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FHL3 negatively regulates human high-affinity IgE receptor β-chain gene
expression by acting as a transcriptional co-repressor of MZF-1
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The high-affinity IgE receptor FcεRI plays a key role in triggering
allergic reactions. We recently reported that human FcεRI β-chain
gene expression was down-regulated by a transcription factor,
MZF-1, through an element in the fourth intron. In the present
study, we found that this transcriptional repression by MZF-1 re-
quired FHL3 (four and a half LIM domain protein 3) as a cofactor.
Yeast two-hybrid and immunoprecipitation assays demonstrated
that FHL3 bound MZF-1 in vitro and in vivo. Overexpression of
FHL3 in KU812 cells suppressed the β-chain promoter activity
through the element in the fourth intron in an MZF-1-dependent
manner. Furthermore, results from pull-down assays and gel-fil-

tration chromatography employing nuclear extracts indicated that
MZF-1 and FHL3 formed a complex of high molecular mass with
some additional proteins in the nucleus. Granulocyte–macrophage
colony-stimulating factor, which was reported to decrease FcεRI
expression, induced the accumulation of FHL3 in the nucleus,
in accordance with the repressive role of FHL3 in β-chain gene
expression.

Key words: allergy, cofactor, FcεRIβ, four and a half LIM domain
protein 3 (FHL3), gene expression, MZF-1.

INTRODUCTION

The high-affinity receptor for IgE, FcεRI, plays a central role in
triggering the IgE-mediated allergic reaction. FcεRI is expressed
in limited types of cells such as mast cells, basophils, eosinophils
[1], monocytes [2], Langerhans cells [3,4], platelets [5,6] and
neutrophils [7]. Cross-linking of FcεRI on effector cells by antigen
(allergen)–IgE complexes induces not only the release of chemical
mediators in the early-phase reaction but also cytokine gene
expressions, leading to the late-phase reaction.

FcεRI is composed of three different subunits, α, β and γ , of
which the α-chain directly binds IgE, while the β- and γ -chains
are responsible for mediating intracellular signals. Although a
functional receptor is expressed both as a tetramer (αβγ 2) and
a trimer (αγ 2) in humans [8], intracellular signals [9,10] in ad-
dition to cell-surface expression [11] have been reported to be
amplified significantly by the β-chain, indicating that the β-chain
increases the sensitivity of cell activation to stimulation by aller-
gens. Therefore functional inhibition of the β-chain is a reason-
able strategy to suppress allergic reaction by raising the threshold
of FcεRI-mediated cell activation by decreasing both the intra-
cellular signals and the cell-surface FcεRI expression. Among
many methods of inhibiting the function of the β-chain, repression
of the β-chain gene transcription would be an effective solution,
because the β-chain expression is limited to specific types of cells
expressing FcεRI.

The genomic structure of the human FcεRI β-chain gene has
already been determined [12]; however, only a few analyses were
performed on regulatory mechanisms of the β-chain gene trans-
cription. At first, our group reported that two Oct-1-binding sites
in the 5′-untranslated region were essential for the activation of
the β-chain gene promoter [13]. Recently, we also reported that

a transcription factor, MZF-1, repressed the β-chain gene ex-
pression through an element in the fourth intron [14]. Since it
was suggested that cofactors were required for the transcriptional
suppression by MZF-1 [14], we searched a human cDNA library
for them by the yeast two-hybrid assay. Out of the identified pro-
teins interacting with MZF-1 in the assay, FHL3 (four and a half
LIM domain protein 3), was found to act as a repressive cofactor
in the MZF-1-mediated transcriptional regulation of the β-chain
gene.

EXPERIMENTAL

Plasmid construction

Human MZF-1 cDNA, obtained as described previously [14], was
inserted into pGBKT7 (BD Biosciences Clontech, Palo Alto, CA,
U.S.A.) harbouring a GAL4 BD (DNA-binding domain) and a
c-Myc tag at the SmaI site to produce pGBKT7-MZF1. Deletion
mutants of MZF-1 and FHL3 were constructed with restriction
endonuclease digestion and PCR technique. A DNA fragment en-
coding the full-length human FHL3 obtained by PCR using
pACT2-FHL3 as a template was inserted into pCR3.1 (Invitrogen,
Carlsbad, CA, U.S.A.) to yield pCR3.1-FHL3. Human FHL1
and FHL2 cDNAs were obtained by RT (reverse trans-
criptase)–PCR and cloned into pCR3.1 to yield pCR3.1-FHL1
and pCR3.1-FHL2 respectively. The nucleotide sequences of syn-
thetic oligonucleotides used as PCR primers are as follows
[15,16]: FHL1, 5′-CATGGCGGAGAAGTTTGACTGCCAC-3′

and 5′-GTTTACAGCTTTTTGGCACAGTCGG-3′; FHL2, 5′-AA-
TGACTGAGCGCTTTGACTGCCACC-3′ and 5′-GTGTTGA-
ATTCAGATGTCTTTCCCAC-3′.

Abbreviations used: AD, activation domain; Ade, adenine; BD, DNA-binding domain; CREB, cAMP-response-element-binding protein; EMSA, electro-
phoretic mobility-shift assay; FHL, four and a half LIM domain protein; GM-CSF, granulocyte-macrophage colony-stimulating factor; HA, haemagglutinin;
6HN, 6 × His-Asn; IL-3, interleukin 3; RT, reverse transcriptase; SD medium, minimal synthetic dropout medium.

1 To whom correspondence should be addressed (email fcericra@med.nihon-u.ac.jp).
The nucleotide sequence data reported will appear in the DDBJ, EMBL, GenBank® and GSDB Nucleotide Sequence Databases under accession

number AB158503.
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A double-stranded synthetic oligonucleotide prepared by the
annealing of 5′-CTAGCATGAGACATAATCATAATCATAATC-
ATAATCATAATCACA-3′ and 5′-AGCTTGTGATTATGATTA-
TGATTATGATTATGATTATGTCTCATG-3′ was introduced into
pCR3.1-FHL3 at the NheI–HindIII site to construct pCR3.1-6HN-
FHL3 (where 6HN stands for 6 × His-Asn). A DNA fragment
encoding BD-c-Myc-MZF1 prepared from pGBKT7-MZF1 was
inserted into pCR3.1 and the resulting plasmid was named
pCR3.1-BD-c-Myc-MZF1.

Yeast two-hybrid assay

A Matchmaker Gal4 two-hybrid system 3 (Clontech) was used
according to the manufacturer’s instructions. Yeast AH109 cells
were sequentially transformed with pGBKT7-MZF1 and with a
human lymph node cDNA library in a pACT2 vector (Clontech)
containing a GAL4 AD (activation domain) and an HA (haemag-
glutinin) tag. Co-transformed cells grew on an SD −Trp/−Leu
medium (minimal synthetic dropout medium lacking tryptophan
and leucine), because pGBKT7 carried a TRP1 gene allowing
the cells to grow without Trp and pACT2 carried an LEU2 gene
allowing the cells to grow without Leu. Protein interaction in yeast
AH109 cells was detected by the expression of three reporter
genes (HIS3, ADE2 and MEL1) under the control of distinct
GAL4 upstream activating sequences and TATA boxes to decrease
false positives. After selecting the clones expressing HIS3 on
SD −Trp/−Leu/−His plates, growing colonies were transferred
on to SD −Trp/−Leu/−His/−Ade (adenine)/ + X-α-Gal plates
(where X-α-Gal stands for 5-bromo-4-chloro-3-indoyl-α-D-
galactopyranoside) to select those expressing the other reporter
genes of ADE2 and MEL1. pACT2 plasmids carrying cDNA
inserts were rescued from the positive clones expressing all three
reporter genes of HIS3, ADE2 and MEL1. After sorting the cDNA
inserts by AluI digestion, their nucleotide sequences were deter-
mined. The candidate interaction was re-tested by co-transform-
ation of AH109 cells with pGBKT7-MZF1 and pACT2-FHL3.
Controls containing bait or prey alone, respectively, were also
employed for the assay.

Determination of the interacting domains of MZF-1 and FHL3

Yeast AH109 cells were co-transformed with pACT2-FHL3 and
various deletion mutants of MZF-1 in pGBKT7. The cells were
selected on SD −Trp/−Leu plates and then examined for their
ability to grow on SD −Trp/−Leu/−His/−Ade (adenine) plates.
Similar analyses were performed with the cells co-transformed by
pGBKT7-MZF1 (full-length or amino acids 1–217) and various
deletion mutants of FHL3 in pGADT7 (Clontech).

Immunoprecipitation of in vitro translated MZF-1 and FHL3

c-Myc-tagged MZF-1 (amino acids 1–217) and HA-tagged FHL3
were produced by the in vitro transcription/translation method
with TNT T7 Quick Coupled Transcription/Translation System
(Promega, Madison, WI, U.S.A.) employing pGBKT7-MZF1-
(amino acids 1–217) and pGADT7-FHL3. pGBKT7-53 and
pGADT7-T (Clontech), encoding murine p53 and SV40 (simian
virus 40) large T antigen respectively, were employed as controls.
The products were mixed for immunoprecipitation with anti-
c-Myc monoclonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, U.S.A.) or anti-HA polyclonal antibody (Santa Cruz
Biotechnology) followed by immunoblotting with anti-c-Myc and
anti-HA (Roche, Basel, Switzerland) monoclonal antibodies.

Cell culture

KU812 cells (human basophillic leukaemia cell line) and Jurkat
cells (human T cell line) were cultured in RPMI 1640 (Sigma,

St. Louis, MO, U.S.A.) at 37 ◦C in a humidified incubator with 5%
CO2. Similarly, HMC-1 cells (human mast cell line) and HeLa
cells (human epithelial cell line) were cultured in Iscove’s modi-
fied Dulbecco’s medium (Invitrogen) and Dulbecco’s modified
Eagle’s medium (Sigma) respectively. All media contained 10%
(v/v) fetal bovine serum (JRH Bioscience, Lenexa, KS, U.S.A.),
100 units/ml penicillin (Banyu Pharmaceutical, Tokyo, Japan)
and 100 µg/ml streptomycin (Meiji Seika, Tokyo, Japan).

Reporter assay with luciferase activity

Transfection of the cells and measurement of the luciferase
activities were performed as described before [14]. Cells were
transfected with 5 µg of a reporter plasmid pGLβ(−95/+102)
[13] or pGβp-4180/4260 [14] with 2 or 5 µg of FHL expression
plasmids. An empty plasmid pCR3.1-self [14] was used as a
control. For MZF-1 antisense experiments, 10 µg of pCR3.1-
hMZF1antisense [14] or an equivalent amount of a scrambled
oligonucleotide of 20-mers as a control was introduced into the
cells. To verify the protein expression of FHL1, FHL2 and FHL3
in the cells transfected with each FHL expression plasmid, cells
were collected 24 h after the transfection and lysed in SDS/PAGE
loading buffer before Western-blot analysis with anti-FHL1,
-FHL2 and -FHL3 antibodies.

RT–PCR

To detect the FHL2 variant by RT–PCR, total RNA was prepared
from each cell line with TRIzol® (Invitrogen). After RT reaction
using 1 µg of the total RNA as a template and an oligo(dT)12-18

primer (Invitrogen), PCR was performed with two primer sets.
Nucleotide sequences of the primers used for the PCR are as fol-
lows. Set 1: 1F, 5′-ATGACTGAGCGCTTTGACTGCCACC-3′,
and 1R, 5′-GTGTTGAATTCAGATGTCTTTCCCAC-3′; set 2:
2F, 5′-CTGCGTGGTGTGCTTTGAGACCCTG-3′, and 2R, 5′-
GAAGCGCTGCCCAGACAGCTGCTTC-3′. A thermal cycle of
95 ◦C for 30 s, 55 ◦C for 1 min and 72 ◦C for 1.5 min was repeated
32 times.

To quantify the mRNAs for MZF-1 and FHL3, PCR was per-
formed with oligonucleotide primers whose sequences are rep-
resented below, after RT reaction using a random hexamer
primer. For MZF-1 [17]: 5′-CTTCAGCCGCAGCTCGCACCTG-
CT-3′ and 5′-CTACTCGGCGCTGTGGACGCGCTGGT-3′; for
FHL3 [18]: 5′-CATGGCATGAGCACTGCTTCCTG-3′ and 5′-
GCTTAGGGCCCTGCCTGGCTACAGC-3′; for glyceraldehyde-
3-phosphate dehydrogenase [19]: 5′-CCACCCATGGCAAAT-
TCCATGGCA-3′ and 5′-TCTAGACGGCAGGTCAGGTCCA-
CC-3′. A thermal cycle of 94 ◦C for 30 s, 60 ◦C for 30 s and 72 ◦C
for 1 min was repeated 28 times for MZF-1, 26 times for FHL3
and 20 times for glyceraldehyde-3-phosphate dehydrogenase.

Preparation of cell extracts

Nuclear extracts of various KU812 transfectants were prepared
as follows. Cells were collected 24 h after the transfection and
washed with ice-cold PBS and resuspended in ice-cold buffer
A [10 mM Hepes (pH 7.9), 10 mM potassium chloride, 10 mM
2-mercaptoethanol, 1 mM PMSF, 1 µg/ml leupeptin and 1 µg/ml
aprotinin]. Then, the cells were incubated on ice for 10 min and
solubilized with 0.5 % (v/v) Nonidet P40 for an additional 15 min.
After centrifugation at 9000 g for 1 min, the pellets were resus-
pended in the extracting buffer [20 mM Hepes (pH 7.9), 400 mM
potassium chloride, 4.5 mM magnesium chloride, 10 mM 2-mer-
captoethanol, 1 mM PMSF, 1 µg/ml leupeptin and 1 µg/ml apro-
tinin] and incubated on ice for 1 h. The cell lysates were cen-
trifuged at 10000 g for 10 min to collect the supernatants.
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Figure 1 MZF-1 deletion mutants and their expression in yeast cells

(A) Schematic drawing of full-length MZF-1 and deletion mutants (amino acids 1–27, 1–141, 1–217, 185–285 and 249–485). Number of amino acid residues counted from the N-terminus is
represented; Z, zinc finger motif. (B) Yeast AH109 cells were transformed with expression plasmids for c-Myc-tagged full-length and deletion mutants of MZF-1 fused to BD. To verify the expression
in yeast, the cell lysate prepared from each transformant was analysed by Western blotting with anti-c-Myc antibody.

Cytoplasmic and nuclear fractions of KU812 cells treated with
or without GM-CSF (granulocyte-macrophage colony-stimulat-
ing factor) were prepared using NE-PER nuclear and cyto-
plasmic extraction reagents (Pierce Biotechnology, Rockford, IL,
U.S.A.).

EMSA (electrophoretic mobility-shift assay)

EMSA was performed as described previously [14] using a
double-stranded oligonucleotide of 5′-AGTTAGTGGGGACG-
TT-3′ as the probe. Nuclear extracts (10 µg) from KU812 cells
transfected with 10 µg of MZF-1 antisense or an equivalent
amount of a scrambled oligonucleotide of 20-mers were used for
the assay.

Affinity purification

Nuclear extracts prepared from KU812 cells co-transfected with
pCR3.1-6HN-FHL3/pCR3.1-BD-c-Myc-MZF1, pCR3.1-6HN-
FHL3/pCR3.1-BD-c-Myc or pCR3.1-6HN/pCR3.1-BD-c-Myc-
MZF1 were affinity-purified using BDTM TALON metal affinity
Co2+ resin (Clontech) according to the manufacturer’s instruc-
tions. For equilibration and washing, 50 mM sodium phosphate
buffer (pH7.0) containing 400 mM sodium chloride and 5% (v/v)
glycerol was employed. The eluates were analysed by Western
blotting with anti-c-Myc and anti-FHL3 antibodies (Santa Cruz
Biotechnology). Similarly, nuclear extracts from the cells co-
transfected with pCR3.1-6HN-FHL3/pCR3.1-BD-c-Myc-MZF1
or pCR3.1-6HN/pCR3.1-BD-c-Myc (as a control) were puri-
fied with an affinity column of BDTM TALON CellThru resin
(Clontech) and subsequently immunoprecipitated with an anti-c-
Myc antibody. The immunoprecipitates were analysed by SDS/
PAGE followed by silver staining.

Gel-filtration chromatography

Nuclear extracts were applied on to a Superdex-200 column
(Amersham Bioscience, Piscataway, NJ, U.S.A.) equilibrated
with PBS and run at a flow rate of 0.25 ml/min. The eluate was
collected in 1 ml fractions. Each fraction was analysed by Western
blotting with anti-FHL3 and anti-c-Myc antibodies (Santa Cruz
Biotechnology). Protein standards [thyroglobulin, ferritin and
ovalbumin (Amersham Biosciences)] were applied on to the
column separately.

Table 1 Examination of autonomous activation

Full-length and deletion mutants (containing amino acids 1–72, 1–141, 1–217, 185–285 or
249–485) of human MZF-1 as a fusion to GAL4 BD were expressed in yeast AH109. The
activity of α-galactosidase, a secreted enzyme encoded by the MEL1 gene under the control of
a GAL4-responsive promoter, was detected on SD−Trp/+X-α-Gal medium. pCL-1 (Clontech)
encoding full-length GAL4 and an empty vector pGBK were used as positive and negative
controls respectively.

α-Galactosidase activity

Full-length MZF-1 −
MZF-1-(1–72) −
MZF-1-(1–141) −
MZF-1-(1–217) −
MZF-1-(185–285) +
MZF-1-(249–485) −
pCL-1 ++
pGBK −

RESULTS

Screening for MZF-1-interacting proteins by the yeast
two-hybrid assay

We screened a human cDNA library fused to a GAL4 AD and an
HA tag to determine MZF-1-interacting proteins using the yeast
two-hybrid assay. Since some transcription factors independently
activate the reporter to yield false positives when used as bait, first
we examined whether full-length and deletion mutants of MZF-1
could be used as bait without autonomous activation. When
introduced into a yeast strain AH109, only a deletion mutant con-
taining amino acids 185–285 activated the reporter, whereas the
other proteins, whose expressions in the yeast cells were detected
by Western blotting, did not (Figure 1 and Table 1). Therefore we
employed full-length MZF-1 fused to a GAL4 BD and a c-Myc
tag as the bait. We screened 4.62 × 106 clones and obtained 141
positive clones expressing HIS3, ADE2 and MEL1 reporter genes.
The AD-library plasmids were rescued from the positive clones
to determine the nucleotide sequences of their cDNA inserts. It
was revealed that nine of the clones did not have cDNA inserts in
frame. The remaining 132 clones encoded 32 different proteins
in frame, of which 14 proteins were encoded by multiple positive
clones, whereas 18 proteins were solely encoded by a single clone.
Among the proteins encoded by multiple kinds of positive clones,
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Figure 2 Detection of MZF-1–FHL3 interaction by immunoprecipitation

c-Myc-tagged MZF-1 (amino acids 1–217) and HA-tagged FHL3 were produced by the in vitro
transcription/translation method. A mixture of them was subjected to immunoprecipitation with
anti-c-Myc or anti-HA antibody followed by blotting with anti-c-Myc and anti-HA antibodies.
c-Myc-tagged p53 and HA-tagged SV40 large T-antigen were used as controls. Lane 1,
BD-c-Myc-MZF-1 (amino acids 1–217)/AD-HA-T; lane 2, BD-c-Myc-MZF-1 (amino acids
1–217)/AD-HA-FHL3; lane 3, BD-c-Myc-53/AD-HA-T.

which probably reflected the true interaction, FHL3 was revealed
to repress human FcεRI β-chain gene transcription and we further
analysed this interaction in detail.

FHL3 binds MZF-1

To verify the interaction between MZF-1 and FHL3, yeast AH109
cells were co-transformed with the constructs carrying BD–
MZF-1 and AD–FHL3. The yeast cells were examined for growth
on −His/−Ade medium to test the expression of two reporter
genes of HIS3 and ADE2. The cells expressing BD–MZF-1/AD–
FHL3 grew on the −His/−Ade medium, whereas those express-
ing BD alone/AD–FHL3 or BD–MZF-1/AD alone did not grow
on it (results not shown). These results revealed that AD–FHL3

bound BD–MZF-1 not through the AD or BD region but through
the direct interaction between FHL3 and MZF-1. To confirm
further the interaction of MZF-1 and FHL3, c-Myc-tagged BD–
MZF-1 and HA-tagged AD–FHL3 were produced by the in vitro
transcription/translation method. A mixture of them was im-
munoprecipitated with anti-c-Myc-tag or anti-HA-tag antibody.
Since the full-length MZF-1 fused to BD was not expressed ef-
ficiently by in vitro transcription/translation, the amino acids 1–
217 region (see Figure 3) of MZF-1 was employed. AD–FHL3 but
not AD-T-antigen was co-immunoprecipitated with BD–MZF-1
both by anti-c-Myc-tag and anti-HA-tag antibodies (Figure 2),
also indicating that FHL3 directly bound MZF-1.

The N-terminal cluster of zinc finger motifs on MZF-1 interacts
with the second and third LIM domains of FHL3

Next, we analysed which domains of MZF-1 and FHL3 interacted
with each other by employing the deletion mutants of both pro-
teins. At first, yeast AH109 cells were co-transformed with the
expression plasmids of full-length FHL3 as a fusion to AD and
various MZF-1 deletion mutants fused to BD to test the expression
of HIS3 and ADE2 reporter genes. As shown in Figure 3,
the cells expressing the region (amino acids 1–217) of MZF-
1 lacking the C-terminal cluster of zinc finger motifs grew on
−His/−Ade medium, but the cells expressing the amino acids
1–72 or 249–485 of MZF-1 (both of which lacked the N-terminal
zinc finger cluster) did not. The cells expressing the amino acids
1–141 region of MZF-1, including a part of the N-terminal zinc
finger cluster, grew slowly. These results indicated that the N-ter-
minal cluster of zinc finger motifs on MZF-1 was required for
the interaction with FHL3. On the other hand, when yeast cells
were co-transformed with full-length MZF-1 and various deletion
mutants of FHL3, the cells expressing FHL3 without either the
second or third LIM domain did not grow on −His/−Ade medium
(Figure 4). Similar results were obtained when amino acids 1–217
of MZF-1, which was shown to bind FHL3 in Figure 3, was ex-
pressed instead of the full-length MZF-1 (Figure 4). Collect-
ively, it was revealed that the N-terminal cluster of zinc finger
motifs on MZF-1 interacted with the second and third LIM do-
mains of FHL3.

FHL3 acts as a repressive cofactor of MZF-1 in human FcεRI
β-chain gene transcription

An expression plasmid of FHL3 was introduced into a human
basophillic leukaemia cell line, KU812, known to express mast
cell-specific molecules, for a transient expression assay with a

Figure 3 Determination of the FHL3-interacting region on MZF-1

FHL3 as a fusion to AD and various deletion mutants of MZF-1 fused to BD were co-expressed in yeast AH109 cells. The co-transformed cells were examined for their ability to grow on −His/−Ade
medium. When both of the two reporter genes, HIS3 and ADE2, are expressed, the cells can grow on the medium, which represents the interaction between FHL3 and the deletion mutant of MZF-1;
−, no growth was observed; +, growth was observed on −His/−Ade medium; ++, significantly more growth was observed than +.
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Figure 4 Determination of the MZF-1-interacting region on FHL3

MZF-1 (full-length or amino acids 1–217) as a fusion to BD and various deletion mutants
of FHL3 fused to AD were co-expressed in yeast AH109 cells. The co-transformed cells were
examined for their ability to grow on −His/−Ade medium; H, half LIM domain. The numbers
1–4 represent the first, second, third and fourth LIM domains respectively.

reporter plasmid carrying a luciferase gene under the control of the
human FcεRI β-chain promoter in the presence or absence of
the β-chain gene 4180–4260 nt region, which mediated the trans-
criptional repression by MZF-1. In addition to FHL3, expression
plasmids of other members of the FHL family (FHL1 and
FHL2) were introduced, except for FHL4 and ACT that are only
expressed in testis. The expression of FHL1, FHL2 and FHL3
in the cells transfected with each expression plasmid was verified
by Western blotting (Figure 5A). Although the amount of each
protein could not be compared strictly, because of potential dif-
ferences in the affinity of the antibodies, all exogenous expression
of FHL1, FHL2 and FHL3 was significantly abundant compared
with their endogenous expression represented by remarkably
weak or almost undetectable bands. Since an isoform of FHL2 was
obtained when FHL2 cDNA was cloned from KU812 cells by
RT–PCR, a variant named FHL2v was also used for the assay.
The nucleotide sequence of FHL2v was determined (DDBJ/
EMBL/GenBank® accession no. AB158503) and it revealed that
FHL2v lacked the second exon and encoded a protein containing
only the N-terminal region of FHL2 due to a frame shift yield-
ing a stop codon in the fourth exon (Figure 5B). It was confirmed
that FHL2v was expressed in various types of cells by RT–
PCR using two different primer sets (Figure 5C). Since the
antibody for FHL2 recognized the C-terminus of FHL2, the ex-
pression of FHL2v at the protein level could not be detected. In
Figure 5(D), overexpression of FHL3 decreased the luciferase
activity in the presence of 4180–4260 nt and the reduced lucifer-
ase activity was much lower than the basal level. (The relative
activity 1.0 is determined without the promoter.) In contrast, over-
expression of FHL3 had no effect in the absence of 4180–
4260 nt (Figure 5E). FHL2v also decreased the luciferase activity
slightly in the presence of nt 4180–4260, while FHL1 and FHL2
had no effect (Figure 5D). Furthermore, MZF-1 antisense inhi-
bited the nt 4180–4260-dependent suppressive activity of FHL3
(Figure 5F), whereas a scrambled oligonucleotide did not inhibit
it (Figure 5G). Since the antibody for MZF-1 was not available,
the effects of MZF-1 antisense on MZF-1 expression levels were
verified by EMSA. A double-stranded oligonucleotide probe
carrying a consensus MZF-1-binding sequence and nuclear ex-
tracts from the cells transfected with MZF-1 antisense or an
equivalent amount of a scrambled oligonucleotide was employed
for the assay (Figure 5H). The intensity of the shifted band was
decreased on introducing the antisense compared with the case of

the scrambled oligonucleotide introduction, suggesting that the
MZF-1 antisense actually decreased the MZF-1 expression level.
All these results indicated that FHL3 repressed the β-chain pro-
moter activity through the 4180–4260 nt element in an MZF-1-
dependent manner.

GM-CSF facilitates the accumulation of FHL3 in the nucleus

MZF-1 was known to be up-regulated by GM-CSF [20]. On the
other hand, GM-CSF was reported to decrease the FcεRI ex-
pression [21,22]. These observations raise a possibility that the
repressive activity of GM-CSF on FcεRI expression is partly due
to suppression of β-chain gene expression by the up-regulated
MZF-1, in addition to the decrease of α-chain gene expression
reported by Welker et al. [22]. However, overexpression of MZF-1
alone did not decrease the β-chain gene transcription in our pre-
vious experiments [14]. We therefore examined the behaviour
of FHL3 in the presence of GM-CSF, in addition to that in the
presence of IL-3 (interleukin 3), which was reported to increase
β-chain gene expression [23]. GM-CSF decreased the β-chain
promoter activity in a transient expression assay using a reporter
plasmid including nt 4180–4260, but IL-3 had no effect on
it (Figure 6A). On the other hand, neither GM-CSF nor IL-3
modulated the β-chain promoter activity when a reporter without
nt 4180–4260 was used (Figure 6B). These results revealed that
GM-CSF increased the down-regulating activity of the MZF-1-
binding motif (4180–4260 nt), but had no effect on the β-chain
promoter itself. GM-CSF up-regulated MZF-1 expression as re-
ported by Hui et al. [20], whereas the expression of FHL3 mRNA
was not affected (Figure 6C). However, accumulation of FHL3 in
the nucleus was observed on the addition of GM-CSF, which was
revealed through Western blotting of the cytoplasmic and nuclear
fractions of the cells (Figure 6D). FHL3 was increased in the
nucleus and decreased in the cytoplasm by GM-CSF (Figure 6D),
whereas subcellular localization of the control proteins, Hsp90
(heat-shock protein 90), mainly existing in the cytoplasm, and
Oct-1, mainly existing in the nucleus, was not affected by
GM-CSF (Figure 6E). As shown in Figure 6(F), the intensity
of the band of nuclear FHL3 was increased 2.48-fold by GM-
CSF and that of cytoplasmic FHL3 was decreased 0.304-fold for
the upper band that was commonly observed in the cytoplasmic
and nuclear fractions (‘1’ in Figure 6D) and 0.632-fold for the
lower band only observed in the cytoplasmic fraction (‘2’ in
Figure 6D). In contrast, the intensity of the bands for Hsp90
in the cytoplasmic fraction and for Oct-1 in the nuclear fraction
was not changed by GM-CSF.

FHL3 and MZF-1 form a complex of high molecular mass
in the nucleus

KU812 cells were co-transfected with the expression plasmids
for 6HN-tagged FHL3 and c-Myc-tagged BD–MZF-1. Nuclear
extracts of the co-transfected cells were subjected to a pull-down
assay with metal affinity Co2+ resin against the 6HN tag, followed
by blotting with anti-c-Myc and anti-FHL3 antibodies. As shown
in Figure 7(A), c-Myc-tagged BD–MZF-1 was precipitated to-
gether with 6HN-tagged FHL3, representing their actual interac-
tion in the nuclei of mammalian cells (lane 3). c-Myc-tagged BD
was not precipitated with 6HN-tagged FHL3 (lane 1). Similarly,
a very little amount of c-Myc-tagged BD–MZF-1 was precipi-
tated with 6HN tag (lane 2), indicating that c-Myc-tagged BD–
MZF-1 hardly binds the Co2+ resin non-specifically and
that MZF-1 bound FHL3 directly, not through c-Myc-BD or
6HN tag. The nuclear extracts were next separated by gel-filtr-
ation chromatography. FHL3 was detected in fractions 11–12 and
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Figure 5 FHL3 down-regulated the FcεRI β-chain gene promoter activity through the element in the fourth intron in an MZF-1-dependent manner

(A) Expression of FHL1, FHL2 and FHL3 in KU812 cells transfected with each expression plasmid was detected by Western blotting with anti-FHL1, anti-FHL2 and anti-FHL3 antibodies. (B) cDNA
structures of full-length FHL2 (FHL2) and a splice variant (FHL2v) are schematically represented. (C) Expression of mRNAs for FHL2 and FHL2v in various cell lines was detected by RT–PCR
employing two primer sets (1F/1R and 2F/2R). Lane 1, KU812 cells; lane 2, HMC-1 cells; lane 3, Jurkat cells; lane 4, HeLa cells. The primers employed for PCR are indicated in (B). (D–G) For a
transient expression assay, expression plasmids of FHL3 and other members of the FHL family (FHL1, FHL2 and FHL2v) were introduced into KU812 cells with a reporter plasmid carrying a luciferase
gene under the control of the human FcεRI β-chain promoter in the presence (D, F, G) or absence (E) of the β-chain gene region 4180–4260 nt, which mediates the transcriptional repression
by MZF-1. In addition, MZF-1 antisense (F) or the same amount of a scrambled oligonucleotide as a control (G) was introduced into the cells. Luciferase activities relative to that from a reporter
construct solely containing a luciferase gene without a promoter are shown. Results are expressed as the means +− S.D. for three independent experiments. *P < 0.05, significantly different from the
cells transfected with an equivalent amount of an empty vector. (H) A double-stranded oligonucleotide probe carrying a consensus sequence of MZF-1-binding motif and the nuclear extracts from
the cells transfected with MZF-1 antisense or an equivalent amount of a scrambled oligonucleotide were employed for EMSA. Lane 1, no nuclear extract; lane 2, nuclear extracts of the cells in which
a scrambled oligonucleotide was introduced; lane 3, nuclear extracts of MZF-1 antisense-introduced cells.
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Figure 6 GM-CSF facilitated the accumulation of FHL3 in the nucleus

(A, B) KU812 cells were transfected with a reporter plasmid including the human FcεRI β-chain gene promoter and a luciferase gene with (A) or without (B) the 4180–4260 nt region of the β-chain
gene for a transient expression assay. GM-CSF or IL-3 was added to the medium at the indicated concentrations. The luciferase activities relative to that without the addition of GM-CSF or IL-3 are
shown. Results are expressed as the means +− S.D. for three independent experiments. (C) Expression levels of mRNAs for MZF-1 and FHL3 in KU812 cells cultured in the presence or absence
of 10 ng/ml GM-CSF were semi-quantified by RT–PCR. (D) Cytoplasmic and nuclear fractions from KU812 cells treated with or without 10 ng/ml GM-CSF were prepared. Total protein (50 µg)
from each fraction was analysed by Western blotting with anti-FHL3 antibody. (E) As a control, total proteins (50 µg) from each cytoplasmic and nuclear fraction were analysed by Western blotting
with anti-Oct-1 antibody (Santa Cruz Biotechnology). Similarly, 5 µg of total protein from each fraction was employed for immunoblotting with anti-Hsp90 antibody (Santa Cruz Biotechnology).
(F) Changes in the amount of cytoplasmic (black bars) and nuclear (white bars) FHL3 with GM-CSF treatment are expressed by calculating the ratio of the band intensity in the presence of GM-CSF
to that in the absence of GM-CSF. Similarly, changes in the amount of Hsp90 in the cytoplasmic fraction and that of Oct-1 in the nuclear fraction are presented as controls.

18–20 by Western blotting using anti-FHL3 antibody. Similarly,
by Western blotting with anti-c-Myc antibody, MZF-1 was de-
tected in fractions 11–12 and 15–16 (Figure 7B). Fractions solely
containing FHL3 (fractions 18–20) and those of MZF-1 (fractions
15–16) seemed to contain a monomeric or oligomeric form of each
protein. FHL3 and MZF-1 were co-eluted in the same fractions
(fractions 11–12) of high molecular mass (400–700 kDa), indi-
cating that these proteins formed a complex probably containing
some additional proteins judging from the molecular mass. To
confirm this possibility, nuclear extracts from the transfected
KU812 cells were purified with metal affinity chromatography
for the 6HN tag using Co2+ resin, and subsequently immuno-
precipitated with anti-c-Myc antibody. Figure 7(C) represents the
results of SDS/PAGE analysis of the immunoprecipitated proteins.
The bands indicated by arrows were observed in the immuno-
precipitants from the co-transfected cells (lane 2) but not observed

in those from the cells transfected with empty vectors (lane 1), sug-
gesting that these proteins formed a complex with MZF-1 and
FHL3.

DISCUSSION

In the present study, we found that FHL3 acted as a co-repressor
of MZF-1 in the transcriptional regulation of the human FcεRI
β-chain gene. Although the presence of cofactors interacting with
MZF-1 was predicted from the observation that MZF-1 both activ-
ated and suppressed transcription depending on cell types [24],
no factors binding with MZF-1 or functioning as co-activators or
co-repressors have been identified so far. This is the first example
to identify an MZF-1-binding protein as a transcriptional cofactor.

FHL proteins (FHL1, KyoT2, FHL2, FHL3, FHL4 and ACT)
[15,16,18,25–27] contain only a single N-terminal half-LIM
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Figure 7 MZF-1 and FHL3 formed a complex of high molecular mass in the nucleus

KU812 cells were co-transfected with expression plasmids for c-Myc-tagged BD–MZF-1 and 6HN-tagged FHL3. (A) Nuclear extracts were prepared from the cells and employed for a pull-down assay
with metal affinity Co2+ resin against the 6HN tag, followed by blotting with anti-c-Myc and anti-FHL3 antibodies. Nuclear extracts from cells co-transfected with 6HN-tagged FHL3/c-Myc-tagged
BD or 6HN-tag/c-Myc-tagged BD–MZF-1 were used as controls. Expression of 6HN-tagged FHL3, c-Myc-tagged MZF-1 and c-Myc-tagged BD in a volume 1/50th of the input extracts was detected
by Western blotting with anti-c-Myc and anti-FHL3 antibodies. (B) The nuclear extracts prepared from the co-transfected cells were separated by gel-filtration chromatography. Each fraction was
analysed by Western blotting using anti-c-Myc and anti-FHL3 antibodies. (C) Nuclear extracts from the co-transfected cells were purified with a Co2+ affinity column for 6HN tag and subsequently
immunoprecipitated with anti-c-Myc antibody. The immunoprecipitates were analysed by SDS/PAGE and the resolved protein species were visualized by silver staining. Nuclear extracts from the
cells transfected with empty vectors were used as a control.

domain followed by four sequential LIM domains, belonging to a
subset of the LIM protein superfamily, which possesses cysteine-
rich double zinc finger motifs called LIM. No interaction between
FHL1 and MZF-1 and poor interaction between FHL2 and
MZF-1 were detected in the yeast two-hybrid assay (results not
shown). Therefore FHL3 was believed to bind specifically MZF-1
among the FHL family members, which would lead to the results
in Figure 5(D) where FHL3 but not FHL1 and FHL2 inhibited
the β-chain promoter activity. Although LIM proteins regulate
transcription in the nucleus [28–30], the LIM zinc finger does
not interact with DNA but with proteins [31,32]. This coincides
with our results that FHL3 itself did not modulate the FcεRI
β-chain gene transcription in the absence of MZF-1 (Figure 5F).
Among the FHL members, ACT was first reported to act as a
tissue-specific, CBP [CREB (cAMP-response-element-binding
protein)-binding protein]-independent transcriptional co-activ-
ator for the transcription factor CREB [28] and, subsequently,
FHL2 and FHL3 were also revealed to provide an activating func-
tion to CREB in the co-expression experiments [29]. Recently,
it was reported that FHL3 binds BKLF (basic Kruppel-like factor)/
KLF3 (Kruppel-like factor 3), a transcription factor harbouring
zinc finger motifs such as MZF-1, and its co-repressor, CtBP, to
repress transcription [33]. From these results and ours, FHL3 was

revealed to behave both as a co-activator and a co-repressor,
suggesting that FHL3 functions as an adapter molecule linking
other factors with a transcription factor–DNA complex and stab-
ilizing the assembled multi-protein complex. There will be com-
plicated mechanisms by which either an activation- or repression-
type of regulatory complex is formed depending on the
transcription factor–DNA context, cofactor availability etc. In
fact, FHL3 formed a complex of high molecular mass in the
nucleus (Figure 7), similar to the case of Turner et al. [33], and
we are now analysing the factors constituting the complex. This
will enable us to find specific molecules or specific interactions
modulating the β-chain gene expression, although FHL3 itself is
broadly expressed in many types of human cell lines (results not
shown).

FHL3 was accumulated in the nucleus when GM-CSF was
added to the cell culture. In Figure 6(D), double bands were
detected in the cytoplasmic fraction, but it could not be determined
whether the lower band was from an unmodified or partially di-
gested form of FHL3. Since the cytoplasmic FHL3 was decreased
by GM-CSF, translocation of FHL3 from the cytoplasm to the
nucleus rather than the stabilization of FHL3 in the nucleus by
forming a multi-protein complex might contribute to the accumu-
lation of the nuclear FHL3. In addition to the accumulation of
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FHL3 in the nucleus, GM-CSF up-regulated the expression
of MZF-1 (Figure 6C), suggesting that GM-CSF decreased the
β-chain expression by promoting MZF-1–FHL3 complex form-
ation in the nucleus, which mediated transcriptional repression of
the β-chain gene through the element in the fourth intron.

In the present study, we found a novel variant of FHL2,
probably yielded by alternative splicing, which lacked a sequence
corresponding to the second exon (Figures 5B and 5C). As for
FHL1, an alternative splicing variant called KyoT2 was reported
to negatively regulate RBP-J (J recombination signal sequence
binding protein)-mediated transcription by competing with
EBNA2 (Epstein–Barr virus nuclear antigen 2) and Notch 1 for
binding to RBP-J [25]; however, the mechanisms by which the
FHL2 variant slightly decreased the FcεRI β-chain promoter ac-
tivity in Figure 5(D) is not clear at present.

In our two-hybrid screen, several other proteins in addition to
FHL3 were revealed to interact with MZF-1 (K. Takahashi, C.
Matsumoto and C. Ra, unpublished work). Many of them are
reported to be involved in the regulation of apoptosis and cell-
cycle progression, confirming the reported roles of MZF-1 in the
regulation of cell differentiation and proliferation [34–36].

The N-terminal cluster of zinc fingers containing four motifs
and the C-terminal cluster of nine motifs of MZF-1 were described
to bind DNA independently [37], but functions of other domains
remain to be analysed. The proline-rich region of MZF-1 was sug-
gested to be a transcriptional AD by our analyses, because it
independently activated transcription when fused to GAL4-BD
(Table 1). In the analyses using deletion mutants, the forward
cluster of zinc finger motifs of MZF-1 interacted with FHL3. This
suggests that one of the two DNA-binding domains of MZF-1
actually interacts with DNA depending on the binding of a
specific cofactor, which will result in a specific interaction of
the MZF-1–cofactor complex with the target DNA. Therefore it
will be interesting to investigate regulatory mechanisms of the
transcriptional suppression by MZF-1 in our case by analysing
the manner of MZF-1–cofactor interaction.

In the present study, we found FHL3 to be a novel factor that
modulates the FcεRI β-chain gene expression. A more detailed
study will identify the entire regulatory mechanism of FcεRI
β-chain expression and provide new molecular targets for the
development of therapeutic or prophylactic drugs for allergy.

This work was partially supported by a Grant-in-Aid from the Ministry of Education,
Culture, Sports, Science, and Technology of Japan (to C. R.) and a grant from Nihon
University School of Medicine on the occasion of its 50th anniversary of founding.
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