ffect expression of angiogenic proteins, such as VEGF. The down

egulation of DNMT1 in RBL2H3 cells induced expression of VEGF
Fig. 8C), suggesting that induction of VEGF resulting from down
egulation of DNMT1 in activated basophils may  activate endothe-
ial cells. Conditioned medium of RBL2H3 cells with the down
 sections were prepared for immunohistochemistry staining (magnification, 400×;
LB/c mice were subjected to Western blot analysis.

regulation of DNMT1 increased expression of PECAM-1, ICAM-1
and VCAM-1, enhanced interaction between ICAM-1 and LFA-1
(integrin �L�2), interaction between VCAM-1 and integrin �4,
induced phosphorylation of VEGFR 2 and interaction between
VEGFR2 and syk (Fig. 8D, left panel) in RAEC. This suggests that
the down regulation of DNMT1 in RBL2H3 cells may  induce sig-
naling changes in RAEC. Conditioned medium of RBL2H3 cells with
the down regulation of DNMT1 increased expression of VEGF in
RAEC as evidenced by Western blot and RT-PCR (Fig. 8D, right
panel). This indicates that the down regulation of DNMT1 leads
to activation of VEGFR signaling by inducing expression of VEGF
in RAEC. The down regulation of DNMT1 did not affect expres-
sion of VEGFR1 or VEGFR2 (Fig. 8D, right panel). We  performed
cellular adhesion assays to examine potential interaction between
leukocytes and endothelial cells. Antigen stimulation of RBL2H3
cells or BMMCs  led to enhanced interaction between RBL2H3
cells and RAEC also interaction between BMMC  and RAEC (Sup-
plemental Fig. 6). Taken together, these results suggest that the
down regulation of DNMT1 leads to the enhanced cellular inter-
action and angiogenesis by regulating expression of inflammatory
cytokines. It would be interesting to identify these inflammatory
molecules.

3.9. Aspirin regulates expression of DNMT1 to exerts a negative
effect on allergic inflammation
Aspirin inhibits angiogenesis by suppressing VEGF expression
in human colon cancer (Ouyang et al., 2008). Aspirin inhibits
expression of MCP-1 expression in TNF-alpha stimulated human
umbilical vein endothelial cells (Yang et al., 2004). Aspirin inhibits
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Fig. 7. The down regulation of DNMT1 induces vascular leakage and promotes angiogenesis in BALB/c mouse. (A) BALB/c mice were given i.v. injection of scrambled siRNA
(100  nM)  or DNMT1 siRNA (100 nM). The next day, 2% (v/v) evansblue solution was injected via tail vein to visualize extent of vascular leakage. The absorbance was measured
at  620 nm.  Representative images from five animals for each experimental group are shown. Each value represents average value obtained from five BALB/c mice. Means ± SEM
of  three independent experiments are shown. **p < 0.005. (B) BALB/c mice were given i.d. injection of DNP-specific IgE (0.5 �g). The next say, mice were given i.v. injection of
DNP-HSA (250 �g) or PBS. BALB/c mice were given i.v injection of DNP-HSA twice in a total of six days. Representative images from four animals for each experimental group
are  shown. Whole mount staining using anti-PECAM-1 was performed (magnification, 100×; Olympus). Three independent experiments were performed. ***p  < 0.0005. (C)
Scrambled siRNA (100 nM)  or DNMT1 siRNA (100 nM)  was  injected into vein of each BALB/c mouse twice in a total of five days. Five days after injection of siRNA, ears of BALB/c
mice  were excised and subjected to whole mount staining (left panel). Representative images from five animals for each experimental group are shown (magnification, 100×;
Olympus). Three independent experiments were performed. ***p < 0.05. Lysates from ear of BALB/c mouse was  subjected to Western blot analysis (right panel). Western blot
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s  a representative figure from three independent experiments.

NF� expression in murine tissue macrophages (Shackelford et al.,
997). Aspirin exerts anti-inflammatory effects through inhibition
f Ikappa B-alpha expression (Ricciotti et al., 2010). We  found
he down regulation of DNMT1 led to induction of TNF� and

CP-1 (data not shown). We  hypothesized that aspirin would
egulate expression of DNMT1 to exert anti-inflammatory effects.
spirin prevented antigen from increasing expression of HDAC3
nd prevented antigen from decreasing expression of DNMT1
Fig. 9A). Aspirin prevented antigen from increasing expres-
ion of hall marks of allergic inflammation, such as monocyte
hemotactic protein 1(MCP1) and COX-2 (Fig. 9A). The down
egulation of HDAC3 led to decreased expression of COX-2 in
ntigen-stimulated RBL2H3 cells (data not shown), suggesting
hat aspirin may  target DNMT1 and HDAC3 to regulate expres-
ion of COX-2. Aspirin exerted a negative effect on increased
-hexosaminidase activity in antigen-stimulated RBL2H3 cells

Fig. 9B) and exerted a negative effect on allergic skin inflam-
ation by DNFB stimulation (Fig. 9C). Aspirin also exerted a

egative effect on leukocytes infiltration by DNFB stimulation
Fig. 9D). Immunohistochemistry staining of paraffin sections of
ALB/c mice ears showed that aspirin prevented DNFB from reg-

lating expression of Tip60, HDAC3 and DNMT1 (Fig. 9E). We
xamined whether effect of aspirin on expression of DNMT1 was
pecific. For this, we examined effect of washout of aspirin on
xpression of DNMT1. Aspirin restored expression of DNMT1 and
decreased expression of HDAC3 and Tip60 in antigen-stimulated
RBL2H3 cells (Supplemental Fig. 7A). Aspirin did not regulate
expression of DNMT1 in the absence of antigen stimulation (Sup-
plemental Fig. 7A), suggesting that aspirin may exert indirect
regulation on expression of DNMT1. At each time point (1, 2,
4,8,12 and 24 h) after washing out of aspirin, DNP-HSA was added
to IgE-sensitized RBL2H3 cells. From four hours after washing
out of aspirin, DNP-HSA decreased expression of DNMT1 and
increased expression of HDAC3 and Tip60 (Supplemental Fig. 7A),
suggesting that a negative effect of aspirin on allergic inflam-
mation may  be related with its specific regulation on DNMT1,
HDAC3 and Tip60. Over expression of mutant Tip60, but not
wild type Tip60, prevented antigen from decreasing expression
of DNMT1, suggesting that Tip60 may  regulate expression of
DNMT1 (Supplemental Fig. 7B). Aspirin exerted a negative effect
on expression of exogenous Tip60 thereby to restore expression
of DNMT1 in antigen-stimulated RBL2H3 cells (Supplemental Fig.
7B). This suggests that aspirin affects Tip60 to regulate expres-
sion of DNMT1. It would be necessary to examine possibility of
proteasome-dependent degradation of Tip60 by aspirin. It would
be also interesting to examine whether aspirin could influence

transcriptional regulators to regulate expression of Tip60. Taken
together, these results show that aspirin exerts a negative effect
on allergic inflammation by regulating expression of DNMT1 via
Tip60.
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Fig. 8. The down regulation of DNMT1 induces changes in endothelial cell signaling (A) RBL2H3 cells were transiently transfected with scrambled siRNA or DNMT1 siRNA.
At  48 h after transfection, conditioned medium was  prepared and IgG (4 �g/ml) or AVASTIN (4 �g/ml) was added to conditioned medium and incubation continued for 1 h.
Conditioned medium was then added to rat aortic endothelial cells (RAEC). After 6 to 8 h of incubation at 37 ◦C, the endothelial cells were photographed using an inverted
microscope for observation of tube formation (magnification, ×100; Olympus). Means ± SEM of three independent experiments are shown. **p < 0.005; *p < 0.05. Three
independent experiments were performed. (B) Ninety six -well plates were coated with 30 �l of matrigel per well and polymerized in an incubator. Aortas isolated from
6-wk-old male Sprague-Dawley rats were cleared of periadventitial fat and connective tissues in cold PBS and cut into rings of 1 to 1.5 mm in circumference. The aortic rings
were  randomized into wells and sealed with a 30 �l overlay of matrigel. Conditioned medium of antigen-stimulated RBL2H3 cells transiently transfected with control siRNA
(10  nM)  or DNMT1 siRNA (10 nM)  was added. After 6 days, the extent of micro vessel sprouting was determined by using an inverted microscope (magnification, ×100;
Olympus). *p < 0.05. Three independent experiments were performed. The assay was  scored from 0 (least positive) to 5 (most positive) in a double-blind manner. Each data
point  was assayed six times. (C) RBL2H3 cells were transiently transfected with the indicated siRNA. At 48 h after transfection, total RNAs prepared were subjected to RT-PCR
(upper panel) or cell lysates prepared were subjected to Western blot analysis (lower panel). (D) Conditioned medium (1 ml)  from RBL2H3 cells transiently transfected with
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. Discussion

Although DNMT1 regulates expression of Th2 cytokines (Makar
nd Wilson, 2004), the role of DNMT1 in allergic inflammation
as not been studied. Because allergic inflammation involves

ncreased expression of Th2 cytokines, we wanted to investigate
ole of DNMT1 in allergic inflammation and mechanisms in rela-
ion with DNMT1. 5-aza-2-deoxycytidine, an inhibitor of DNMT1,
ecreases expression of DNMT1 while increasing expression of
DAC3 (Fig. 2A). 5-aza-2-deoxycytidine (ADC) degrades DNMT1 via
roteasomal degradation (Patel et al., 2010; Ghoshal et al., 2005),
uggesting that the down regulation of DNMT1 maybe associated
ith proteasomal degradation of DNMT1. ChIP assay shows the

inding of DNMT1 to HDAC3 promoter sequences in the absence
f antigen stimulation (Fig. 2C), suggesting that DMNT1 indeed
cts as a negative regulator of HDAC3. ADC increases expression
f some genes without changes in methylation (Ohm et al., 2007;
ohammad and Baylin, 2010). The displacement of DNMT1 from

DAC3 promoter sequences (Fig. 2C) may  result from degradation
f DNMT1. DNMT1 acts as a transcriptional repressor without its
atalytic activity (Rountree et al., 2000). DNMT1 represses tran-
cription from E2F-responsive promoters (Robertson et al., 2000).
AEC and immunoprecipitated with the indicated antibody (2 �g/ml each), followed
lot analysis (right panel) or total RNAs were prepared from RAEC and subjected to

Because ADC causes DNMT1 degradation, it is reasonable that tran-
scriptional repressive activity of DNMT1 may  not be associated with
its catalytic activity.

DNMT1 phosphorylation by Akt and/or PKC leads to disrup-
tion of DNMT1-PCNA-UHFR1 interaction to promote tumorigenesis
(Hervouet et al., 2010). PKC� and PKC� are responsible for phospho-
rylation of DNMT1 (Supplemental Fig. 4). Phosphorylation status of
DNMT1 determines its stability (Estève et al., 2011). Antigen stim-
ulation leads to various post translational modification of DNMT1,
such as phosphorylation, acetylation and tyrosine nitrosification
(Fig. 3B). The inhibition of proteasomal degradation by MG132 pre-
vents antigen from decreasing expression of DNMT1 while MG132
prevents antigen from increasing expression of HDAC3 (Fig. 3C).
This suggests that expression regulation of DNMT1 and HDAC3 by
antigen stimulation involves ubiquitination-dependent proteaso-
mal  degradation.

Reactive oxygen species play critical role in allergic inflamma-
tion and PKC� and PKC� are responsible for activation of Rac1 (Kim

et al., 2010c).  Because antigen leads to tyrosine nitrosification of
DNMT1 (Fig. 3B), we hypothesized that rac1 might be responsi-
ble for proteasomal degradation of DNMT1. Rac1 is responsible
for ubiquitination of DNMT1 (Fig. 3E). Tyrosine nitrosification of



12 Y. Kim et al. / Molecular Immunology 53 (2013) 1– 14

Fig. 9. Aspirin regulates expression of DNMT1 and exerts a negative effect on allergic inflammation. (A) The IgE-sensitized RBL2H3 cells were pretreated with or without
aspirin (0.1 mM)  for 30 min, followed by antigen stimulation for 1 h. Cell lysates were subjected to Western blot analysis. (B) The IgE-sensitized RBL2H3 cells were pretreated
with  various concentrations of aspirin for 30 min, followed by antigen stimulation for 1 h. Cells were then subjected to �-hexosaminidase activity assays. Each value represents
average of three independent experiments. *p < 0.05; **p < 0.005; ***p < 0.0005. (C) BALB/c mice were injected i.v. with DNP-specific IgE antibody (10 �g) while BALB/c mice
were  give i.p. injection with aspirin (20 mg/kg). The next day, cutaneous 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. BALB/c mice were given i.p. injection of asprin twice in a total of seven days. Ear thickness was measured for eight days as described. Each value
represents average of five mice in each group. Means ± SEM of three independent experiments are shown. (D) Six days after DNFB stimulation, paraffiin sections of BALB/c
mice  were prepared and subjected to H&E staining (magnification, 400×; Olympus). (E) Paraffin sections (4–6 �m thickness) of the ears of BALB/c mice prepared at six days
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fter  DNFB stimulation were stained with antibodies against DNMT1, HDAC3, HDA
hown (magnification, 400×; Olympus).

NMT1 (Fig. 3E), dependent on rac1, may  lead to proteasomal
egradation. It would be interesting to examine effect of rac1 on
inding of DNMT1 to HDAC3 promoter sequences.

The inhibition of HDAC promotes proteasomal degradation
f DNMT1 (Zhou et al., 2008). DNMT1 shows interaction with
DAC2 in the absence of antigen stimulation in RBL2H3 cells

Fig. 3F). DNMT1 binds to HDAC2 to from a complex at replica-
ion foci (Rountree et al., 2000). DNMT1 associates with histone
eacetylase activity (Fuks et al., 2000). Therefore it is reasonable
hat HDAC2-DNMT1 complex may  exert a negative regulation on
DAC3 expression. DNMT3B interacts with HDAC2 (Geiman et al.,
004). In this study, we found that the down regulation of HDAC3

ed to the induction of HDAC2 (personal observation), suggesting
hat HDAC3 and HDAC2 may  cross regulate each other. This also
uggests that HDAC3 and DNMT1 may  cross regulate each other.
t would be interesting to examine binding of HDAC3 to HDAC2
romoter sequences.

Tip60 is responsible for DNA damage-dependent acetylation
nd ubiquitination of H2AX (Ikura et al., 2007). DNMT1 stability
s regulated by proteins controlling acetylation-driven ubiquitina-

ion (Du et al., 2010). Antigen stimulation induces expression of
ip60 (Fig. 4A), and wild type Tip60, but not mutant Tip60, induces
cetylation of DNMT1 (Fig. 4C). This suggests that Tip60 is respon-
ible for acetylation-driven ubiquitination-dependent proteasomal
 Tip60. Representative images from four animals for each experimental group are

degradation of DNMT1. USP7, a deubiquitinating enzyme, promotes
DNA-binding activity of p53 (Sarkari et al., 2010) and stabilize p53
(Qin et al., 2011). The above reports led us to hypothesize that
USP may  stabilize DNMT1. Antigen stimulation in RBL2H3 cells dis-
rupts interaction between USP7 and DNMT1 (Fig. 4D, upper panel).
Tip60 disrupt interaction between USP7 and DNMT1 (Fig. 4D, lower
panel), suggesting that Tip60 may  be responsible for destabilization
of DNMT1.

In vivo allergic inflammation involves decreased expression of
DNMT1 in various tissues, such as ear, lung and spleen, but not
in liver tissue (Supplemental Fig. 5C). In vivo allergic inflamma-
tion involves interaction between Fc�RI�  and Lyn in ear, lung
and spleen, but not in liver tissue (personal observation). In vivo
down regulation of DNMT1 enhances �-hexosaminase activity
(Supplemental Fig. 5A) and histamine release in these tissues (Sup-
plemental Fig. 5B). It is reasonable that the down regulation of
DNMT1 may  activate mast cells in these tissues. In vivo down regu-
lation of DNMT1 induces interaction between Fc�RI� ad Lyn in ear,
lung and spleen (personal observation), suggesting that the down
regulation of DNMT1 may  be necessary for activation of mast cells

in these tissues. This suggests that the down regulation of DNMT1 is
necessary for initiation and maintenance of allergic inflammation.

Angiogenesis is necessary for allergic inflammation (Detoraki
et al., 2009; Choi et al., 2009). Integrin �5 interacts with EGFR and
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s necessary for allergic inflammation in relation with angiogenesis
Kim et al., 2011). Mast cell tryptase and chymase are angiogenic
Ribatti et al., 2011). VEGF secretion during hypoxia requires mast
ells (García-Román et al., 2010). Mast cells play essential role
or angiogenesis in cervical carcinogenesis (Utrera-Barillas et al.,
010). The inhibition of HDACs reduces monocytes adhesion to
ndothelium through suppression of VCAM-1 expression (Inoue
t al., 2006). Based on the above reports, we hypothesized that
llergic inflammation involving expression changes in DNMT1 and
DAC(s), as seen in this study, would be associated with cellular

nteraction and angiogenesis. In vivo down regulation of DNMT1
eads to increased expression of integrin �5, ICAM-1 and VCAM-1
Fig. 6D), indicating that the down regulation of DNMT1 may  induce
ellular interaction. Allergic inflammation involving vascular leak-
ge results from cellular interaction (Oschatz et al., 2011). In vivo
own regulation of DNMT1 induces vascular leakage in BALB/c
ouse (Fig. 7A), suggesting that allergic inflammation involves

ctivation of vascular endothelium and cellular interaction. DNA
ethyl transferase inhibition induces differentiation of embry-

nic stem cells into endothelial cells (Banerjee and Bacanamwo,
010). We  hypothesized that DNMT1 might act as a negative regu-

ator of angiogenesis in relation with allergic inflammation. In vivo
own regulation of DNMT1 enhances blood vessel formation in
ALB/c mouse (Fig. 7C). It would be necessary to examine effect
f down regulation of DNMT1 on expression of various angiogenic
roteins.

Angiogenesis involves interaction between leukocytes and
ndothelial cells (Kim et al., 2011). Conditioned medium from
BL2H3 cells with down regulation of DNMT1 enhances tune

ormation in RAEC (Fig. 8A) and induces rat aortic ring forma-
ion (Fig. 8B). DNMT1 is involved in the regulation of VEGF gene
xpression (Achour et al., 2008). In facts, the down regulation
f DNMT1 induces expression of VEGF in RBL2H3 cells (Fig. 8C).
onditioned medium from RBL2H3 cells with down regulation
f DNMT1 induces activation of VEGFR-2 and also interaction
etween VEGFR-2 and syk (Fig. 8D). Syk is necessary for activation
f VEGFR-2 signaling in HUVEC (Kazerounian et al., 2011). Anti-
en stimulation enhances adhesion between activated basophils
nd endothelial cells and also enhances adhesion between acti-
ated mast cells and endothelial cells (Supplemental Fig. 6). These
esults indicate that DNMT1 exerts regulation on angiogenesis
y inducing expression of VEGF. It would be necessary to exam-

ne effect of VEGF on adhesion between activated mast cells and
ndothelial cells. The down regulation of DNMT1 induces expres-
ion of pro-inflammatory cytokines, such as TNF-�, IL-13 and
L-18 (personal observation). It is reasonable that angiogenesis
nduced by down regulation of DNMT1 is mediated in part by
ncreased inflammation. Mechanism of induction of these pro-
nflammatory cytokines by down regulation of DNMT1 remains
nknown. It would be also necessary to examine effect of these
ro-inflammatory cytokines on cellular interaction and angiogen-
sis by blocking these cytokines. Because HDAC3 is induced by
NMT1, it would be interesting to examine role of HDAC3 in
ngiogenesis.
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