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FREFHESEGERFIL, HRHESHOAERNDFREENEETHY, ZEREELIEIX
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A" AChED E B2 HER T3,
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noEZTNENACKE, ALPhos, B -galdiEHERENRIZINZ  MIEEFHC XOEHERE LR,
ZOFER. ColQ++~<VATIIFERFIMEA, 57, As-, Ac AChEDTEMEN RO BT d, Col@ -~
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HIRADINTF VAT 2733 FERiT40—50%THY , NTHIT AL~ FEZe1%1.6x107 PFU/ml
EROBIBOTANRRTET,

p-SIREN-EF1 « "ACHE'IRES- COL@Qs v A7 =73 av Uiz Ml SO 20 30 %
TatREARE LDECTHELAChEDO R ER </, p-SIREN-EF1 o "ACHER NIV AT =
I ary U R TIERIR G, Ge, GeAChER &N, p-SIREN-EF1 « -ACHE
-IRES- COL@% b7 A7 =73 av U MBIZ BO T ERIRAChEIZ N % JERFREA, -, As-,
ArAChEDTEHESBRHEN, ColQEAChENLIZHBRL THRAEL TWAZERHALMZ o7,
5%, OB L A N AE BRI T RO BERIREEIR L, ~ U T Ha— AR T LT
BEEITZ2V A1 AChED IR B I FEN D BT IE TH B,

III. =T RY 7RERADL a4V ADEA R R T A~DEA

EFEyANLEE, Vo EiEfHHL, M3k4ECD3K 'CD28HLIETIETE T CHEL TTV /¢
ROBBERTTR> TS, BIE, TV /SBROBEFED REFREERRDESLEZRAL TS, LEIZ
JHEUT, anti-CDAFEERE — X% W R AT A7 BV I a 247720, #EDOEBNWTY %
REB/BIFEEEZTND, TV /EREEBEL-BIX EEEEAMRL L My VAR BGRESE, B
BT _ERPLEAE X A1 AChER & RSN BIT I L2 R THTFETH
B

IV. AAV (adeno-associated virus)z B\ /- COLGREFEA

AAVARI Z—3pAAV-CMV- COL@E . ColQEFHIZGFPE RIS
PAAV-CMV-COL@GIRES-EGFPD = ARG 7 v a2 BRIz, DNABE S HENR VR A h— 2
ICEOMRRPIC D IAEND EE X LN TOBIV BN L T AETIE, IEEERTARDEER
HFiipHTHD, 207, HBS (HEPES-buffered saline) DpH#17.05, 7.07, 7.10, 7.12,
T16LEX TERULFER, 20 P COEBEpHIZT.16THY EAZIEII20% ThoTz,
Real-Time PCR¥EIZEY, FRROERTHHLEVANAROBELZRELILEZA, 0.5~1.TX
108 (genome copies/ml) 7207z,

Col@-<=TAD BEIRLVEH T 53 5I01%, 3~4X 1012 genome copiesD KEDAAVEE
BT DNERDD, AAVO LOZHEERRE B FEEERFEC OO TRERFEITo T



3, G5t BBZAAVE Col@ < A0, EIIFRICEAL, BHRHICBIT5A12-AChE
BTFOHEBR, KO, HEESH DA AChES T OEMET S, &bic, BETEARLT
72072 Col@ I-=U X% AV, BUMREAL, IR EAL, EEHIEEEM S 0 EBFHRES,
EEE R, BRENRER TRV, HENEROBEREELRETS, T, iz

Az AChED B ARG EER 28~ RFTHER S Ficollagen QFLEDO HERAZ2 Y, HEFEA
DEEMDORFEESRITI,
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FEEERXIL MY A L AO TG AL EEZ Oz dD, Ve VAR Z—DREEIC T
MMCFR BN, BEFHEAOIEFLEFIRERETHI81IXY, BHETAI/n—02/5T
EHTET, EBIT, ColQ-/-=VADFMFIEEZRESLL ., L hay A RAEBIRE o< A H
FERIC BT DIEMFEAChED EAZERL, RORAT Yy I DD Oy AT NEROREL
otz &bz, SEEIVERGRIMEDOHIAAVAY Z—2 AW BETFIHROBRTL B
Uiz, FERP TR oTBER TV =/ OY Y —FLUF U OB LI FRO R ERHEE I
2otz
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B % DRRIEFOBREBFERN, de novoBIEFERTHY, AESOHUEE B3 AE G
DEETHEREINDD, DBRENPLOWE TR THTHD, FFE T, REEFROBE
WREWHBRBRER ThAZLEFIAL, HiE T2 M TR MRGRERICL
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HoFicik, () #E&ERIDhigh affinity choline transporterZ/tL THYIA T 7-choline
bacetylcholineZ B4+ 5choline acetyltanferase, (2) acetylcholinesterase catalytic
subunit & & % |Z asymmetric acetylcholine % fE ¥ | synaptic basal lamina iZ
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The Journal of Immunology

Essential Role of GATA Transcriptional Factors in the

Activation of Mast Cells’

Akio Masuda,?* Katsunori Hashimoto,” Toyoharu Yokoi,* Takeshi Doi,’ Tatsuhiko Kodama,!
Hireaki Kume,” Kinji Ohno,* and Tetsuya Matsuguchi”

Mast cells are pivotal effector cells in IgE-mediated allergic reactions. GATA transcriptional factors such as GATA-1 and GATA-2
are expressed in mast cells, and recent studies have revealed that both GATA-1 and GATA-2 are required for mast cell devel-
opment. However, the role of GATA transcriptional factors in differentiated mast cells has remained largely unknown. In this
study, we repressed the activity of GATA-1 and GATA-2 by using three different approaches (inducible overexpression of a
dominant-negative form of GATA, pharmacological inactivation, or small interfering RNA technology), and analyzed the molec-
ular mechanisms of GATA transcriptional factors in the activation of mast cells. Surprisingly, the repression of GATA activity in
differentiated mast cells led to the impairment of cell survival, IgE-induced degranulation, and cytokine production. Signal
transduction and histone modification in the chromatin related to protein kinase C8 were defective in these cells. These results
identify that GATA has a critical role in the activation of mast cell. The Journal of Immunology, 2007, 178: 360-368.

maintain the allergic response (1). The major mechanism of

the stimulation of these cells is the interaction of Ags with
IgE bound to the high-affinity receptor, FceRI, on the cell surface.
This interaction results in the release of preformed mediators from
granules and the generation of newly synthesized mediators, such
as cytokines and the products of arachidonic acid.

GATA proteins are tissue-restricted transcription factors that
bind a WGATAR DNA motif through a zinc-finger DNA-binding
domain. Based on sequence homology and expression patterns,
GATA proteins have been divided into two subfamilies, i.e.,
GATA-1-3 and GATA-4-6 (2). The former family is prominently
expressed in hemopoietic stem cells and the latter is expressed in
various mesoderm- and endoderm-derived tissues (3). Gain-of-
function and loss-of-function studies demonstrated the necessity of
GATA-1 and GATA-2 for proper hemopoietic development (4).

Mast cells express GATA-1 and GATA-2, and recent studies
have revealed that both GATA-1 and GATA-2 are required for the
differentiation of mast cells (5-7). GATA-2, rather than GATA-1,
appears to regulate early mast cell gene expression because
GATA-2 is expressed at higher levels in immature mast cells (8).

I nflammatory substances released by mast cells induce and

*Division of Neurogenetics and Bioinformatics, Center for Neurological Diseases and
Cancer, and 'Department of Respiratory Medicine, Nagoya University Graduate
School of Medicine, Nagoya, Japan; *Department of Medical Technology, Nagoya
University School of Health Sciences, Nagoya, Japan; Tokyo New Drug Research
Laboratories 11, Kowa Company, Tokyo, Japan; TLaboratory for Systems Biology and
Medicine, Research Center for Advanced Science and Technology, University of
Tokyo, Tokyo, Japan; and IDivision of Biochemistry and Molecular Dentistry, De-
partment of Developmental Medicine, Graduate School of Medical and Dental Sci-
ences, Kagoshima University, Kagoshima, Japan

Received for publication May 2, 2006. Accepted for publication October 17, 2006.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

! This work was supported in part by grants from the Japanese Society for the Pro-
motion of Science and the Japanese Allergy Foundation, the Kao Foundation for Arts
and Sciences, and the ONO Medical Research Foundation.

2 Address comespondence and reprint requests to Dr. Akio Masuda, Division of Neu-
rogenetics and Bioinformatics, Center for Neural Disease and Cancer, Nagoya Uni-
versity Graduate School of Medicine, 65 Tsurumai-cho, Showa-ku, Nagoya 466-
8550, Japan. E-mail address: amasuda@med.nagoya-u.ac.jp

Copyright © 2006 by The American Association of Immunologists, Inc. 0022-1767/06/$2.00

www jimmunol.org

However, the role of GATAs may not be limited to the differen-
tiation of mast cells, because GATA-1 and GATA-2 are also ex-
pressed in mature mast cells that reside in tissues (8, 9). Indirect
evidence for a functional role for mast cells is provided by the
presence of GATA consensus sequences in the promoter region of
carboxypeptidase A, the a- and B-chain of the human IgE receptor
(FceRa and B), IL-4, and IL-13 (10-14). Ectopic GATA-1 or
GATA-2 expression activates the promoter activity of these genes.
However, because GATA low-activity mutants are either embry-
onically lethal or are defective with respect to the differentiation of
mast cell lineage (6, 7, 15), the physiological role of GATAs in
differentiated mast cells remains largely unknown.

In this study, we analyzed the role of GATA transcriptional
factors in differentiated mast cells and found that repression of
GATA activity leads to the impairment of cell survival, IgE-in-
duced degranulation and cytokine production, and to defective sig-
nal transduction. In addition, the repression of GATA activity sig-
nificantly inhibited anaphylactic responses in vivo. The decreased
protein kinase C (PKC)> B expression and the down-regulation of
histone acetylation at the PKCp regions were observed in GATA-
repressed cells. These results indicated that GATA proteins have a
critical role in mast cell activation.

Materials and Methods
Reagents and Abs

Recombinant mouse IL-3 and mouse stem cell factor (SCF) were pur-
chased from PeproTech. Doxycycline (Dox), G418, and hygromycin B
were purchased from Wako Pure Chemical. K-7174 was obtained from
Kowa. The mouse monoclonal anti-dinitrophenol (DNP) Ab, the DNP-
human serum albumin (DNP-HSA), ionomycin, and PMA were purchased
from Sigma-Aldrich. Rat monoclonal anti-GATA-1, the polyclonal anti-
GATA-2, the polyclonal anti-PKCp1, and the polyclonal anti-PKCB2 Abs
were purchased from Santa Cruz Biotechnology. Mouse anti-SRp20 Ab
was purchased from Zymed Laboratories. The polyclonal anti-JAK2, the
polyclonal anti-phospho-Akt (Ser*”®), the polyclonal anti phospho-Lyn
(Tyr™®), and the polyclonal anti-Bel-x; Abs were purchased from Cell

3 Abbreviations used in this paper: PKC, protein kinase C; SCF, stem cell factor;
DNP, dinitrophenol; HSA, human serum albumin; BMMC, bone marrow-derived
mast cell; DN, dominant negative; siRNA, small-interfering RNA; Dox, doxycycline;
ChIP, chromatin immunoprecipitation; PCA, passive cutaneous anaphylaxis;
MTS, 3-(4,5-dimethylthiazol-2-yD-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium.
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Signaling Technology. PE-conjugated anti-IgE Ab was purchased from
eBioscience.

Cells

The RBL2H3 rat mast cell line was obtained from the Cell Resource Center
for Biomedical Research (Tohoku University, Sendai, Japan) and was
grown in RPMI 1640 with 10% FCS.

Bone marrow-derived mast cells (BMMCs) were derived from femoral
bone marrow cells of BALB/c mice. Cells were cultured with IL-3 (10
ng/ml) for 3 wk and then cultured with IL-3 plus SCF (10 ng/ml each) for
1 wk. The cells consisted of >98% mast cells assessed by toluidine blue
staining and FACS analysis of cell surface expression of c-kit and FceRI.

For PMA/ionomycin stimulation, cells were washed twice and incu-
bated (2 X 10 cells/ml) in fresh culture medium for 6 h, then stimulated
with PMA (10 ng/mil) plus ionomycin (1 pg/ml). For the cross-linking of
FceRI on mast cells, cells were sensitized by incubating for 2 h with 1
pg/ml anti-DNP IgE in culture medium, washed, incubated (2 X 10° cells/
ml) for 6 h in culture medium and stimulated with 50 ng/ml DNP-HSA.

Immunohistochemical analysis

BALB/c mice were sacrificed by terminal anesthesia. Tissues were fixed in
4% paraformaldehyde overnight, embedded in paraffin, and 3-pum-thick
sections were cut from the paraffin blocks. Double stainings of immuno-
histochemistry and Alcian blue were performed as follows: sections were
deparaffinized in xylene and hydrated with graded alcohols. Ag retrieval
was performed in 10 mM citrate buffer (pH 6.0) using a microwave oven
for 15 min. After blocking of endogenous peroxidase in H,0,(0.3%)-added
methanol for 20 min and incubating with normal goat serum for 20 min, the
primary Abs to GATA-1 (dilution 1/200) and GATA-2 (dilution 1/800)
were applied and incubated overnight at 4°C. Staining was performed us-
ing Histofine Simplestain MAX-PO kit (Nichirei Biosciences). After wash-
ing in PBS, the sections were incubated with secondary Ab for 30 min at
room temperature, followed by washing in PBS. The Ag-Ab immunore-
action was visualized using diaminobenzidine as a chromogen. Negative
controls were processed by omitting the primary Ab-incubating step. After
immunohistochemical staining, sections were rinsed in 1% Alcian blue
solution for 30 min, followed by counterstaining with Kernechtrot, dehy-
dration, and mounting.

Mammalian expression plasmids

To express reverse tet-responsive transcriptional activator in mast cells, the
CMYV promoter of the pTet-ON plasmid (BD Clontech) was substituted by
the EFla promoter (pEFlo-Tet-ON). The EFla promoter was isolated
from pEFBOS-Flag vector with HindIlI-EcoRI and cloned into the HindIT-
EcoRI site of the pEGFP-N1 vector. Then, this vector was partially
digested with the Xhol-EcoRI site, and a 1.5-kbp product containing the
EF1la promoter was cloned into the XhoI-EcoRI sites of pTet-ON (partially
digested; 6.7-kbp fragment).

To generate the inducible expression plasmid for the dominant-negative
(DN)-GATA (pTRE2hyg-DN-GATA), the cDNA encoded DN-GATA was
released from ANn plus C plus NF plasmid (14) by Nhel and subcloned
into the Nhel site of pTRE2hyg (BD Clontech). AN plus C plus NF consists
of the Flag-tagged N-terminal zinc finger of mouse GATA-1.

pGATA-1&2-Luc, which is designed to measure transcriptional activity
of both GATA-1 and GATA-2, were purchased from Panomics. pNFxB-
Luc was described previously (16).

Generation of stable transfectants

RBL2H3 cells were transfected with 5 ug of pEFla-Tet-ON vector using
a T820 electroporation system (BTX). Transfectants were selected with
G418 (0.5 mg/ml). After 4 wk, resistant clones were screened by transient
transfections with the pTRE-Luc reporter plasmid and a luciferase assay
for clones with low background expression and high Dox-dependent in-
ducing of the riTA regulatory protein. Selected stably transfected pEF1a-
Tet-ON RBL2H3 cell clones served as non-DN-GATA-inducible control
cells in all experiments (described as a parental clone). In a second selec-
tion step, the pTRE2Zhyg-DN-GATA plasmid was introduced into these
clones to allow selection of stably transformed cells in the presence of
hygromycin (1.2 mg/ml). Several G418- and hygromycin-resistant cell
clones were isolated by single-cell cloning and screened by immunoblot
analysis for clones with low background expression and high Dox-depen-
dent inducing of DN-GATA protein. The induction of DN-GATA expres-
sion was performed by addition of Dox (1 ug/ml) into culture medium in
all experiments. In addition, the parental clone was transfected with
pTRE2hyg plasmid alone and selected with hygromycin as described
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above. Stably transfected pTREZhyg cell clones served as non-DN-GATA-
inducible control cells (described as a TRE clone).

Luciferase assay

DN-GATA-expressing or parental clones were transiently transfected with
3.5 pg of pGATA-1&2-Luc plasmid and 0.1 ug of pRL/SV40 (an internal
control) by electroporation as described above.

BMMCs were transiently transfected with 3.5 pg of pGATA-1&2-Luc
plasmid and 0.1 ug of pRL/SV40 (an internal control) using HVJ vector
(Genome-One-Neo purchased from Ishihara Sangyo) according to the
manufacturer’s instruction.

Forty-eight hours after the transfection, the luciferase activity was mea-
sured by using the Dual-Luciferase Reporter Assay System (Toyo Ink)
according to the manufacturer’s instructions.

Transfection of small-interfering RNA (siRNA)

The siRNA used for transfections were: GATA-1 (D-045656-04; Dharma-
con), GATA-2 (D-062114-02; Dharmacon), and control (nontargeting
siRNA, D-1210-02; Dharmacon). The total amount of 200 pM siRNA du-
plexes was transfected into BMMCs (0.5 X 108 cells) by using 1 arbitrary
unit of HVJ-E vector (Genome-One-Neo) according to the manufacturer’s
instruction.

Passive cutaneous anaphylaxis (PCA) reaction

Eleven-week-old BALB/c mice (SLC) were purchased (Japan SLC). Anti-
DNP IgE (2.5 mg/ml) and experimental molecules in 20 ul of PBS were
applied to the ear of the mice by intradermal injection. A total of 0.5 ul of
1 mM K-7174 or DMSO (control) was injected into the ears of mice intrad-
ermally simultaneously with anti-DNP IgE injections. Sixteen hours later, 2%
Evans blue (Wako) and Ag, 1 mg/ml DNP-HSA (Sigma-Aldrich), in 100 ul
of PBS was injected via the tail vein (i.v.). Thirty minutes later, the mice were
sacrificed by terminal anesthesia, and photographed. Both ears were removed,
and the extravasated Evans blue was extracted by incubating the skin samples
in 99% N, N-dimethylformamide for 24 h at 55°C. The supematant was col-
lected by centrifugation and OD was read at 620 nm. PCA response was
quantified by dye extraction from IgE-injected and PBS-injected ears.

Microarray analysis

The parental (cont) and DN-GATA-expressing clones (01 and 02) were
incubated with Dox for 2 days. Then, cells were stimulated with PMA/
ionomycin for 4 h, and total cellular RNA was prepared using TRIzol
reagent (Invitrogen Life Technologies) and purified with a GenElute mam-
malian total RNA elution kit (Sigma-Aldrich). Relative mRNA levels were
assessed using the Affymetrix gene chip Rat Expression Armray 2304, con-
taining probes for ~16,000 genes. Samples were processed into cRNA,
hybridized to chips, and scanned at the Takara bio Dragon Genomics Cen-
ter (Mie, Japan). Data sets were analyzed using Microarray Suite software
(version 5.0). For each gene, a Wilcoxon signed-rank test was applied to
the absolute signal intensities in the DN-GATA vs the control data set.
Transcripts were defined as up-regulated or down-regulated only when
identified as significantly different (p < 0.005).

RNA and ¢cDNA preparation

RNA was isolated by using the QuickGene-810 system (Fuji). During this
purification process, the RNA was DNase treated. Reverse transcription reac-
tions were performed with 2 g of total RNA using Superscript IT (Invitrogen
Life Technologies) reverse transcriptase as previously described (17).

Real-time PCR analysis

The quantitative real-time PCRs were performed using SYBR Green real-
time PCR master mix (Toyobo) in a MX3000P (Stratagene) according to
manufacturer’s protocols. Primer sequences were as follows: PKCBI
sense, 5'-GCTAGAGACAAGCGAGACA-3'; antisense, 5'-ACACAGGC
TCAGCGATGGA-3'; PKCB2 sense, 5'- TGTCATTCAAGCTCAACAG
CTATCA-3'; antisense, 5'- ACACAGGCTCAGCGATGGA-3'; GAPDH
sense, 5'-CTTCATTGACCTCAACTACATG-3'; antisense, 5-TGTCAT
GGATGACCTTGGCCAG-3'.

Western blotting analysis

Nuclear and cytoplasmic lysate preparation, and Western blotting were
performed as previously described (14, 18).
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FIGURE 1. A, Expression of GATA transcriptional factor in RBL2H3
and BMMCs. BMMCs were cultured with IL-3 for 3 wk and then cultured
with IL-3 plus SCF or IL-3 alone for 1 wk. Nuclear extracts were harvested
and Western blot analyses were performed using GATA-1, GATA-2, or
SRp20 (control) specific Ab. B, Expression of GATA-2 in tissue mast cells.
A section was stained with Alcian blue and GATA-2-specific Ab. Arrows
indicate mast cells that express GATA2 protein. The data of second Ab
alone (control) is shown to rule out the possibility of nonspecific staining
by anti-GATA-2 Ab.

B-Hexosaminidase release assay

B-Hexosaminidase release assay was performed as previously described
(19). Results were expressed as percentage of total -hexosaminidase ac-
tivity present in the cells. Results were expressed as percentage of total
B-hexosaminidase activity present in the cells.

Cytokine ELISA

Murine IL-4, IL-12p40, and TNF-a immunoassay kits (BD Pharmingen),
murine IL-13 ELISA and rat IL-13 ELISA kits (R&D Systems), and rat
IL-4, IL-12p40, and TNF-a immunoassay kits (BioSource International)
were used according to the manufacturer’s instructions.

Measurement of cell proliferation

Proliferation was measured by 3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay as previ-
ously described (20). Corrected absorbance at 490 nm was calculated by
subtracting the background absorbance (medium alone).

Detection of apoptosis

Apoptosis of mast cells was measured using the Annexin VFITC apoptosis
detention kit according to the manufacturer’s instruction (MBL). The flow
cytometric analysis was performed using a FACSCalibur flow cytometer
(BD Biosciences).

Detection of FceRI expression on mast cells

Cells were sensitized by incubating for 2 h with 1 ug/ml anti-DNP IgE in
culture medium. Then cells were stained with PE-conjugated anti-IgE Ab.
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FIGURE 2. Suppression of GATA activity in mast cells. A, Inducible ex-
pression of DN-GATA in RBL2H3 cells. Western blot analysis was performed
with nuclear extracts from the parental (cont), the clone transfected with vector
alone (TRE), and DN-GATA-expressing clones (01 and 02) treated with Dox
for the indicated days. The membrane was probed with an anti-Flag Ab, as
DN-GATA is tagged with Flag. B, Repression of GATA transcriptional ac-
tivity by DN-GATA. Cells were transiently transfected with 1 g of pGATA-
1&2-Luc plasmid and 0.1 ug of pRL/SV40. Cells were incubated with Dox or
not for 2 days and then luciferase activities were measured. C, Repression of
GATA transcriptional activity by K-7174. BMMCs were transiently trans-
fected with 1 ug of pGATA-1&2-Luc plasmid and 0.1 g of pRL/SV40 using
HVIJ vector. After 32 h, K-7174 was added to culture medium and incubated
for 16 h. Then luciferase activities were measured. D, Inhibition of GATA
protein production by siRNA. BMMCs were transfected with the indicated
amount of nonspecific control siRNA (cont) or specific siRNA for GATA-1 or
GATA-2 using HVJ vector. After 2 days, nuclear extracts were harvested and
Western blot analyses were performed using GATA-1, GATA-2, or SRp20
(control) specific Ab. E, Repression of GATA transcriptional activity by
siRNA. BMMCs were transfected with indicated amounts of nonspecific con-
trol siRNA (cont) or specific siRNA for GATA-1 or GATA-2 using HVJ
vector. After 2 days, luciferase activities were measured. To examine NF-xB
activity, cells were transfected with 1 ug of pNF«kB-Luc and 0.1 ug of pRL/
SV40. Cells were stimulated with IgE cross-linking for 16 h or not. Units of
luciferase activity were normalized based on values of pRL/SV40 activity for
transfection activity (relative luciferase activity). The fold inductions were cal-
culated as follows: (relative luciferase activity of stimulated cells)/(relative
luciferase activity of unstimulated cells). A typical result of at least three in-
dependent experiments is shown.
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FIGURE 3. [Inhibition of degranulation by suppres-
sion of GATA activity. A-C, Degranulation was as-
sessed by measuring the release of B-hexosaminidase in
the supernatant. A, The parental (cont) and DN-GATA-
expressing clones (01 and 02) were incubated with Dox
or not (—) for 2 days and then stimulated with IgE cross-
linking. B, BMMCs were incubated with K-7174 (15
M) or DMSO (cont) for 16 h and then stimulated with
IgE cross-linking. C, BMMCs were transfected with in-
dicated amount of nonspecific control siRNA (cont) or
specific siRNA for GATA-1 or GATA-2 using HVJ
vector. After 2 days, cells were stimulated with IgE
cross-linking. D, Typical photographs of the PCA reac-
tion from among five tests. E, Analytical data regarding
the extravasated Evans blue. A typical result of three
independent experiments is shown. Data are expressed
as A620 = absorbance 620 nm of IgE-sensitized ear
minus absorbance 620 nm of saline-injected ear. The
error bars represent SD values. The experiments were

f-hexosaminidase release (%) >

done in triplicate. The error bars represent SD values.

After washing, the cells were resuspended and analyzed using a FACS-
Calibur flow cytometer (BD Biosciences).

Detection of JNK phosphorylation

Human phospho-JNK (pan) ELISA kit (R&D Systems) was used according
to the manufacturer’s instruction. This assay also recognizes mouse and rat
phospho-JNK.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed according to the manufacturer’s instruction
(Upstate Biotechnology). The quantitative real-time PCRs were performed
using Real-time PCR master mix (Toyobo) in a MX3000P (Stratagene)
according to the manufacturer’s protocols. Primer sequences were as fol-
lows: the PKC[B promoter-specific primers are as follows: PKCf prol
(—927 to —784): sense, GGTACTTACAACCACATAGACA,; antisense, CT
TGCTCCAACGAACCCTTAGA; probe, FAM-CTCTGCTTGCTCCAACG
AACCCTT-TAMRA. PKCp pro2 (—261 to —187): sense, CCTTGAACCC
TTCGGGTACT; antisense, CCAGCCAAGTGTTCTTAGCC; probe, FAM-
CCGCCCAGAGCCGCCAGCT-TAMRA. Intron2 of JAK2-specific primers
were as follows: sense, TGTATGGGAAGGGTTTGACTCC; antisense, GG
CAAAGGACAAGTCTGTGC; probe, FAM-CACAAGAGGGCAGCACCA
CCAGGC-TAMRA.

Results

Expression of GATA transcriptional factors in differentiated
mast cells

To investigate the role of GATA transcriptional factors in mast
cells, we examined a well-established basophilic mast cell line
RBL2H3 and BMMCs. As shown in Fig. 14, both GATA-1 and
GATA-2 were expressed in the RBL2H3 cells, as previously de-
scribed (Fig. 1A4) (10). In BMMCs prepared with IL-3 alone,
GATA-2 expression was observed, although GATA-1 expression
was below the level of detection. When the culture medium was
supplemented with the SCF, BMMCs expressed detectable
amounts of the GATA-1 protein and significant amounts of the
GATA-2 protein (Fig. 1A). Because SCF is known to induce mat-
uration of mast cells (21), these results indicate that GATA-1 and
GATA-2 are abundantly expressed in differentiated BMMCs.
Although various mast cell lines and BMMCs have been re-
ported to express GATA-1 or GATA-2 (10), the in vivo expression
of GATA proteins in mast cells remains controversial (8, 9, 22). To
confirm the expression of GATA proteins in mast cells distributed
in tissue, immunohistochemical analysis was performed using
GATA-specific Abs along with Alcian blue staining. As shown in
Fig. 1B, GATA-2 expression was observed in mast cells in various
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mouse tissue, such as the skin on the ear and the abdomen, the tongue,
and the spleen (Fig. 1B). In contrast, GATA-1 expression was below
the level of detection in tissue mast cells, although the nuclei of
megakaryocytes were clearly stained with the same Ab (data not
shown). These data suggest that GATA-2 protein is expressed in mast
cells in vivo as well as in mast cell lines and BMMCs.

Suppression of GATA activity in mast cells

In an attempt to specifically repress the activities of GATA-1 and
GATA-2, we used the inducible overexpression of a DN form of
GATA (DN-GATA), the specific GATA inhibitor (K-7174) and
siRNA technology.

DN-GATA is a deletion mutant of GATA-1, which consists of
the N-terminal zinc finger of GATA-1. We previously described
that the overexpression of this deletion mutant significantly inhib-
ited the transactivation of IL-13 promoter in mast cells (14). Be-
cause we could not obtain cell lines that express DN-GATA stably,
we selected the tetracycline-inducible expression system for the
expression of DN-GATA in the RBL-2H3 cells. Two clones ex-
pressing this deletion mutant were isolated for analyses. As shown
in Fig. 2A, DN-GATA expression was significantly induced in
these cell lines in the presence of Dox. To confirm whether this
deletion mutant actually worked in a DN fashion, we examined
GATA transcriptional activity using a luciferase reporter plasmid
designed to measure transcriptional activity of both GATA-1 and
GATA-2 (pGATA-1&2-Luc). As shown in Fig. 2B, the absence of
Dox resulted in a moderate reduction in the GATA activity in these
cell lines, suggesting that the background expression of DN-
GATA can suppress GATA activity. However, a severe reduction
was observed after Dox supplementation. In contrast, NF-«B ac-
tivity did not affected by expression of DN-GATA (Fig. 2B). These
results indicate that DN-GATA really worked in a DN fashion.

In BMMCs, we used K-7174 and siRNA to repress GATA ac-
tivity. K-7174 was developed as a low m.w. anti-inflammatory
drug; it is known to be a specific inhibitor of GATA (23). To
examine whether K-7174 represses GATA activity in mast cells,
BMMCs were transfected with pGATA-1&2-Luc using the HVJ
vector, and GATA transcriptional activity was measured. As
shown in Fig. 2C, K-7174 inhibited GATA transcriptional activity
in BMMCs.

Transfection of BMMCs with GATA-1 and GATA-2 siRNAs
by using the HVJ vector resulted in markedly decreased levels of
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suppression of GATA activity. Cells were stimu-
lated with IgE cross-linking or PMA/ionomycin. Af-
ter 16 h, the cell-free culture supernatants were col-
lected and cytokine ELISAs were performed. 4, IgE
cross-linking induced cytokine production from DN-
GATA-expressing cells. The parental (cont) and
DN-GATA-expressing clones (01 and 02) were in-
cubated with Dox or not (=) for 2 days and then
stimulated with IgE cross-linking. B, PMA/ionomy-
cin induced cytokine production from DN-GATA-
expressing cells. Cells were incubated with Dox or o
not for 2 days and then stimulated with PMA/iono-
mycin. C, IgE cross-linking induced cytokine pro-
duction from BMMCs treated with K-7174 (15 uM)
or DMSO (cont). Cells were incubated with K-7174
for 16 h and then stimulated with IgE cross-linking.
D, IgE cross-linking induced cytokine production
from BMMCs treated with siRNA. Cells were trans-
fected with indicated amount of nonspecific control
siRNA (cont) or specific siRNA for GATA-1 or
GATA-2 using HVJ vector. After 2 days, cells were
stimulated with IgE cross-linking. We confirmed
that 16 h incubation did not significantly affect the
number of cells (data not shown). The experiments
were done in triplicate. The error bars represent SD
values.
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the GATA-1 and GATA-2 proteins, respectively, when compared
with those obtained with the control siRNA (Fig. 2D). RT-PCR
analysis showed that these siRNAs produced an ~70% reduction
in both GATA-1 and GATA-2 mRNAs (data not shown). As
shown in Fig. 2E, these siRNAs inhibited the GATA transcrip-
tional activity in BMMCs. (Fig. 2E).

Because these three strategies (DN-GATA, siRNA, and
K-7174) can repress the GATA activity within 2 days, the role of
GATA in mast cells can be analyzed with minimum influences
from the cell differentiation status.

Inhibition of degranulation by suppression of GATA activity

Degranulation is considered to be a major function of mast cells.
To determine whether the GATA activity was required for degran-
ulation, we investigated the granule release from the mast cells by
measuring the extracellular activity of B-hexosaminidase, a marker
enzyme for histamine-containing granules. As shown in Fig. 34,
DN-GATA-expressing cell lines that were not induced with Dox
revealed a moderate inhibition of degranulation; severe suppres-
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sion of GATA activity by Dox supplementation resulted in the
complete inhibition of degranulation.

Furthermore, the suppression of degranulation was also con-
firmed in BMMCs in which the GATA activity was suppressed
with GATA inhibitor or siRNA (Fig. 3, B and C). Both GATA-1
and GATA-2 siRNAs inhibited the degranulation from mast cells
and the combination of these siRNA inhibited more significantly
(Fig. 30).

We next assessed the efficacy of the GATA inhibitor in suppressing
degranulation from normal tissue-resident mast cells in vivo. The im-
mediate hypersensitivity reaction was analyzed by local PCA. K-7174
or DMSO (control) was injected intradermally into the ears of mice
simultaneously with anti-DNP IgE injections. On the next day,
DNP-HSA together with Evan’s blue was injected i.v. Within 5
min after this antigenic challenge, the mast cell-dependent PCA
increased vascular permeability, causing local dye extravasa-
tion in the IgE-injected skin but not in the PBS-injected skin. As
shown in Fig. 3, D and E, the size and color intensity of the
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match Ab (nega cont). After washing, the cells were resuspended and analyzed by flow cytometry. A typical result of at least three independent experiments

is shown. The error bars represent SD values.

reaction at the sites of K-7174 injection were significantly de-
creased when compared with those at the sites injected with
DMSO. These data clarify the importance of GATA transcrip-
tional factors in degranulation from mast cells.

Inhibition of cytokine production by suppression of GATA
activity
Because it has been reported that the GATA-binding sites in IL-4
and /L-13 promoters are necessary for their transcriptional activity
in mast cells (13, 14), we examined whether the suppression of
GATA activity would affect the cytokine production from mast
cells. As shown in Fig. 44, after IgE cross-linking, the production
of IL-4, IL-13, and TNF-a was significantly inhibited in DN-
GATA-expressing cell lines. In contrast, the production of IL-
12p40 was not affected in these cells. A similar inhibition of cy-
tokine production was also observed in cells stimulated with PMA
and ionomycin (Fig. 4B). Although the cells induced with Dox
showed more severe reductions in PMA/ionomycin stimulation,
DN-GATA-expressing cell lines that were not induced with Dox
also showed significant reduction of cytokine production, suggest-
ing that mild suppression of GATA activity is enough for inhibi-
tion of the cytokine productions. Additionally, inhibition of cyto-
kine production was also confirmed in BMMCs in which GATA
activity was suppressed using a GATA inhibitor or siRNAs (Fig.
4, C and D).

Using the MTS assay, we next examined whether the repression
of GATA activity inhibited proliferation of mast cells. As shown

in Fig. 5, A-E, the suppression of GATA activity inhibited their
proliferation and promoted apoptosis of mast cells.

Although it has been reported that GATA-1 is required for
FceRI expression on mast cells during their development (24), no
change in FceRI expression was observed by the suppression of
GATA activity in our experiments (Fig. 5F). Thus, the role of
GATA in developed mast cells appeared to be different from that
in precursors and alteration of FceRI expression is not the cause of
the inhibited cytokine production and degranulation induced by the
suppression of GATA activity in developed mast cells. Taken to-
gether, these data strikingly indicate the requirement of GATA
activity for homeostasis and activation of mature mast cells.

GeneChip analysis of differential gene expression induced by
GATA activity suppression

To identify GATA target genes that contribute to the biological
effects of GATA on mast cells, we compared the transcripts of
DN-GATA-expressing and nonexpressing cell lines stimulated
with PMA and ionomycin by using an Affymetrix GeneChip. Ap-
proximately 15,000 of nearly 16,000 genes did not show a signif-
icantly different hybridization signal between DN-GATA-express-
ing cells and control cells. The results of important genes are
shown in Table 1. The transcription of several genes, which has
been reported to be transactivated by GATA, was found to be
decreased in DN-GATA-expressing cells; including carboxypep-
tidase A, IL-4, and IL-13 (10, 13, 14). The decrease in IL-4 and
IL-13 transcripts is consistent with the above-described ELISA
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Table 1. Change in transcript expression in DN-GATA-expressing cells®
Genes 0.1-fold or Less Down-Regulated by
DN-GATA Expression
Fuaction Gene Name Fold Change Gene Name Fold Change
Cytokine IL-3 0.31 Carboxypeptidase A 1 0.009
IL-4 0.38 MCP-1 0.012
Lymphocyte Ag 68 0.012
IL-13 0.09 Mast cell protease 8 0.014
Cytokine receptor IL-IR type2 0.33 CXCR4 0.019
IL-2Ra 0.04 PKC-binding protein {1 0.021
IL-4R 041 IL-10R« 0.041
IL-9R 2.14 IL-2Ra 0.044
Cyclooxygenase 2 0.054
IL-10Ra 0.04 LCRI 0.054
Chemokine MCP-1 0.01 Mcpt2 0.058
Tgfblid 0.067
RTCK1 0.09 Pacsinl 0.088
Chemokine receptor CXCR4 0.02 IL-13 0.095
LCRI 0.05 RTCK1 0.095
Signal transduction Btk 343
PLD2 0.22
PLCvyl 2.14
PKCB 0.38
Apoptosis Bcel-x; 0.47
Bcl-2A1 0.27

“ The parental {(cont) and DN-GATA-expressing clones (02) were incubated with Dox for 2 days. Then, cells were stimulated
with PMA/ionomycin for 4 h. Total RNA was extracted and analyzed for transcript change by Affymetrix GeneChip. Values are

fold change relative to signal intensities in the DN-GATA to those in control.

data. Interestingly, the levels of the Bcl-x; and Bcl-Al genes,
which prevent apoptosis of mast cells (20, 25), were decreased in
DN-GATA-expressing cells, indicating the contribution of these
genes to GATA-dependent cell survival. Among the various tran-
scripts that encode proteins related to signal transduction, the level
of the PKCP gene was decreased. Although the levels of the Bru-
ton tyrosine kinase (Btk) gene and the phospholipase C (PLC)-vyI
gene were increased, these genes have been known to positively
regulate downstream signals and mast cell activation (26, 27).
Therefore, these up-regulations are not the cause of mast cell in-
activation occurring due to the repression of GATA activity. Prob-
ably, these up-regulations are a secondary effect of the repression
of GATA activity. Real-time PCR and Western blot analyses
showed that PKCBI, PKCII, and Bcl-x; were significantly down-
regulated in BMMC:s treated with siRNA or the GATA inhibitor as
well as in DN-GATA-expressing cell lines (Fig. 6, A and B).

Signal transduction from FceRI in GATA-repressed mast cells

We then examined the downstream signals of PKCS in GATA-
repressed mast cells after FceRI cross-linking. Regarding the sig-
nal transduction pathway from FceRI, it has been reported that
PKCB is involved in JNK and Akt activation (27, 28). Surpris-
ingly, we found that the phosphorylation of both JNK and Akt
(Ser*™) was significantly inhibited in DN-GATA-expressing cells
(Fig. 6C). In contrast, Lyn, which is rapidly phosphorylated after
FceRI cross-linking and upstream of PKCB (27, 29), was normally
phosphorylated in DN-GATA-expressing cells (Fig. 6D). These
results indicate the inactivation of downstream signal transduction
of PKCB in DN-GATA-expressing cell lines, presumably due to
the decreased PKCp expression.

Histone acetylation status after suppression of GATA activity in
mast cells

It has been reported that GATA transcriptional factors regulate
tissue-specific gene expression through the modification of histone
acetylation (30). To investigate the possibility of histone modifi-

cation by GATA in the regulation of the PKCPB gene in mast cells,
we examined H3 and H4 acetylation in DN-GATA-expressing cell
lines after the suppression of GATA activity.

We applied the ChIP assay using specific primers for the PKCB
promoter. As shown in Fig. 6E, H3 and H4 acetylation in the
PKCPB promoter region was significantly decreased in DN-GATA-
expressing cells, although acetylation in the control gene (JAK2)
did not change. Additionally, the down-regulation of histone acet-
ylation at the IL-4 promoter and Bcl-x promoter regions was ob-
served in GATA-repressed cells (data not shown). A search in the
nucleotide sequence of the PKCB promoter for the potential binding
sites of transcriptional factors was conducted using TRANSFAC
(www.motif.genome.ad.jp; cutoff score = 85) and the GATA-binding
site was found in the region between —905 and —893. The ChIP
assay indicated that binding of GATA to this region was decreased in
DN-GATA-expressing cells (Fig. 6E, PKCpprol). These results in-
dicate that GATA regulates PKCf3 gene expression through histone
modification.

Discussion

In this study, we have shown the existence of GATA proteins in
mast cell lines, BMMCs, and tissne mast cells and that the repres-
sion of GATA activity significantly inhibits cytokine production,
degranulation, and survival of mast cells, indicating that the
GATA activity is indispensable for homeostasis and activation of
mature mast cells. Microarray analysis has revealed that the tran-
scription of several cytokines, their receptors, and apoptosis-
related genes was under the control of GATA transcriptional fac-
tors in mast cells. Among the various genes related to signal
transduction, PKCP was down-regulated in GATA-repressed mast
cells. Lyn, which is rapidly phosphorylated after FceRI cross-link-
ing in the upstream of PKCf, was normally phosphorylated in the
GATA-repressed mast cells. In contrast, downstream signals such
as the phosphorylation of JNK and Akt were abrogated. Finally,
we have shown that histone acetylation at the PKCp gene region
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was significantly down-regulated in the GATA-repressed mast
cells.

Mast cell precursors leave bone marrow, migrate in the blood,
and differentiate into mature cells after tissue invasion (31). We
have shown that the GATA-2 protein is expressed in mast cells
distributed in various tissues in mice (Fig. 1B). In addition, it has
been reported that mouse peritoneal mast cells express the
GATA-1 protein (9) and that human skin mast cells express the
GATA-2 protein (8). Therefore, it appeared that differentiated mast
cells express GATA-1 or GATA-2. Because previous reports have
shown that the GATA-2 mRNA is highly expressed in the undif-
ferentiated mast cell lineage and down-regulated during its differ-
entiation (22), the GATA-2 expression in mature mast cells may
not be so abundant.

It has been indicated that GATA transactivates gene transcrip-
tion through the regulation of chromatin accessibility. For exam-
ple, GATA-3 interacts with methyl CpG-binding domain protein-2
that regulates DNA methylation in the inactivation of chromatin
and promotes Th2 cytokine expression (32). GATA-1 associates
with the CREB-binding proteins CBP/p300, coactivating factors
that have intrinsic histone acetyl transferase activity, and promotes
B-globin gene expression (30).

The PKCP gene encodes two mRNAs, namely, PKCBI and
PKCBII, which originate from the alternative splicing of the C-
terminal exons (33). In the present study, we have shown that the
repression of GATA activity significantly decreased both PKCBI
and PKCPBII expression (Fig. 6, A and B). Although the transcrip-
tional initiation site has been reported (34), little is known about
the transcriptional regulation of PKCf. Because our data indicated
that histone acetylation and binding of GATA protein in the PKC(3
promoter was decreased after the repression of GATA activity
(Fig. 6E), it is quite conceivable that chromatin accessibility con-
tributes to the transcriptional regulation of PKCB. Interestingly,
our microarray data indicated that the suppression of GATA ac-
tivity down-regulated phospholipase D2 (PLD2) expression (Table
1), which is necessary for PKC activation in mast cells (35). PKCB
activity may be suppressed through this pathway in addition to its
decreased expression. Actually, PKCP activity was significantly
suppressed after the repression of GATA activity, as our experi-
ments on signal transduction indicated (Fig. 6, C and D).

Although mast cells express several isoforms of PKC (36), var-
ious reports have indicated the importance of PKC in the signal

K-7174 (15 uM) or not for 16 h (K-7174). BMMCs were transfected with
nonspecific control siRNA (cont) or specific siRNAs for GATA-1 and
GATA-2 (GATA), and incubated for 48 h. C, Inhibition of signal trans-
duction by repression of GATA activity. The parental (cont) and DN-
GATA-expressing clones (02) were incubated with Dox for 2 days. Cells
were washed and resuspended in RPMI 1640 plus 10% FCS. After 6 h,
cells were stimulated with IgE cross-linking for the indicated time and cell
lysates were harvested. Phosphorylation of JNK was analyzed using the
phospho-JNK-specific ELISA kit. Phosphorylation of Akt was analyzed by
Western blot. D, Phosphorylation of Lyn in DN-GATA-expressing cells.
Cell lysates were harvested as described for Fig. 6C. Western blot analysis
was performed using phospho-Lyn-specific Ab. E, Acetylation levels of
histone H3 and H4 at the PKCP gene. The parental (cont) and DN-GATA-
expressing clones (02) were incubated with Dox for 2 days. For the anal-
ysis of histone acetylation, the ChIP assays were conducted using anti-
acetyl H3 or H4 Ab. For the analysis of binding of GATA, anti-GATA-1
or GATA-2 Ab was used. ChIP assays were quantified by real-time PCR
using probes specific to the PKCB promoter (two regions were analyzed,
prol, —927 to —784 and pro2, —261 to —187) and JAK?2 intron2 (JAK2).
Results are expressed as the fold increase over the levels detected in the
control cells after correcting for differences in the amount of starting (in-
put) chromatin material. The error bars represent SD values.





