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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD; dioxin)
is the most toxic man-made member of the class of
environmental pollutants represented by polychlori-
nated dibenzo-p-dioxins and dibenzofurans. TCDD
produces a wide variety of toxic effects. However, the
downstream genes targeted by TCDD and their rela-
tion to the diversity of dioxin toxicity symptoms are
poorly understood. To identify the target genes of
TCDD, we used a cDNA representational difference
analysis (RDA) to compare the mRNA patterns of
mouse embryonic stem (ES) cells that had and had not
been exposed to TCDD. Here we show that TCDD stim-
ulated the expression of IgE-dependent histamine-
releasing factor (HRF) mRNA via an aryl hydrocarbon
receptor (AhR)-dependent pathway. TCDD also in-
duced the synthesis and secretion of HRF. To our
knowledge, this is the first example of HRF being a
direct transcriptional target of a toxic agent. HRF has
previously been shown to induce histamine release in
a dose-dependent manner, at least in vitro. Thus, our
data suggest that “endocrine-disrupting” agents may
have the potential to influence allergic disorders in
the human bOdy © 2002 Elsevier Science (USA)
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Pollution from “endocrine-disruptors” is a significant
public health risk throughout the world. Dioxins,
which are classified as endocrine disruptors, are ubig-
uitous in the environment. 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD; dioxin) is the most toxic compound in
this group and causes a variety of toxic effects, includ-
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ing immunotoxicity, hepatotoxicity, teratogenicity, and
tumor promotion (1, 2). Changes in gene expression
induced by TCDD and related chemicals are initiated
when the toxins bind to the aryl hydrocarbon receptor
(AhR), which then dimerizes with the aryl hydrocarbon
receptor nuclear translocator (ARNT), to form complex
that interacts with gene regulatory elements that con-
tain an XRE (xenobiotic response element) motif (3, 4).
Although AhR mediates many of the TCDD-induced
changes in gene expression, the putative target genes
responsible for the toxicity symptoms have yet to be
identified.

IgE-dependent histamine releasing factor (HRF) is a
peptide that is produced by lymphocytes in atopic chil-
dren and is present in the biological fluids of allergic
patients. HRF has been described in mice and humans
to cause the release of histamine, IL-4 and IL-13 from
basophils (5, 6). More recently, HRF has been shown to
promote IL-8 secretion and a calcium response in pu-
rified human eosinophils (7). Thus, HRF plays an im-
portant role in regulating basophils and eosinophils.

In this study, we identified HRF as a target gene of
TCDD using cDNA Representational difference analy-
sis (RDA). HRF protein was induced and secreted in
response to TCDD stimulation. Throughout the world,
the incidence of allergic disorders such as asthma, has
been increasing over the past few decades. However,
this phenomenon has not been sufficiently explained.
Our data suggests that environmental pollutants such
as dioxin may be partly responsible for inducing aller-
gic disorders through a mechanism involving HRF.

MATERIALS AND METHODS

Cell cultures and chemicals. TT2 embryonic stem (ES) cells were
provided by Dr. Tetsu Akiyama (University of Tokyo, Tokyo, Japan).
TT2 ES cells were maintained as previously described (8).

AhR ™" embryos were generated from intercrossed AhR*'~ mice (9).
Mouse embryonic fibroblasts (MEFs) of wild-type or mutant geno-
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types were harvested from day 14.5 mouse embryos (8). HeLa cells
and MEFs were grown as previously described (10). BJAB and Jur-
kat were grown in RPMI 1640 media (GIBCO BRL, Life Technolo-
gies, Inc., Rockville, MD) at 37°C in a 5% CO, environment.

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) (Cambridge Isotope
Laboratories, Inc., Andover, MA) was prepared in dimethyl sulfoxide
(DMSO).

RNA isolation, cDNA synthesis, and representational difference
analysis (RDA). ES cells at ~80% confluence were treated with
0.1% DMSO alone or with 1 uM TCDD by exchanging the condi-
tioned maintenance media with fresh media containing these chem-
icals. After 4 h of treatment, the cells were harvested and the total
RNA was prepared, as previously described (10). Poly(A)" RNA was
then isolated from the total RNA using a TaKaRa oligotex-dT30
super mRNA purification kit (TaKaRa, Tokyo, Japan), and double-
stranded cDNA synthesis was performed using a TaKaRa cDNA
synthesis kit (TaKaRa).

All RDA procedures were performed as previously described (11,
12). For the first and second rounds of subtractive hybridization,
tester:driver ratios of 1:100 and 1:800, respectively, were used. After
two cycles of subtraction and amplification, the differential products
were subcloned into a pPGEM-3Z vector (Promega, Madison, WI). The
cloned cDNA fragments were then sequenced.

Northern blot analysis. An EcoRI-HindlIl fragment containing
the 461-bp Dpnll fragment of mouse HRF cDNA derived from the
RDA-obtained vector was used as a probe and labeled with *P using
the Rediprime Il random prime labeling system (Amersham—
Pharmacia Biotech UK Ltd., Buckinghamshire, England). Northern
blot analysis was performed as previously described (10).

Antibody preparation and immunoblot analysis. A peptide anti-
body against polypeptide 157 to 171 (TPYMIFFKDGLEMEK) of
human HRF was synthesized in rabbits using standard methods. For
the immunoblot analysis, the cells were homogenized in the RIPA
buffer (13), and the protein samples were quantified using the Bio-
Rad protein assay (Nippon Bio-Rad Laboratories, Tokyo, Japan).
Five hundred microliters of culture medium was concentrated using
MICROCON YM-10 (Millipore, Bedford, MA). Immunoblotting was
performed as previously described (10). The membranes were probed
with the antibody at a dilution of 1:500. Preimmune serum was used
for the control experiments. The signals were detected using an ECL
plus Western blotting detection system (Amersham—-Pharmacia Bio-
tech UK Ltd.).

Animals and treatment. C57/BL6 female mice (8 weeks old) were
purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan). The mice
received a single intraperitoneal injection of 200 ul of saline and 5 ul
of DMSO containing TCDD at a dose of 400 ng per kilogram of body
mass. The control mice were injected with the same solution except
for TCDD. Blood samples were collected 20 h after injection, and the
serum histamine level was measured by ELISA (SRL, Tokyo, Japan).

RESULTS AND DISCUSSION
Identification of TCDD-Induced Genes

To isolate the genes induced by TCDD, we performed
an RDA of the cDNA derived from ES cells treated with
or without TCDD. Two cycles of RDA yielded several
distinct bands on a 2% agarose gel. DNA fragments
corresponding to these bands were subcloned and used
as probes in a Northern blot analysis. This procedure
led to the identification of several unique genes that
were overexpressed in TCDD-treated ES cells. One
cDNA clone exhibiting a particularly strong differen-
tial expression pattern corresponded to HRF (Fig. 1A).
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FIG. 1. TCDD treatmentinduces HRF expression in ES cells and
MEFs. (A) Northern blot analysis of total RNA from ES cells. ES cells
were treated with 0.1% DMSO alone or with 1 uM TCDD for 2 h. The
arrow indicates the HRF signal. An ethidium bromide-stained gel is
shown as a control. (B) Northern blot analysis showing the dose-
dependent induction of HRF by TCDD. ES cells were treated with
0.1% DMSO and various concentration of TCDD (0, 1, 10, 100, or
1000 nM) for 2 h. The arrow indicates the HRF signal. An ethidium
bromide-stained gel is shown as a control. (C) Western blot analysis
of total protein from MEFs. MEFs were treated with 0.1% DMSO
and 1 uM TCDD for 0, 2, 6, or 24 h. The arrow indicates the HRF
signal. No signal was detected using preimmune serum (data not
shown).

Next, we examined the TCDD dose-dependency of HRF
expression. ES cells and MEFs were treated for 2 h
with various different doses of TCDD. Figure 1B shows
that HRF mRNA in ES cells was induced by TCDD in
a dose-dependent manner. Similar results were ob-
tained in MEF cells (data not shown). Furthermore, to
examine whether or not HRF protein was also induced
by TCDD, MEF cells were treated for 0, 2, 6, or 24 h
with 1 uM TCDD; protein samples from the cells were
then examined using immunoblotting with an anti-
HRF antibody. In this manner, the induction of HRF
protein expression by TCDD was confirmed (Fig. 1C).

TCDD Induction of HRF Mediated by an Aryl
Hydrocarbon-Dependent Pathway

The various effects of TCDD are mediated by the aryl
hydrocarbon receptor (AhR) (4, 9, 14, 15). However, we
recently described an example of AhR-independent
gene suppression by TCDD (10). In addition, AhR-
independent mechanisms have been suggested to con-
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FIG. 2. HRF induction by TCDD is mediated by an AhR-
dependent pathway; Northern blot analysis of total RNA from
AhR** and AhR™~ MEFs. The Northern blot analysis shows that
HRF mRNA is not induced in AhR ™~ MEFs treated with 0.1% DMSO
alone or with 100 uM TCDD for 6 h. On the other hand, HRF is
activated by TCDD in AhR™* MEFs treated with 0.1% DMSO alone
or with 100 nM TCDD for 6 h. The arrowhead indicates the HRF
signal. An ethidium bromide-stained gel is shown as a control.

tribute to TCDD-induced developmental toxicity (16).
Therefore, to determine whether the AhR-mediated
signaling pathway is involved in the TCDD- induction
of HRF, HRF expression in AhR-deficient (AhR™")
MEF cells treated or not treated with 100 nM TCDD
for 6 h was examined as well as AhR*"* MEF cells by
Northern blot analysis. HRF induction was not de-
tected in AhR ™"~ MEF cells (Fig. 2). AhR target genes,
such as cytochrome P450 genes and several other
genes that code detoxification enzymes, contain AhR-
binding motifs (XRESs) in their promoter sequence (3).
We found possible XRE motifs sequences in a region 5
kb upstream of the deduced transcription initiation
site in the human and mouse HRF gene using a com-
puter search (data not shown). These findings suggest
that an AhR-mediated pathway may influence HRF
MRNA expression. To our knowledge, this is the first
example of an AhR implicated immune mediator re-
sponse.

TCDD Induces HRF Protein Secretion

HRF has been detected in several cell types, includ-
ing T cells, B cells, macrophages and fibroblasts (5, 7)
and is believed to be secreted as a result of allergic
stimulation (17). We therefore examined whether
TCDD could induce HRF protein secretion. TCDD
stimulated the secretion of HRF protein in the culture
media of human T and B cell lines (Jurkat and BJAB)
(Fig. 3). Similar results were obtained from three in-
dependent experiments.

TCDD Induced Histamine Release in Vivo

HRF is known to cause histamine release from hu-
man basophils and IL-8 secretion from eosinophils (5,
7). Furthermore, Plasmodium falciparum TCTP (a ho-
mologue of human HRF) also causes the release of
histamine from basophils (18). These data confirm that
HRF induces histamine release in a dose-dependent
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FIG. 3. Secretion of HRF protein increases after TCDD treat-
ment in the human lymphocyte derived cell lines BJAB and Jurkat.
The cells were treated with 0.1% DMSO alone (control) or 1 uM
TCDD prepared in DMSO for 6 or 24 h. Then, 500 nl of culture
medium (RPMI 1640 without fetal bovine serum) was concentrated
and subjected to a Western blot analysis using an anti-HRF anti-
body. An increase of HRF protein was observed in the BJAB and
Jurkat cells. No signal was detected using preimmune serum (data
not shown).

manner, at least in vitro. Therefore, to clarify whether
TCDD can induce histamine release in vivo, we at-
tempted to confirm the induction of histamine in the
serum. Twenty hours after the injection of TCDD in
C57BL/6 mice, 25% of the mice (n = 12) exhibited a
2~3-fold increase in their serum histamine level com-
pared with that of control mice receiving DMSO (Fig.
4). Histamine release in the mice that were injected
with TCDD but did not exhibit an increase in hista-
mine may have been modulated by some other physi-
ological factor. Although we have not yet confirmed
that TCDD can cause the secretion of histamine
through the induction of HRF in vivo, our data sug-
gests that environmental pollutants, such as TCDD,
may have the potential to increase the incidence of
allergic disorders by inducing HRF.

HRF was first identified as the translationally con-
trolled tumor protein (TCTP) in mouse tumor cell lines
(19). Several studies have revealed that TCTP is a
growth related protein (20—22) and that the deregula-
tion of TCTP production might be involved in the de-
velopment of colon carcinoma (23).
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FIG. 4. TCDD induced histamine release in mouse serum. The
histamine concentration in the blood serum of mice 20 h after the ip
injection of TCDD or DMSO is graphically represented. Individual
mice treated with DMSO or TCDD are numbered 1 to 24.
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On the other hand, TCTP/HRF is conserved across a
wide range of eukaryotes and does not exhibit a signif-
icant sequence homology with any other protein fam-
ily. HRF forms a structural superfamily with the Mss4/
Dss4 family of proteins (members of the Ras
superfamily) and has been recently categorized as gua-
nine nucleotide-free chaperones (GFCs) (24). Thus, al-
though the intracellular biochemical function of HRF
remains to be determined, TCDD may also affect other
physiological conditions, in addition to histamine re-
lease, through the induction of HRF expression.

In summary, we have shown that TCDD induces
HRF via an AhR-dependent pathway. HRF plays an
important role in the pathogenesis of allergic inflam-
mation by triggering the production of histamine, IL-4,
IL-13, and IL-8 (5-7). Further work is required to
understand the effects of TCDD on immune responses
in vivo; however, our data clearly show that TCDD has
potential influence on allergic disorders in the human
body.
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