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The Journal of Immunology

The Transcription Factor Ehf Is Involved in TGF-3-Induced
Suppression of FceRI and c-Kit Expression and
FceRI-Mediated Activation in Mast Cells

Susumu Yamazaki,*’* Nobuhiro Nakano,* Asuka Honjo,*’T Mutsuko Hara,*
Keiko Maeda,* Chiharu Nishiyama,*’i Jiro Kitaura,* Yoshikazu Ohtsuka,’
Ko Okumura,* Hideoki Ogawa,* and Toshiaki Shimizu®

FceRI, which is composed of «, 3, and y subunits, plays an important role in IgE-mediated allergic responses. TGF-f31 has been
reported to suppress FceRI and stem cell factor receptor c-Kit expression on mast cell surfaces and to suppress mast cell
activation induced by cross-linking of FceRI. However, the molecular mechanism by which these expressions and activation are
suppressed by TGF-1 remains unclear. In this study, we found that the expression of Ets homologous factor (Ehf), a member of
the Ets family transcriptional factors, is upregulated by TGF-B/Smad signaling in mouse bone marrow—derived mast cells
(BMMCs). Forced expression of Ehf in BMMCs repressed the transcription of genes encoding FceRla, FceRIB, and c-Kit,
resulting in a reduction in cell surface FceRI and c-Kit expression. Additionally, forced expression of Ehf suppressed FceRI-
mediated degranulation and cytokine production. Ehf inhibited the promoter activity of genes encoding FceRla, FceRIf, and
c-Kit by binding to these gene promoters. Furthermore, the mRNA levels of Gatal, Gata2, and Stat5b were lower in BMMCs
stably expressing Ehf compared with control cells. Because GATA-1 and GATA-2 are positive regulators of FceRI and c-Kit
expression, decreased expression of GATAs may be also involved in the reduction of FceRI and c-Kit expression. Decreased
expression of Stat5 may contribute to the suppression of cytokine production by BMMCs. In part, mast cell response to TGF-31
was mimicked by forced expression of Ehf, suggesting that TGF-f31 suppresses FceRI and c-Kit expression and suppresses

FceRI-mediated activation through upregulation of Ehf. The Journal of Immunology, 2015, 195: 3427-3435.

ast cells are widely recognized as the major effector
M cells in IgE-dependent immediate hypersensitivity.

They are characterized by expression of FceRI and the
stem cell factor (SCF) receptor c-Kit on the cell surface. FceRI,
which is composed of one a, one 3, and two <y subunits, plays a
critical role in IgE-mediated hypersensitivity reactions. The ex-
pression of FceRI is regulated by multiple transcription factors in
mast cells. Previous studies have shown that the transcription of
the FceRla subunit-encoded gene Fcerla is positively regu-
lated by the transcription factors PU.1 and GATA-1 in both human
and mouse mast cells, and that the transcription of the FceRIp
subunit—encoded gene Ms4a2 in humans and mice is positively
regulated by GATA-2 and GATA-1, respectively (1-7). Alterna-
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tively, c-Kit is essential for the development of mast cells (8-
10). GATA-2 is also involved in the transcription of the c-Kit—
encoding gene Kif in mast cells (11). Several studies have dem-
onstrated that TGF-B1 suppresses mast cell FceRI and c-Kit ex-
pression, and also mast cell activation induced by cross-linking of
FceRI (12-14). TGF-B1 acts as a negative regulator of mast
cell function, but it induces the expression of mouse mast cell
protease (mMCP)-1 and -2 and integrin ag (CD103), markers of
mucosal mast cells (15-19). TGF-3 signaling is mediated by Smads,
which accumulate in the nucleus to transcriptionally regulate
TGF-f target genes. The promoter and enhancer element of Izgae,
encoding CD103, are known to have Smad-binding elements (20).
Thus, CD103 expression is directly regulated by TGF-/Smad
signaling. However, the molecular mechanism by which TGF-f3
suppresses FceRI and c-Kit expression, in addition to FceRI-
mediated activation in mast cells, is poorly understood.

In this study, we found that the expression of Ets homologous
factor (Ehf) is significantly upregulated by TGF-f1 in mouse bone
marrow—derived mast cells (BMMCs). Ehf, also known as Ese-3, is
a member of the Ets family of transcription factors that play
a crucial role in development (21, 22). Ehf is expressed in vari-
ous epithelial cells and tumor cells, and it is involved in the con-
trol of epithelial differentiation or tumor development (23-28).
Functionally, Ehf is a transcriptional repressor of several genes
regulated by MAPK signaling with a dependency on an Ets
binding site (29). Recently, Ehf has been reported to be involved
in the development of monocyte-derived dendritic cells (30-32).

In this study, we show that the transcription factor Ehf contrib-
utes to TGF-B—induced suppression of mast cell FceRI and c-Kit
expression through inhibition of the transcriptional activity of the
promoters of genes encoding FceRIo, FceRIB, and c-Kit, as well
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as downregulation of GATA-1 and GATA-2 expression. Addi-
tionally, our results also indicate that Ehf is probably involved
in TGF-B—induced suppression of FceRI-mediated mast cell ac-
tivation through downregulation of FceRI and Stat5 expression.

Materials and Methods
BMMCs

BMMCs were generated from femoral bone marrow cells of BALB/c
mice as described previously (33). Cells were cultured for 2—4 wk in RPMI
1640 medium (Sigma-Aldrich, St. Louis, MO) supplemented with 10%
heat-inactivated FCS (Life Technologies, Carlsbad, CA), 100 U/ml peni-
cillin, 100 pg/ml streptomycin, 100 wM 2-ME, 10 mM sodium pyruvate, and
10 uM MEM nonessential amino acid solution (Life Technologies) in the
presence of 10 ng/ml recombinant murine IL-3 (Wako Pure Chemical In-
dustries, Osaka, Japan) and 10 ng/ml recombinant murine SCF (Wako
Pure Chemical Industries) at 37°C in a humidified atmosphere in the pres-
ence of 5% CO,. Mast cells were identified by flow cytometric analysis of
cell surface expression of c-Kit and the FceRI a-chain.

TGF-B treatment

Two-week cultured bone marrow cells were cultured in BMMC me-
dium in the presence of 10 ng/ml IL-3, 10 ng/ml SCF, and 5 ng/ml
recombinant murine IL-9 (PeproTech, Rocky Hill, NJ) with or without
1 or 5 ng/ml recombinant human TGF-B1 (Wako Pure Chemical
Industries).

Retroviral constructs and transfection of BMMCs

The full-length mouse Ehf (NM_007914.3) cDNA was subcloned into the
retrovirus vector pMXs-puro, which was a gift from Dr. Toshio Kitamura
(University of Tokyo). A retrovirus-packing cell line, PLAT-E, was trans-
fected with a retroviral vector encoding mouse Ehf or mock vector using
FuGENE 6 (Promega, Madison, WI) to generate recombinant retroviruses.
The nucleotide sequences of the primer set for mouse Ehf cDNA are listed
in Supplemental Table I. Forty-eight hours after transfection, the virus-
containing medium was collected and passed through a 0.45-pwm filter
membrane. The supernatants were incubated for 6 h at 37°C in RetroNectin
(Takara Bio, Shiga, Japan)—coated plates to attach the virus particles
onto the RetroNectin. After removing the supernatants, BMMCs were
plated onto the virus-attached plates. The transduced cells were selected
by additional culture in the presence of 1.6 p.g/ml puromycin for 14 d.

Western blot analysis

Cells were collected and lysed by the direct addition of sample buffer
(62.5 mM Tris-HCI [pH 6.8], 10% glycerol, 2% SDS, 0.1 mg/ml bromo-
phenol blue dye, and 10% 2-ME). The cell lysates were electrophoretically
resolved on a 10% SDS-polyacrylamide gel and transferred onto a poly-
vinylidene fluoride membrane (Bio-Rad, Hercules, CA). Abs against
FLAG (M2) and Ehf, which were purchased from Sigma-Aldrich, were
used as primary Abs. Alexa Fluor 680- or IRDye 800—conjugated anti-
mouse or anti-rabbit IgG Abs (Life Technologies) were used as secondary
Abs. Infrared fluorescence on the membrane was detected by the infrared
imaging system Odyssey (LI-COR Biosciences, Lincoln, NE).

Flow cytometric analysis

BMMCs were stained with FITC-conjugated anti-mouse FceRIo mAb
(MAR-1; eBioscience, San Diego, CA), PerCP (PerCP complex)/Cy5.5 or
PE-conjugated anti-mouse c-Kit mAb (2B8; BioLegend, San Diego, CA),
and PE-conjugated anti-mouse CD103 mAb (2E7; BioLegend) after
blocking Fc receptors with anti-mouse CD16/CD32 mAb (2.4G2). The
expression of cell surface markers was analyzed on a FACSCalibur (BD
Biosciences, San Jose, CA).

Quantitative real-time PCR

Total cellular RNA was purified from cells using an RNeasy kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. First-
strand cDNA was synthesized from 500 ng total RNA using a ReverTra
Ace quantitative real-time PCR (qPCR) RT kit (Toyobo, Osaka, Japan).
Real-time quantitative PCR (real-time PCR) was performed with the
Eco real-time PCR system (Illumina, San Diego, CA) using TagMan
Universal PCR master mix and Assays-on-Demand gene expression
products for EAf (Mm00468193_m1), Fcerla (Mm00438867_m1), Ms4a2
(Mm00442778_ml), Fcerlg (Mm02343757_ml), Kit (Mm00445212_
ml), Itgae (Mm00434443_ml), Gatal (MmO01352636_ml), Gata2
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(Mm00492301_m1), and Spi/ (Mm00488142_m1), which were purchased
from Life Technologies. The mRNA expression levels were quantified
with the comparative method using Eco software and normalized against
the housekeeping gene Gapdh.

RNA interference

Transient silencing of the Smad4 gene was achieved using small inter-
fering RNAs (siRNA) targeted against Smad4 (no. 1, Stealth RNA inter-
ference siRNA MSS206435; no. 2, MSS206437), which were purchased
from Life Technologies. A nontargeting siRNA was used as a negative
control. Cells (2 X 10°) were transfected with 500 nM siRNA using a
mouse macrophage Nucleofector kit (Lonza, Basel, Switzerland) accord-
ing to the manufacturer’s instructions with a Nucleofector II device
(Lonza).

Luciferase reporter assay

Fcerla and Fcerlg promoter regions were amplified from BALB/c
mouse genomic DNA by using PCR and inserted into the multicloning
site of pGL4.10 (Promega) to generate luciferase reporter plasmids. The
nucleotide sequences of primer sets are listed in Supplemental Table I.
The luciferase reporter plasmids pGL3-Basic (Promega) encoding Ms4a2
promoter region —763 to +103 relative to the transcription start site (+1)
(3, 5) and Kit promoter region —622 to +22 (11) were generated as in our
previous studies. The expression plasmid pCR3.1 (Life Technologies)
encoding FLAG-tagged mouse Ehf cDNA and its empty plasmid were
used in this study. BMMCs (4 X 10° cells) were transfected with 1.6 pg
reporter plasmid, 16 ng pRL-null vector (Promega), and 10 ng expression
plasmid with a Neon 10 pl kit using a Neon transfection system (Life
Technologies) set at program 5. Twenty hours after transfection, lucifer-
ase activity was determined using MicroLumat Plus (Berthold Technolo-
gies, Bad Wildbad, Germany) and a Dual-Luciferase assay kit (Promega)
as described previously (5). Firefly luciferase activity derived from the
reporter plasmid was normalized to Renilla luciferase activity derived from
pRL-null.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were performed as de-
scribed in our previous reports (5, 34). Anti-FLAG tag mAb (M2) pur-
chased from Sigma-Aldrich was used for immunoprecipitation, and mouse
IgG (Life Technologies) was used as a control Ab. The amount of chromo-
somal DNA, including promoters of Fcerla, Ms4a2, and Kit genes, were
determined by the TagMan system using the primers and TagMan probes
listed in Supplemental Table II.

Measurement of cytokine concentrations

Cells were sensitized with mouse IgE as described previously (35). To
assess cytokine production, IgE-sensitized cells were incubated at 1 X
10° cells/ml in the presence or absence of 1 pg/ml anti-mouse IgE
mAb (R35-72; BD Biosciences) for 6 h. Cytokine concentrations in cul-
ture supernatants were quantified using a corresponding ELISA kit (R&D
Systems, Minneapolis, MN).

B-Hexosaminidase release assay

The B-hexosaminidase release assay was performed as described previ-
ously (36). Briefly, BMMCs (4 X 10° cells/ml) were incubated for 1 h at
4°C with 1 pg/ml mouse IgE mAb (BD Biosciences) and then were
stimulated for 40 min at 37°C with 1 pg/ml anti-mouse IgE (BD Bio-
sciences). After centrifugation, the supernatants were collected and total
cell lysates were obtained using 1% Triton X-100. The percentage of
B-hexosaminidase release was calculated as described previously (36).

Statistical analyses

The unpaired Student 7 test was used as appropriate for parametric differ-
ences. One-way ANOVA or two-way ANOVA with the Dunnett method
was used for multiple testing of data. A p value <0.05 was considered
significant.

Results
TGF-B1 suppresses FceRI and c-Kit expression in mast cells

TGF-B1 suppresses the expression of FceRI and c-Kit and pro-
motes the expression of CD103 in human and mouse mast cells
(12-14, 17, 19, 37). We previously demonstrated that the tran-
scription of genes encoding FceRla and FceRIB is positively
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TGF-B downregulates FceRI and c-Kit expression and upregulates CD103 expression on mast cell surfaces. Two-week cultured bone
marrow cells were cultured for a further 14 d in media containing IL-3/SCF, IL-3/SCF/IL-9, IL-3/SCF/IL-9/TGF-f (1 ng/ml), or IL-3/SCF/IL-9/TGF-f3

FceRla or c-Kit are shown = SD. (B) Cell surface expression of integrin ag (CD103) on BMMCs assessed by FACS analysis is shown as a histogram.
(C and D) Expressions of mRNAs for the indicated genes encoding cell surface markers (C) and transcription factors (D) in BMMCs were assessed by
qPCR. Values represent mean = SD and are expressed relative to the value of IL-3/SCF. *p < 0.05, **p < 0.005, compared with the result for cells cul-
tured in the presence of IL-3 and SCF, one-way ANOVA.
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regulated by the transcription factors PU.1, GATA-1, and GATA-2
in mast cells (3, 5, 7, 38—41). Additionally, GATA-2 also plays
an important role in the transcription of the Kir gene (11). There-
fore, we first investigated the expression of those transcription
factors in BMMCs cultured in media supplemented with IL-3
plus SCF, IL-3 plus SCF plus IL-9, or IL-3 plus SCF plus IL-9
plus TGF-B1 for 14 d. These systems have been widely used to
study mast cell development (17, 18). Cell surface expression of
FceRI and c-Kit was downregulated in BMMCs cultured in the
presence of TGF-B1 (Fig. 1A), whereas expression of CD103 on
the cell surface was upregulated by TGF-B1 (Fig. 1B). qPCR
assays revealed that the mRNA levels of FceRI subunits Fcerla
(encoding FceRla), Ms4a2 (encoding FceRIB), and Fcerlg
(encoding FceRlIy), as well as Kit (encoding c-Kit), were signifi-
cantly downregulated, and the mRNA level of Itgae (encoding
CD103) was markedly upregulated by TGF-31 (Fig. 1C). Mokrani
et al. (20) reported that CD103 expression is induced by signaling
through Smad and NFAT pathways in human CD8 T cells. However,
the mechanism by which TGF-B1 suppresses the expression of
FceRI and c-Kit on the mast cell surface is unknown. The present
results of gene expression showed that the transcription levels of
Gatal (encoding GATA-1), Gata2 (encoding GATA-2), and Spil
(encoding PU.1) were significantly lower in BMMC:s cultured in the
presence of TGF-B1 compared with BMMC:s cultured in the absence
of TGF-B1 (Fig. 1D). These results suggest that a decrease in ex-
pression levels of GATA-1, GATA-2, and PU.1 contributes to the
TGF-B1-induced downregulation of FceRI and c-Kit expression in
mast cells.

Ehf expression is upregulated by TGF-B1/Smad signaling in
mast cells

Ehf is a member of the Ets family of transcription factors. In this
study, we found that the level of EAf mRNA was markedly higher
in BMMC:s cultured for 14 d in the presence of TGF-B1 compared
with cells cultured in the absence of TGF-1 (Fig. 2A). A signifi-
cant increase in the level of Ehf mRNA was observed at 6 h after
TGF-B1 stimulation (Fig. 2B). TGF-B1 signaling is transmitted to
the nucleus to activate or repress gene expression by activated in-
tracellular messengers Smad2 and Smad3, which form heteromeric
complexes with Smad4. Therefore, to demonstrate that Ehf ex-
pression is induced in BMMCs by TGF-B1 signaling, we blocked
the TGF-B1/Smad signaling pathway using Smad4-specific siR-
NAs. In this experiment, two siRNAs for Smad4 were used to ex-
clude the possibility of any off-target effects of siRNAs. The
expression of Smad4 mRNA in BMMCs transfected with siRNA
nos. 1 and 2 was reduced by ~32 and 76%, respectively (Fig. 2C).
Knockdown of Smad4 significantly reduced the levels of Ehf
and /rgae mRNAs in TGF-B1-treated cells (Fig. 2C). The mRNA
levels of Ehf and Itgae in BMMCs treated with TGF-31 are most
likely to be proportional to the level of Smad4 expression. Smads
have been shown to directly activate transcription of the Itgae
gene (20). Alternatively, it is unclear whether Smads directly bind
to the Ehf promoter. Our data indicate that TGF-31/Smad signal-
ing directly or indirectly upregulates the expression of Ehf in
mast cells.

Forced expression of Ehf decreases the expression of FceRI
and c-Kit on the mast cell surface

Previous studies have demonstrated that some Ets family tran-
scription factors, such as PU.1 and Elf-1, regulate expression of
FceRI in mast cells (6, 7, 42). Although Ehf is also a member of
the Ets family of transcription factors, the role of Ehf in mast cells
has been unknown. In this study, we hypothesized that Ehf con-
tributes to the suppression of FceRI and c-Kit expression induced
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FIGURE 2. TGF-B1/Smad signaling upregulates Ehf expression in
BMMCs. (A) Two-week cultured bone marrow cells were cultured for a
further 14 d in media containing IL-3/SCF, IL-3/SCF/IL-9, or IL-3/SCF/
IL-9/TGF-B1 (1 ng/ml). Expression of mRNA for the Ehf gene in BMMCs
was assessed by qPCR. Values represent mean * SD and are expressed
relative to the value of IL-3/SCF. **p < 0.005, compared with the result
for cells cultured in the presence of IL-3 and SCF, one-way ANOVA. (B)
The mRNA expression kinetic of Ehf in 2-wk cultured bone marrow
cells treated with TGF-B1. Values represent mean * SD and are
expressed relative to the value of TGF-f1—-untreated cells. **p < 0.005
compared with the result for TGF-Bl-untreated cells, one-way
ANOVA. (C) Effects of Smad4 siRNA on Ehf and Itgae mRNA expres-
sion. Two-week cultured bone marrow cells were transfected with
siRNA. After 24 h of transfection, cells were incubated for a further 48 h
in media containing IL-3/SCF/IL-9 or IL-3/SCF/IL-9/TGF-B1 (1 ng/ml).
Expression of mRNA for Smad4, Ehf, and Itgae in BMMCs was
assessed by qPCR. Values represent mean * SD and are expressed rela-
tive to the value of each negative control (Neg. Ctrl.). *p < 0.05, **p <
0.005, compared with the result for each negative control, one-way or
two-way ANOVA.

by TGF-B1 in mast cells. To test our hypothesis, we generated
BMMCs stably expressing Ehf. A retroviral vector encoding
FLAG-tagged mouse Ehf or the empty vector (mock) was trans-
fected into bone marrow cells cultured for 2 wk in medium sup-
plemented with IL-3 and SCF, and then transfectants were selected
by culturing for 2 wk in the presence of puromycin. The ex-
pression of FLAG-tagged Ehf protein was observed in Ehf-
transfected BMMCs in the absence of TGF-B1 (Fig. 3A, 3B).
The cell surface expressions of FceRI and c-Kit were markedly
suppressed in BMMCs stably expressing Ehf compared with
mock-transfected BMMCs (Fig. 3C). Forced expression of Ehf
significantly decreased the levels of mRNA for Fcerla and
Ms4a2, and for Kit in BMMCs, but it did not affect the mRNA
level of Fcerlg (Fig. 3E). Although CD103 expression is upregu-
lated by TGF-B1 treatment, the expression levels of protein and
mRNA were decreased in BMMCs stably expressing Ehf com-
pared with mock-transfected BMMCs (Fig. 3D, 3E). These results
suggest that Ehf contributes to TGF-f31-induced downregulation of
FceRla, FceRIB, and c-Kit, but not upregulation of CD103, in
BMMCs.

9102 ‘g Alenige4 uo ewoy-e1iues ap asoledng 1su| e /610" jounwiw i [mmm//:dny woJy papeo jumoq


http://www.jimmunol.org/

The Journal of Immunology

3431

Ehf
A o« B c 300 *k
L x 2 250] i
(O] 8 —— )
= = o
+ = w g 10 *
@ 8
' . w— | FLAG g s
L 2 4
— 2 5
' ) £ o & o
& o &
o (&
¥ &
"5\% IL-3/SCF
W
C Mock Ehf
S S ©» 500 « 250 Hk
- - 6 *k =
@ N S 400 8 2004 T
- sk " - k=] &
r:,e ﬁ%f ‘; (\é % 300 z. 150
-1 ; - £ 200 S 100
[=) o = [=]
= - 2 100 T 50
X % = = i
A 700 1ol 102 10¥ 10t 7 = ot 0 r
FceRla > Mock Ehf Mock Ehf
D 8. Mock . Ehf
8 8] 8
thlJ" 10l 102 10® 164 0 10".- 102 108 10%
CD103 *

E Fcerla Ms4a2 Fcerig Kit Itgae
£ 15 (FceRla) i (FceRIB) iE (FceRly) e e (CD103)
‘D i *k e **
3
s 1.0 1.0 — 1.0 1.0 = 1.0
»

[
L os 05 05 05 0.5
5
: m | n -
[F}
c 00 T 0.0 T 0.0 T 0.0 T 0.0 T
Mock Ehf Mock Ehf Mock Ehf Mock Ehf Mock Ehf

FIGURE 3. Cell surface expressions of FceRI and c-Kit are suppressed by forced expression of Ehf in BMMCs. Two-week cultured bone marrow
cells were cultured for a further 14 d in media containing IL-3/SCF, IL-3/SCF/TGF-B1 (1 ng/ml), or were transfected with a retroviral vector encoding
the FLAG-tagged mouse Ehf cDNA or mock vector. Retrovirus-infected cells were cultured for a further 14 d in the presence of IL-3, SCF, and pur-
omycin. (A) SDS-lysed total cell lysates were subjected to Western blot analysis as indicated. (B) Expression of Eif mRNA in BMMCs was assessed
by qPCR. Values represent mean * SD and are expressed relative to the value of cells cultured in the presence of IL-3 and SCF. **p < 0.005, compared
with the result for cells cultured in the presence of IL-3 and SCF, one-way ANOVA. (C) Cell surface expressions of FceRIa and c-Kit on the transfected
cells were assessed by FACS analysis. The mean fluorescence intensities (MFI) of FceRIa or c-Kit are shown = SD. **p < 0.005 as determined by
unpaired Student ¢ test. (D) Cell surface expression of integrin ag (CD103) on the transfected cells assessed by FACS analysis is shown as a histogram.
(E) Expression of mRNA for the indicated genes encoding cell surface markers in BMMCs was assessed by qPCR. Values represent mean = SD and

are expressed relative to the value of mock-transfected cells. **p < 0.005 as determined by unpaired Student # test.

Transcriptional activities of Fcerla, Ms4a2, and Kit gene
promoters are downregulated by binding of Ehf

Our previous studies have shown that the transcriptional activity
of the Fcerla gene promoter is upregulated by binding of PU.1,
an Ets family transcription factor, to an Ets binding site on the
promoter region (2, 6, 7). Ms4a2 and Kit genes also have some
canonical Ets binding sites on their promoter regions (data not
shown). Thus, to examine the mechanism by which the transcrip-
tion of Fcerla, Ms4a2, and Kit genes is selectively repressed by
forced expression of Ehf, an Ets family transcription factor, we
analyzed the influence of Ehf on their promoter activities in

BMMCs. First, the promoter activity of the genes encoding FceRI
subunits and c-Kit were measured by luciferase reporter assays in
BMMCs. The luciferase activity of reporter plasmids containing the
promoter segments of Fcerla, Ms4a2, Fcerlg, or Kit genes was
significantly higher than that of a promoterless reporter plasmid
(Fig. 4A). The luciferase activities driven by Fcerla, Ms4a2, and Kit
promoters were strongly repressed by transient expression of Ehf,
whereas that of Fcerlg was only modestly decreased by Ehf expres-
sion (Fig. 4A). These results indicate that Ehf represses the tran-
scription of Fcerla, Ms4a2, and Kit genes, but not the Fcerlg gene,
in BMMCs through downregulation of these promoter activities.
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FIGURE 4. Promoter activities of Fcerla, Ms4a2, and Kit are down-
regulated by Ehf in BMMCs. (A) BMMCs were transfected with each
reporter plasmid and expression plasmid by electroporation. The lucifer-
ase activity of each transfection was normalized to the activity of Renilla
luciferase derived from pRL-null. Data are expressed as relative lucifer-
ase activity to the activity driven by a promoterless reporter plasmid and
mock-expression vector, which is assigned a value of 1.0, and represent
mean *= SD. (B) Binding of Ehf to the promoters of Fcerla, Ms4a2, and
Kit genes was confirmed by ChIP-qPCR. ChIP analyses were performed
in BMMCs transfected with a retroviral vector encoding the FLAG-tag-
ged mouse Ehf cDNA or mock vector using anti-FLAG Ab. Immunopreci-
pitated DNA qPCR data are expressed relative to input DNA within the
same reaction and represent mean * SD. *p < 0.05, **p < 0.005 as deter-
mined by one-way ANOVA.

We next used ChIP assays to confirm association of Ehf with
the promoter regions of Fcerla, Ms4a2, and Kit genes. A signifi-
cantly higher amount of chromatin containing the promoter seg-
ment of these genes was immunoprecipitated by anti-FLAG mAb
compared with isotype control IgG in BMMCs expressing FLAG-
tagged Ehf (Fig. 4B), demonstrating that Ehf represses the tran-
scriptional activities of Fcerla, Ms4a2, and Kit genes by directly
binding to these promoter regions. It therefore follows that Ehf acts
as a transcriptional repressor of the Fcerla, Ms4a2, and Kit genes.

Forced expression of Ehf results in a decrease in the
transcription level of Gatal and Gata2 genes in BMMCs

Interestingly, forced expression of Ehf significantly suppressed
the transcription levels of Garal and Gata2 in BMMCs but did
not affect the transcription of Spi/ (Fig. 5). Previously, we dem-
onstrated that knockdown of GATA-1 and/or GATA-2 by siRNA
suppresses the transcription of Fcerla and Ms4a2, but not Fcerlg,
in mast cells (7). Additionally, knockdown of GATA-2 also sup-
presses the transcription of Kit in mast cells (11). The data
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FIGURE 5. Transcription of Gatal and Gata2 genes is repressed in
BMMCs expressing Ehf. Expression of mRNA for the indicated genes
encoding transcription factors in BMMCs transfected with a retroviral
vector encoding the FLAG-tagged mouse Ehf cDNA or mock vector was
assessed by qPCR. Values represent mean * SD and are expressed relative
to the value of mock-transfected cells. **p < 0.005 as determined by un-
paired Student 7 test.

shown in Fig. 5 are consistent with the previous results. Therefore,
the downregulation of GATA-1 and GATA-2 expression may also
contribute to the suppression of FceRI and c-Kit expression on
BMMCs expressing Ehf. However, the detailed molecular mech-
anism of the downregulation of transcription of Gatal and Gata2
by Ehf remains unknown, because, in this study, we were not able
to identify the functional promoter regions of Gartal and Gata2
genes in BMMCs.

Ehf inhibits mast cell activation by FceRI cross-linking

Mast cell activation by cross-linking of FceRI results in degranu-
lation and de novo synthesized cytokines. TGF-B1 has been
shown to inhibit FceRI-mediated degranulation and synthesis
of cytokines in mast cells (12, 14). To investigate the role of
Ehf in FceRI-mediated mast cell activation, we measured the
FceRI-mediated release of 3-hexosaminidase as an index of de-
granulation and production of cytokines IL-6 and IL-13 by
BMMC:s stably expressing Ehf. The -hexosaminidase release
by BMMC:s treated with TGF-1 and BMMC:s stably expressing
Ehf was reduced by ~60 and 58% compared with that by control
cells cultured with IL-3 and SCEF, respectively (Fig. 6A). The low
levels of degranulation in these BMMCs may be explained by re-
duced expression of FceRI (Figs. 1A, 3C). Additionally, FceRI-
mediated productions of IL-6 and IL-13 were reduced by >70%
in both BMMC:s treated with TGF-31 and those stably expressing
Ehf compared with control cells cultured with IL-3 and SCF
(Fig. 6B). However, the marked reduction in FceRI-mediated
cytokine production cannot be explained only by reduced ex-
pression of FceRI. Fernando et al. (14) showed that TGF-31
reduces the expression of Stat5, which is a critical regulator of
cytokine induction, in mast cells. The expression level of
Stat5b mRNA in BMMCs treated with TGF-$1 and in BMMCs
stably expressing Ehf was reduced by ~45 and 62% compared
with that in control cells cultured with IL-3 and SCF, respec-
tively (Fig. 6C). Thus, reduced expression of FceRI and Stat5
may contribute to the inhibition of FceRI-mediated cytokine pro-
duction by treatment with TGF-B1 or forced expression of Ehf.
These results suggest that upregulation of Ehf is involved in TGF-
B1-induced inhibition of FceRI-mediated mast cell activation.

Discussion

Short-term exposure to TGF-$3 inhibits mast cell FceRI expres-
sion through a reversible pathway that diminishes protein but not
mRNA expression of o, 3, and vy subunits (12). In contrast, long-
term exposure to TGF-B during development of mast cells
inhibits not only FceRI expression but also c-Kit expression (13).
Additionally, TGF-B is considered to be a key cytokine in muco-
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FIGURE 6. FceRI-mediated mast cell activation is inhibited by forced
expression of Ehf. Two-week cultured bone marrow cells were cultured
for a further 14 d in media containing IL-3/SCF, IL-3/SCF/TGF-B1 (1 ng/
ml), or were transfected with a retroviral vector encoding the FLAG-tagged
mouse Ehf cDNA or mock vector. Retrovirus-infected cells were cultured
for a further 14 d in the presence of IL-3, SCF, and puromycin. Cells were
sensitized with IgE and then were stimulated with anti-IgE. Release of
B-hexosaminidase (A), IL-6, and IL-13 (B) by BMMCs cultured in the
presence or absence of TGF-B1 and transfected with FLAG-tagged
mouse Ehf or the mock vector. Values represent mean = SD. (C) Expres-
sion of Stat5b mRNA in BMMCs was assessed by qPCR. Values represent
mean * SD and are expressed relative to the value of cells cultured in the
presence of IL-3 and SCFE. **p < 0.005, compared with the result for
cells cultured in the presence of IL-3 and SCF, one-way ANOVA.

sal mast cell differentiation because it induces expression of
mMCP-1, mMCP-2, and CD103, marker molecules of mature
mucosal mast cells, in mice (15-19). Indeed, the levels of cell
surface FceRI and c-Kit expression are lower in mucosal mast cells
than in connective tissue-type mast cells (43). We showed that
the mRNA levels of c-Kit and each subunit composed of FceRI
were lower in BMMC:s cultured in the presence of TGF-f1 for 14 d
than in BMMCs cultured in the absence of TGF-B1 during the
same period (Fig. 1A). The decreased expression of FceRI and
c-Kit may be explained, in part, by the decrease in the transcrip-
tion factors GATA-1, GATA-2, and PU.1 (Fig. 1D), because
these transcription factors play a crucial role in mast cell FceRI
and c-Kit expression. In particular, mouse FceRI o and 3 subunits
are positively regulated by GATA-1/PU.1 and GATA-1, respec-
tively, and mouse c-Kit is positively regulated by GATA-2 (3, 5, 6).
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However, the molecular mechanism by which TGF-B1 inhibits
the expression of these transcription factors in mast cells is not
clear. Moreover, an unknown mechanism to directly repress the
expression of genes encoding FceRI subunits and c-Kit may be
involved.

In this study, we found that TGF-B1 induces upregulation of
Ehf in BMMC:s (Fig. 2A, 2B). The upregulation of Ehf was signif-
icantly suppressed by knockdown of Smad4 using specific siRNA
(Fig. 2C), and this almost certainly depends on TGF-3/Smad sig-
naling in mast cells. However, it remains unclear whether the
transcription of the Ehf gene is directly regulated by Smads, be-
cause there is insufficient information regarding the promoter
element of the EAhf gene. Ehf is an Ets family transcription
factor, a family that includes PU.1. Although PU.1 plays an im-
portant role in the activation of the Fcerla gene promoter in
mast cells through binding to Ets binding sites, the function of Ehf
in mast cells has been unknown. In this study, we showed that
forced expression of Ehf suppressed the cell surface expression
of FceRI and c-Kit on BMMCs (Fig. 3C). The levels of mRNA
encoding c-Kit and FceRI subunits « and 3, but not -y, were lower
in BMMCs stably expressing Ehf than in the control cells
(Fig. 3E). Ehf functions as a transcriptional repressor of several
genes through Ets binding sites (29). Ets binding motifs are pres-
ent not only in the Fcerla gene promoter but also in Ms4a2 and
Kit gene promoters. Luciferase reporter assays and ChIP assays
showed that the promoter activities of Fcerla, Ms4a2, and Kit
genes were directly downregulated by binding of Ehf to these
gene promoter regions (Fig. 4). These results demonstrate that
Ehf functions as a transcriptional repressor of Fcerla, Ms4a2,
and Kit genes in mast cells. Moreover, forced expression of Ehf
in BMMCs resulted in a decrease in mRNA expression of Gatal
and Gata2, which act as transcriptional activators of Fcerla,
Ms4a2, and/or Kit genes (Fig. 5). Therefore, Ehf not only directly
represses the transcription of Fcerla, Ms4a2, and Kit genes as
a transcriptional repressor, but it may also indirectly repress them
by downregulating the expression of GATA-1 and GATA-2. Alter-
natively, the transcriptions of Fcerlg and Spil genes were not re-
pressed in BMMCs stably expressing Ehf (Figs. 3E, 4), although
they were repressed in BMMCs treated with TGF-B1 (Fig. 1C,
1D). Thus, the repressions of FceRIy and PU.1 expression were
probably induced by a mechanism that is not mediated by Ehf in
BMMCs treated with TGF-31.

The reduction of FceRI expression leads to the inhibition of
FceRI-mediated mast cell activation. Our data showed that
treatment with TGF-3 or forced expression of Ehf downregulates
FceRI-mediated degranulation and markedly downregulates FceRI-
mediated cytokine production (Fig. 6A, 6B). Recently, the Fyn—
Stat5B pathway has been reported to be a novel mechanism for
FceRI-mediated cytokine production (44). The marked suppression
of FceRI-mediated cytokine production may be due not only to re-
duced FceRI expression, but also to reduced transcription factor
Stat5B expression (Fig. 6C). These findings indicate that the up-
regulation of Ehf is probably involved in the downregulation of
GATA-1, GATA-2, and Stat5B in BMMCs, although it remains un-
clear whether Ehf acts as a direct transcriptional repressor of these
genes. Further investigation is needed to understand the function of
Ehf in mast cells. Additionally, the generation and phenotypic
analysis of Ehf knockout mice will be of use in evaluating the bio-
logical significance of Ehf in mast cells.

In this study, some mast cell responses to TGF-1 were mim-
icked by forced expression of Ehf. Therefore, we suggest that
Ehf is involved in the suppression of FceRI and c-Kit expres-
sion and FceRI-mediated mast cell activation caused by TGF-1/
Smad signaling. These findings provide mechanistic insights into
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TGF-B1-mediated mast cell responses. This novel insight may
contribute to understanding the mechanisms of mucosal mast
cell development and regulation of mast cell functions.
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Supplemental Table S1. Nucleotide sequences of primers used for gene cloning.

Gene Sequence* (5°—3°) RE
Forward gggaattc ATGATTCTGGAAGGAAGTGGTGTAAT EcoRI
= Reverse ggctcgagTCAGTTCTCATTTTCTCTCCATCCACG Xhol
Fcerla Forward aaggtaccTGGCAAGGAACATGAAGTGAAACTCTGG  Kpnl
1(3_r605r30tt:r+2) Reverse aactcgagTAGGCTTGAAACCACAAAGGAGAAGG Xhol
Fcerlg Forward ctcgagGTAATGTGTCTTTCTTGGTGTCTTGCTGCC Xhol
1(:’—rS0 (?(l)ottoer+86) Reverse 2agcttTGCGGCGCTGGGAGCTGGTGATCG HindIII

*The inserted nucleotides are shown with small letters and the restriction enzyme (RE) recognition

sites are underlined.



Supplemental Table S2. Nucleotide sequences of synthesized oligonucleotides for ChIP assay.

Target Sequence (5’ —3’)
Forwad GCCCAGGCATAGCTGATGAG
Fcerla promoter Reverse CTTCGAAAATAGGCTTGAAACCA

TaqMan Probe* FAM-TTAACCAGATACAACACAGAAG-MGB

Forwad ACAGCAAGAGAAAGGAGTCACTGAT
Ms4a2 promoter Reverse CATGCGGAACCTACTTGTCAGA
TaqMan Probe FAM-CAATCAGCCTGGAGACT-MGB
Forwad GGGCGCTGTGCCCTCT
Kit promoter Reverse CTGAAGGACCACCGATGGA
TaqMan Probe FAM-CCCTGGATCCTCT-MGB

*FAM, FAM reporter dye; MGB, Minor Groove Binder.
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