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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is known
to suppress T cell-dependent immune reactions through
the activation of the arylhydrocarbon receptor (AhR).
Our previous findings suggest that TCDD inhibits the
activation and subsequent expansion of T cells following
antigen stimulation in mice, leading to a decreased level
of T cell-derived cytokines involved in antibody produc-
tion. In the present study, we investigated the effects of
activated AhR on T cells by transiently expressing a
constitutively active AhR (CA-AhR) mutant in AhR-null
Jurkat T cells. In agreement with our previous findings,
CA-AbR markedly inhibited the growth of Jurkat T
cells. The inhibited cell growth was found to be concom-
itant with both an increase in the annexin V-positive
apoptotic cells and the accumulation of cells in the G,
phase, The growth inhibition was also shown to be me-
diated by both xenobiotic response element (XRE)-de-
pendent and -independent mechanisms, because an
A78D mutant of the CA-AhR, which lacks the ability of
XRE-dependent transcription, partially inhibited the
growth of Jurkat T cells. Furthermore, we demonstrated
that CA-AhR induces expression changes in genes re-
lated to apoptosis and cell cycle arrest. These expression
changes were shown to be solely mediated in an XRE-
dependent manner, because the A78D mutant of the CA-
AhR did not induce them, To summarize, these results
suggest that AhR activation causes apoptosis and cell
cycle arrest, especially through expression changes in
genes related to apoptosis and cell cycle arrest by the
XRE-dependent mechanism, leading to the inhibition of
T cell growth,

2,3,7,8-Tetrachloredibenzo-p-dioxin (TCDD}* is known to ex-
ert a variety of toxicities such as reproductive toxicity, immu-
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notoxicity, teratogenicity, and neurctoxicity {1, 2). Previous
studies using arylhydrocarbon receptor (AhR) knock-out mice
indicate that most, if not all, of the TCDD-induced toxicity is
mediated by the AhR, a basic helix-loop-helix periodicity/
ARNT/single-minded (PAS) transcription factor (3, 4). In the
absence of a ligand, the AhR is located in the eytoplasm in
association with heat shock protein 90, X-associated protein 2,
and heat shock protein 90 co-chaperone p23 (5). Once a ligand,
such as TCDD, binds to the AhR, the complex is translocated
into the nucleus where it forms a heterodimer with'an AhR
nuclear translocator (ARNT). The AhR/ARNT heterodimer
binds to specific DNA sequences termed xenobiotic response
elements (XREs), and it enhances the expression of genes such
as cytochrome P-450 1A1 (CYPIAL) (4, 6). On the other hand,
it has also been shown that the ligand-activated AhR directly
interacts with retinoblastoma protein (RB) (7, 8) and NF-xB
(RelA) (9), and their direct interactions modulate the signaling
pathways involved in many physiclogical functions. Although
many studies have been conducted, the precise mechanism for
individual toxicities of TCDD remains to be clarified.

As regards immunotoxicity, TCDD induces thymus atrophy
and suppresses both humoral and cellular immunity in an
AhR-dependent manner (10, 11). Recent studies using chimeric
mice with the AhR in either hemopoietic or stromal tissues
showed that TCDD induces thymus atrophy by directly affect-
ing thymocytes (immature T cells) and not dendritic or stromal
cells (12, 13). Additionally, it has been suggested that TCDD-
induced thymus atrophy can be attributed to the inhibition of
G/S cell eycle progression in thymoeytes at the double negative
stages of T cell development (12). In terms of cellular immu-
nity, it has been reported that full suppression of the cytotozic
T lymphocyte response by TCDD required AhR expression in
both CD4* and CD8* T cells; this indicates that T cells are
direct targets of TCDD (14). With regard to the suppressive
effect of TCDD on humoral immunity, primary effects on hoth
B cells and T cells have been reported by several groups (11,
15). Recently, we showed that TCDD considerably reduces the
production of the T cell growth factor IL-2 and CD4* type 2
helper T cell-derived eytokines prior to the inhibition of anti-
body suppression in mice immunized with ovalbumin (16—-18).
Furthermore, TCDD suppressed the increase in the number of
T cells in the spleen, following immunization. This suggests
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that TCDD inhibits the activation of antigen-specific T cells
and their subsequent expansion, which probably leads to dete-
riorated antibody production (16). All these findings strongly
suggest that T cells are a vulnerable target of TCDD toxicity,
with regard to not only thymus atrophy and inhibition of cel-
lular immunity but also the suppression of humoral immunity.
Qur recent finding that primary T cells have functional AhR
also supports this mechanism (19).

In the present study, to investigate the effects of activated
AhR on T cells and their underlying mechanism, we transiently
expressed a constitutively active AhR (CA-AhR) mutant in
human leukemic Jurkat T cells, because all the T cell lines
examined thus far, including Jurkat T cells, do not have func-
tional AhR (20, 21). We used a CA-AhR mutant lacking the
minimal PAS B motif, which is constitutively localized in the
nucleus and activates AhR-dependent transcription independ-
ent of the ligand (22, 23). We also generated an A78D mutant
of the CA-AhR, which lacks the ability of XRE-dependent tran-
scription (24), and examined the involvement of XRE-depend-
ent transcription in the effects of CA-AhR on Jurkat T cells.

EXPERIMENTAL PROCEDURES

Plasmid Construction—pEBSCAGFP (an Epstein-Barr virus-based
expression vector for green fluorescent protein (GFF) driven by a CAG
promoter) (25) and pEB6CAGMCS (containing multicloning sites) were
kindly provided by Dr. Yoshihiro Miwa (University of Tsukuba,
Tsukuba, Japan). A CA-AhR cDNA? was subcloned into a Kpnl-HindIII
site of pPEB6CACGMCS, and pEB6CAG-CA-AhR-GFP, encoding a CA-
AhR fused to GFP, was generated by inserting the Sall-AflIl fragment
of pEGFP-N3 (Clontech Laboratories, Inc., Palo Alto, CA). To examine
whether the effects of CA-AhR on Jurkat T cells are mediated by
XRE-dependent transcription, the mutation changing the alanine at
position 78 to aspartic acid (A78D) (24) in the CA-AhR was introduced
by the use of a QuikChange XL site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) according to the manufacturer’s instructions. A
primer with the sequence 5'-GTCAGCTACCTGAGGGACAAGAGCT-
TCTTTGATG-3' and its complementary equivalent were employed.

Cell Line, Transient Transfection, and Sorting—Jurkat T cells were
obtained from the Cell Resource Center for Biomedical Research (To-
hoku University, Sendai, Japan) and maintained in RPMI 1640 (Sigma)
supplemented with 10% heat-inactivated fetal bovine serum (Invitro-
gen), 10 mm HEPES (pH 7.1), 1 mM pyruvate, and 50 uM 2-mercapto-
ethanol at 37 *C in §% CO,. Jurkat T cells (2 X 10° cells) were tran-
siently transfected with 6 ug of pPEB6CAGFP, pEBSCAG-CA-AKR-GFP,
or pEB6CAG-A78D-GFP using DMRIE-C reagent (Invitrogen) accord-
ing to the manufacturer’s instructions. After 2 days, GFP-positive cells
from each transfectant were sorted using a FACSVantage SE (BD
Biosciences). The efficiency of the sorting was confirmed using a FAC-
SCalibur (BD Biosciences), and 98-99% of the sorted cells were GFP-
positive. The sorted cells were cultured at 1 X 10% cells/ml, and then
growth rate, apoptosis, and cell cycle distribution were examined as
described below. The results obtained in each experiment were con-
firmed in another independent experiment, and a set of representative
results has been shown under “Results.”

Detection of Apoptosis—For the detection of apoptotic cells by an-
nexin V binding and propidium iodide (PI) staining, we used an An-
nexin V-biétin apoptosis detection kit (BioVision, Palo Alto, CA) accord-
ing to the manufacturer's instructions, with minor modifications. At 0,
2, and 4 days after sorting, the cells were incubated with biotin-labeled
annexin V for 5 min at room temperature. ARter washing, the cells were
incubated with streptavidin-labeled allophycocyanin (SA-APC, BD Bio-
sciences) for 15 min at room temperature. After washing, PI was added,
and the cells were analyzed using a FACSCalibur.

Furthermore, the induction of apoptosis was confirmed by apoptotic
morphological changes. The sorted cells were cultured for 2 days and
then stained with 4 pM bishenzimide (Hoechst 33342, ICN Biomedicals
Inc., Aurora, OH) for 16 min. The apoptotic cells vere examined by the
changes in their nuclear morphology, i.e. nuclear fragmentation, under
a UV-visible fluorescence microscope. Approximately over 100 cells
were counted in four microscopic fields, and the percentage of apoptotic
cells was estimated.

Cell Cycle Aralysis—At 0, 2, and 4 days after sorting, the cells were
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stained with PI using a CycleTEST Plus DNA reagent kit (BD Bio-
sciences) according to the manufacturer’s instructions, and their DNA
content was measured using a FACSCalibur. The percentages of cells in
the G,, 8, and G,M phases were analyzed using ModFit software
(BD Biosciences),

Affymetrix GeneChip Analysis—Affymetrix GeneChip analysis was
performed according to the Affymetrix expression analysis technical
manual (Affymetriz, Santa Clara, CA), with some modifications. After
sorting, total RNA was isclated using an RNeasy Mini Kit (Qiagen,
Chatsworth, CA). Double-stranded cDNA was synthesized from 1 ug of
total RNA using SuperScript Il reverse transeriptase (Invitrogen) and
T7 oligo(dT),, primer (Affymetrix). The double-stranded cDNA was
purified by the phenol/chloroform extraction method, followed by etha-
nol precipitation. The in vitro transcription reaction was performed
using a BioArray high yield RNA transcript-labeling kit (Enzo Diag-
nostics, Farmingdale, NY). 15 ug of the biotin-labeled cRNA was frag-
mented and hybridized to a Human Genome U133A array (Affymetrix).
The hybridized probe array was washed, stained, and scanned. The
data were analyzed using Affymetrix Microarray Suite 5.0 software. A
comparison analysis was performed to obtain genes with at Ieast 2-fold
changes in Jurkat T cells expressing CA-AhR-GFP as compared with
cells expressing GFP alone.

Semiguantitative RT-PCR—To confirm the gene expression changes
observed by the Affymetrix GeneChip analysis, semiquantitative RT-
PCR was performed on the double strand cDNA prepared for Affymetrix
GeneChip analysis. Primers used in the present study were designed
using PRIMER3 (frodo.wi.mit.edvw/cgi-bin/primer3/primer3_www.cgi)
and NCBI UniSTS (www.ncbi.nlm.nih.gov/entrez/query.fegi?db=unists),
based on human sequences published in the NCBI data base. Primer
sequences, PCR cycle numbers, and the annealing temperatures of each
gene are shown in Table I. Each double-stranded ¢DNA was amplified
in the exponential phase of PCR using TaKaRa Taq (TaKaRa Shuzo
Co., Ltd., Tokye, Japan). The amplification was carried out by an initial
ineubation at 94 °C for 2 min, followed by 19-30 cycles of 94 *C for 30 s,
55 or 60 °C for 30 s, and 72 °C for 30 s, and a final extension at 72 °C for
7 min, The PCR products were separated in a 1.2% Synergel (Diversi-
fied Biotech, Boston, MA) containing 0.5 pg/ml ethidium bromide, The
net intensity of the bands was quantified using Kodak EDAS 290. The
expression level of each gene was normalized to that of glyceraldehyde-
3-phosphate dehydrogenase or S-actin.

RESULTS

CA-AhR Inhibits Growth of Jurkat T Cells—To examine the
effect of AhR activation on T cells, we used a CA-AhR mutant
lacking the minimal PAS B motif (Fig. 14). The CA-AhR mu-
tant has been reported to form a heterodimer with ARNT and
induce XRE-dependent gene expression in Chinese hamster
ovary cells and MCF-7 cells in the absence of a ligand (22, 23).
First, we examined CYP1Al expression to confirm that CA-
AhR induces XRE-dependent gene expression in Jurkat T cells,
Jurkat T cells, which expressed ARNT but not AhR (data not
shown), were transiently transfected with an expression vector
for either CA-AhR-GFP or GFP alone. Two days after the
transfection, GFP-positive cells were sorted and RT-PCR for
CYP1Al mRNA was performed. As shown in Fig. 1B, CA-AhR-
GFP, but not GFP alone, markedly induced CYP1A1 mRNA
expression, indicating that the CA-AhR is functional in Jurkat
T cells. In addition, the green fluorescence emitted from CA-
AhR-GFP wag mainly found in the nuclear compartment (data
not shown).

To examine the effect of CA-AhR on the growth rate of
Jurkat T cells, the sorted cells were cultured for up to 4 days,
and the cell numbers were counted at the indicated times. As
shown in Fig. 2, the cells expressing GFP alone increased
10-fold, 4 days after sorting. In contrast, the expression of
CA-AhR-GFP completely inhibited the increase in cell numbers
up to 4 days after sorting, indicating that the activation of AhR
greatly inhibits the growth of Jurkat T cells.

CA-ARR Induces Apoptosis in Jurkat T Cells—Because CA-
AhR was shown to induce growth inhibition, we examined
whether the expression of CA-AhR induces apoptosis in Jurkat
T cells. Apoptotic cells were detected with annexin V, which
monitors the appearance of phosphatidylserine on the cel] sur-
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TasLe I
List of primers used for semiquantitative RT-PCR
Desciption T Primer ssquene (5-2) PCR s Amneaing Product
°C bp
AhR L19872 TTACCTGGGCTTTCAGCAGT 18 60 506
AACTGGGGTGGARAGAATCC (CA-AhR)
B-Actin X00351 GAGGCCCAGAGCAAGAGAG 19 60 225
GGCTGGGGTETTCARGGT
Caspase 8 Us58143 CTTGGATGCAGGGGCTTTGACC 23 56 550
GTTCACTTCAGTCAGGATGG
CDA1 AF254794 TGAGGAGGAAGGAAGTGAAGA 26 60 1M
TAGTGGGTGGRGGATACAGA
c-Jun BC002646 GGTATCCTGCCCAGTGTTGT 25 60 as2
CGCACTAGCCTTTGGTAAGC
c-Myc V00568 TCGGATTCTCTGCTCTCCTC 24 60 413
CGCCTCTTGACATTCTCCTC
Cyclin G2 U47414 TGGACAGGTTCTTCGCTCTT 28 55 367
AATACAGATGGTTTTCCTTTTGA
CYP1Al X02612 CTTGGACCTCTTTGGAGCTG 30 60 212
CGAAGGAAGAGTGTCGGAAG
DUSP6 ABQ13382 CGATGAACGATGCCTATGAC 29 60 262
TGCCARGAGAARCTGCTGAA
Fas M67454 CTGCCATAAGCCCTGTCCT 27 60 360
CAAAGCCACCCCAAGTTAGA
GADD34 183981 CCTCCTCTGTCCCTTCGRTC 26 60 127
AGTTGCTCTCAGCCACGT
GADDA45A M60974 CTGGAGGAAGTGCTCAGCARAG 27 60 399
TTGATCCATGTAGCGACTTTCC
GAPDH M33197 ACCACAGTCCATGCCATCAC 18 60 452
TCCACCACCCTGTTGCTGTA
IL-9 receptor MB84747 TTCACCATCACTTTCCACCA 26 60 370
AACGCTCCTCCTCTACCACA
p2luas? U03106 GGGAAGGCGACACACAAGAAG 25 60 478
GGGAGCCGAGAGARAACAG
TGF-f receptor II D50683 CGGCTCCCTARACACTACCA 27 60 478
GCTCCCTTCCTTCTCTGCTT
A 14
— 12%+ 0 GrFP
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Full fength e L £2 g}
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Fic. 1. Structure of a constitutively active mutant of an aryl-
hydrocarbon receptor (CA-AhR) and CYP1A1 induction in Ju-
rkat T cells expressing CA-AhR. A, the structures of wild-type
AhR and a CA-AhR fused to GFP (CA-AhR-GFP) are shown. The
CA-AhLR lacks the minimal PAS B motif. B, the expression vector for
either CA-AhR-GFP or GFP alone was transiently transfected into
Jurkat T cells vsing DMRIE-C reagent. Two days after transfection,
GFP-positive cells were sorted using a FACSVantage SE. Total RNA
was isolated from the cells, and mRNA expression levels of CYP1A1
and glyceraldehyde-3-phosphate dehydrogenase were examined by
semiquantitative RT-PCR.

face during apoptosis. In addition, PI was used to distinguish
between early and late apoptosis, because PI is excluded only
by live and early apoptotic cells. As shown in Fig. 3, where
annexin V-positive, PI-negative cells (upper left quadrant) rep-
resent early apoptotic cells and annexin V, PI-double positive
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Days after sorting

Fic. 2, CA-AhR inhibits growth of Jurkat T cells. The expression
vector for either CA-AhR-GFP or GFP alone was transiently transfected
into Jurkat T cells using DMRIE-C reagent, After 2 days, GFP-positive
cells from each transfected cells were sorted using a FACSVantage SE
and then cultured at 1 X 10° cells/ml. The cell numbers at the indicated
times were determined by trypan blue exclusion.

cells (upper right quadrant} represent late apoptotic/necrotic
cells, GFP-alone-transfected cells did not show remarkable
changes in the ratio of dead cells. On the other hand, CA-AhR-
GFP increased the percentage of apoptotic cells, especially 2
and 4 days after sorting. Two days after sorting, the percentage
of early apoptotic cells was 3-fold higher in cells expressing
CA-AhR-GFP than in those expressing GFP alone. Moreover, 4
days after sorting, CA-AhR-GFP augmented the percentages of
early apoptotic cells and late apoptotic/necrotic cells by approxi-
mately 8- and 8-fold, respectively, as compared with GFP alone.

Furthermore, the induction of apoptosis was confirmed by
nuclear morphological changes. Each group of sorted cells was
cultured for 2 days and stained with Hoechst 33342 dye. Frag-
mented nuclei were observed in a number of cells expressing
CA-AhR-GFP (Fig. 4A, arrowheads), and apoptotic cells
reached about 30%; however, the apoptotic cells only reached
10% in cells expressing GFP alone (Fig. 4RB).
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After sorting
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Fi6. 3. CA-ABR induces apoptosis in Jurkat T cells. The expression vector for either CA-AhR-GFP or GFP alone was transiently transfected
into Jurkat T cells using DMRIE-C reagent. After 2 days, GFP-positive cells were sorted from the transfected cells using a FACSVantage SE and
then cultured for the indicated time periods. The cells were incubated with biotin-labeled annexin V, followed by staining with SA-APC and PI,
and analyzed using a FACSCalibur. The upper left quadrant (annexin V-positive, Pl-negative) represents early apoptotic cells, whereas the upper
right quadrant (annexin V, PI-double positive) represents late apoptotic/necrotic cells.

A

GFP {phase) GFP (Hoechst)

CA-AhR-GFP (phase

B =
2 40
2 a0}
=]
B 20
2 10b
3-] N
5 o 1 =
Z.‘E (;(Q Qq
&
&
0?'

Fic. 4. CA-AhR induces apoptotic morphological changes in
Jurkat T cells. A, the expression vector for either CA-AhR-GFF or
GFP zlone was transiently transfected into Jurkat T cells using DM-
RIE-C reagent. After 2 days, GFP-positive cells were sorted from the
transfected cells using a FACSVantage SE, The sorted cells were cul-
tured for 2 days and then stained with 4 uM Hoechst 33342 for 15 min,
The apoptotic cells were examined by the changes in their nuclear
morphology, i.e. with fragmentation under a phase-contrast and a UV-
visible fluorescence microscope. The arrowheads indicate the frag-
mented nuclei of the apoptotic cells. B, approximately over 100 cells
were counted in four microscopic fields under a UV-visible fluorescence
microscope, and the percentage of the apoptotic cells was estimated.

CA-ARR Induces the Accumulation of Cells in the G,
Phase-~We also investigated the possibility that CA-AhR in-
duces cell cycle arrest. As shown in Fig. 5, in non-transfected
Jurkat T cells, 48% of the cells were in the G, phase, 37% were
in the S phase, and 15% were in the G_/M phase. Immediately
after sorting (0 day), no difference was observed in the DNA
profile among non-transfected cells, cells expressing GFP
alone, and those expressing CA-AhR-GFP. Two days after sort-
ing, the percentage of cells expressing CA-AhR-GFP rose to
61% in the G, phase and correspondingly decreased to 24% in
the S phase, whereas no change in cell cycle distribution was
observed in cells expressing GFP alone. Four days after sorting,
the percentages in the individual phases were not significantly
changed from those obtained 2 days after sorting. These results
suggest that CA-AhR affects cell cycle progression, especially in
the G, phase.

The Inhibition of Growth by CA-AhR Is Mediated by Both
XRE-dependent and -independent Mechanisms--To elucidate
whether the inhibitory effect of CA-AhR on the growth of Jur-
kat T cells is mediated by an XRE-dependent or -independent
mechanism, we generated an A78D mutant of the CA-AhR. The
A78D mutant of wild-type AhR is translocated into the nucleus
in the presence of TCDD and forms a heterodimer with ARNT.
However, it lacks the potential for XRE-driven gene expression
due to impaired XRE binding (24). To confirm that the disrup-
tion of transcription by A78D mutation is available for the
CA-AhR, we examined the effects of A78D mutation introduced
into the CA-AhR on localization and gene expression. When
either CA-AhR-GFP or A78D mutant of CA-AhR-GFP {(A78D-
GFP) was transiently expressed in Jurkat T cells, a FACS
analysis showed the same GFP expression patterns between
both types of transfected cells, before and after sorting (Fig.
64). Furthermore, the mRNA expression of CA-AhR-GFP or
AT8D-GFP was detected at the same level in both transfected
cells by semiquantitative RT-PCR (Fig. 6B). The green fluores-
cence emitted by the GFP was mainly observed in the nuclear
compartment in cells expressing A78D-GFP as well as CA-
AhR-GFP (data not shown). However, as shown in Fig. 6B, only
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After sorting
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Fic. 5. CA-AhR increases the percentage of cells in the G,
phase. The expression vector for either CA-AhR-GFP or GFP alone was
transiently transfected into Jurkat T cells using DMRIE-C reagent.
After 2 days, GFP-positive cells were sorted from the transfected cells
using a FACSVantage SE and then cultured for the indicated time
periods. The cells were stained with PI using a CycleTEST Plus DNA
reagent kit, and DNA content was measured using a FACSCalibur. The
percentages of cells in the G,, 8, and G,/M phases were analyzed using
ModFit software.

CA-AhR-GFP, but not A78D-GFP, induced CYP1A1 mRNA
expression, These observations show that A78D-GFP is consti-
tutively localized in the nucleus in the absence of TCDD, but it
cannot induce gene expression by binding to the XRE.

Using these AhR mutants, the XRE dependence of the
inhibitory effect of activated AhR was examined. As shown in
Fig. 6C, CA-AhR markedly inhibited the increase in cell
number (in agreement with the data shown in Fig. 2). On the
other hand, the A78D mutant only partially inhibited the
increase. This result indicates that both XRE-dependent and
-independent mechanisms are involved in the CA-AhR-in-
duced growth inhibition.

CA-AhR Induces Expression Changes of Genes Related to
Apoptosis and Cell Cycle Arrest by an XRE-dependent Mecha-
nism—Because CA-AhR induced apoptosis and the accumula-
tion in the G, phase in Jurkat T cells, we examined whether
CA-AhR changes the expression of genes related to apoptosis
and cell ¢ycle arrest and whether the regulations of these genes
are mediated by XRE-dependent transeription. Two days after
transfection, total RNA was isolated from the GFP-positive
cells, and the gene expression was analyzed using an Af-
fymetrix GeneChip. Genes related to apoptosis and cell cycle
artest were selected from the genes that showed at least a
2-fold change in gene expression in the cells expressing CA-
AhR-GFP, as compared with cells expressing GFP alone, and
their expression changes were confirmed by semiquantitative
RT-PCR. Furthermore, we determined the relative -fold indue-
tion of each of the confirmed genes in cells expressing CA-AhR-
GFP and in cells expressing A78D-GFP by a comparison with
the cells expressing GFP alone (Fig. 7 and Table II). We found
that CA-AhR up-regulates genes related to apoptosis (caspase
8, e-Jun, and Fas) (26, 27} and cell cycle arrest (cyclin G2,
growth arrest and DNA-damage-inducible, alpha (GADD45A),
p214°_ cell division auteantigen-1 (CDAL), and 1L-9 receptor)
(28-32), CA-AhR also up-regulated the genes involved in both
apoptosis and eell eycle arrest {dual specificity phosphatase 6,
GADD34, and TGF-8 receptor II) (33-36). On the other hand,
¢-Mye, which plays an important role in the G,/S transition
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Fic. 6. CA-AhR inhibits the growth of Jurkat T cells by the
XRE-dependent and -independent mechanismas. A, the expression
vector for either CA-AhR-GFP, A78D-GFP, or GFP alone was tran-
giently transfected into Jurkat T cells using DMRIE-C reagent. Two
days after the transfection, GFP-positive cells were sorted using a
FACSVantage SE. The GFP expression of the cells was analyzed before
and after sorting, using a FACSCalibur. B, total RNA was isolated from
the cells and mENA expression levels of CYP1A1, CA-AhR-GFP, and
glyceraldehyde-3-phosphate dehydrogenase were ezamined by semi-
quantitative RT-PCR. C, the sorted cells were cultured at 1 X 10°
cells/ml, and the cell numbers at the indicated times were determined
by trypan blue exclusion.

(37), was down-regulated in cells expressing CA-AhR-GFP.
Furthermore, our results clarified that all the changes in these
genes were dependent on transcription through the XRE, be-
cause only CA-AhR, but not A78D, induced expression changes
of these genes (Fig. 7 and Table II).

DISCUSSION

In the present study, CD4™ T cell line Jurkat T cells were
transiently expressed with a CA-AhR, a model of ligand-acti-
vated AhR. We demonstrated that CA-AhR remarkably inhib-
its the growth of Jurkat T cells. We also clarified that CA-AhR
induces both apoptosis and accumulation in the G, phase,
which strongly suggests that these effects induce growth inhi-
bition in Jurkat T cells. Furthermore, we showed that CA-AhR-
induced growth inhibition is mediated by both XRE-dependent
and -independent mechanisms, using an A78D mutant of the
CA-AhR, With regard to the XRE-dependent mechanism, our
results demonstrate that CA-AhR induces expression changes
in genes related to apoptosis and cell cycle arrest. On the other
hand, the XRE-independent growth inhibition, which is caused
by the A78D mutant of the CA-AhR, may result from the
interaction between CA-AhR and its target molecules. For in-
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stance, it has been reported that BB specifically interacts with
both an LXCXE motif in PAS B of the AhR and the C-terminal
region of the AhR and that their direct interaction inhibits
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GADD45A
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‘Fic. 7. CA-AhR induces expression changes of genes related to
apoptosis and cell eycle arrest by an XRE-dependent mecha-
nism. The expression vector for either CA-AhR-GFP, A78D-GFP, or
GFP alone was transiently transfected into Jurkat T cells using DM-
RIE-C reagent. Two days after the transfection, GFP-positive cells were
sorted using a FACSVantage SE. Total RNA was isolated from the cells,
and gene expression was analyzed using an Affymetrix GeneChip.
Genes related to apoptosis and cell eycle arrest were collected from the
genes that showed at least a 2-fold change in gene expression in the
cells expressing CA-AhR-GFP, as compared with the cells expressing
GFP alone, and the expression changea of these genes were confirmed
by semiquantitative RT-PCR.
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E2F-driven gene expression, leading to G, arrest (7, 8, 38).
Although the CA-AhR protein lacks a PAS B region containing
an LXCXE motif, it possesses the ability to specifically interact
with RB through the C-terminal region. The semiquantitative
RT-PCR data in our present and previous study (19) suggest
that the CA-AhR was expressed in Jurkat T cells at a much
higher level than the native AhR in mouse thymocytes and
splenocytes. Therefore, we also cannot rule out the possibility
that the XRE-independent growth inhibition was due to arti-
factual effects, such as stress response, of overexpression of the
AhR protein in the nucleus. Further studies will be needed to
elucidate the mechanism of XRE-independent growth
inhibition.

The gene expression analysis suggests the involvement of
several signaling pathways in the growth suppression of Jur-
kat T cells. The increase in Fas and caspase 8 transcripts by
CA-AhR suggests that the Fas signaling pathway is involved in
the CA-AhR-induced apoptosis. In agreement with our present
data, previous studies using mice having a deficiency in the Fas
signaling pathway have shown that TCDD decreases the cell
number of anti-CD3-activated T cells through a Fas signaling
pathway (39, 40). The study by Zeytun et al, (40} reported that
Fas ligand was up-regulated in the spleen cells of mice exposed
to TCDD. However, CA-AhR did not increase the expression
level of Fas ligand in Jurkat T cells. This discrepancy between
our study and that of Zeytun et al. suggests that TCDD-induced
up-regulation of Fas ligand is due to the effect on non-T cells in
spleen cells, ‘As another apoptosis-related gene, we found that
CA-AhR inéreases TGF-B receptor II transcript. The TGF-8
signaling pathway has been reported to induce apoptosis and
cell cycle arrest in T ¢ells (36). Although CA-AhR induces no
changes in the expression level of the TGF-g family (TGF-g1,
B2, and B3)'in Jurkat T cells (data not shown), the up-regula-
tion of TGF-B receptor II by AhR activation in T cells may cause
an increase in their susceptibility to TGF-B. CA-AhR also reg-
ulated a number of genes related to cell eycle arrest. We found
that CA-AhR induces expression changes of genes involved not
only in G, arrest (eyclin G2 and c-Myc) (28, 37) but also in G,
arrest (GADD45A) (29), in both G, and G, arrest (p21°*/) (30),
and in multiphase cell eycle arrest (CDA1) (31), Through a cell
cycle analysis, we showed that CA-AhR induced the accumula-
tion in the G, phase by culturing for 2 days after sorting.
However, further accumulation in the G, phase was not found
by culturing for 4 days after sorting. These results may suggest

Tame IT
Relative-fold induction of CA-AhR-regulated genes in the XRE-dependent and -independent fashion
Gene expression changes by CA-AhR were examined by Affymetrix GeneChip analysis, and genes related to apoptosis and cell cycle arrest with
at least two-fold changes in CA-AhR-GFP-transfected cells, as compared with GFP-alone transfected cells, were selected. Relative expression levels
of the selected genes in cells expressing either CA-AhR-GFP or A7T8D-GFP were determined by semiquantitative RT-PCR.

Description Change® Functions CA-AhR, change? AT8D, change®
-fold
Caspase 8 Up Apoptosis 1.72 0.76
c-Jun Up Apoptosis 1.42 0.85
Fas Up Apoptosis 2.66 0.62
Cyclin G2 Up @G, arrest 2.20 0.78
e-Myc Down G,/S transition 0.29 0.75
GADD45A Up G, arrest 1.30 0.71
p21wef Up G, arrest and G, arrest 1.98 1.19
CDA1l Up Growth arrest 2,36 0.73
IL-9 receptor Up Growth arrest 4.79 133
DUSP6 Up Apoptosis and growth arrest 3.00 0.57
GADD34 Up Apoptosis and growth arrest 2.18 0.69
TGF-8 receptor 11 Up Apoptosis and growth arrest 1.7¢ 0.89

% Gene expression changes were determined by Affymetrix GeneChip analysis.
® Relative gene expression level was determined in cells expressing CA-AhR-GFP, as compared with cells expressing GFP alone, by semiquan-

titative RT-PCR.

© Relative gene expression level was determined in cells expressing A78D-GFP, as compared with cells expressing GFP alone, by semiquanti-

tative RT-PCR.
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that CA-AhR causes alteration of the G,/S transition at an
early stage and then inhibits cell eycle progression at various
stages of the cell cycle.

With regard to how CA-AhR regulates the transcription of
these genes, a search for the human genome sequences of the
NCBI demonstrated that the 5'-flanking regions of GADD34,
IL-9 receptor, CDA1, and c-Jun genes contain the core consen-
sus sequence of XRE (5'“TNGCGTG-3' or 5'-CACGCNA-3'),
suggesting that these genes are directly regulated by activated
AhR through the XRE, whereas other genes seem to be regu-
lated by indirect mechanisms. The expression of Fas,
GADD454, p21¥%7, and caspase 8 are known to be up-regu-
lated by the activation of p53 (41, 42). Recently, it has been
reported that GADD34 induces phosphorylation of p53 and
enhances p21“*? expression (35). Likewise, CA-AhR may up-
regulate genes such as Fas, GADD45A, and caspase 8 through
induction of GADD34 and following p53 activation. In addition,
it has been reported that the induction of CYP1A1 causes DNA
damage (43), probably leading to the activation of p53. There-
fore, this p53-dependent pathway may be involved in CA-AhR-
induced apoptosis and cell cycle arrest.

Previous studies have reported that TCDD induces apoptosis
in AhR-null T cell clones, including Jurkat T cells, in an AhR-
independent manner (20, 44). However, Jurkat T cells used in
this study were not susceptible to apoptosis even in the pres-
ence of 10 nM TCDD {data not shown). Although the reason for
the discrepancy is unclear, our results well indicate that acti-
vated AhR is essential for the inhibition of T cell growth by
TCDD, in agreement with the findings that AhR expression is
indispensable for TCDD-induced immunosuppression in vivo
(10, 11).

In summary, we demonstrated that CA-AhR induces the
growth inhibition of Jurkat T cells, with an increase in apopto-
sis and the accumulation of the cells in the G, phase. Further-
more, we showed that both XRE-dependent and -independent
mechanisms are involved in CA-AhR-induced growth inhibi-
tion and that CA-AhR regulates the expression of several genes
related to apoptosis and cell cycle arrest in an XRE-dependent
manner, Further studies will aim to identify target gene(s) and
protein(s) mainly responsible for the inhibition of T cell growth
by the XRE-dependent and -independent mechanisms. CD4*
helper T cells play an important role in both humoral and
cellular immunity, where TCDD inhibited the increase in the
number of CD4* T cells, following immunization (16, 45). The
present data may provide a mechanism for the suppression of
both humoral and cellular immunity.
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Exposure of Mouse Preimplantation Embryos to 2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD) Alters the Methylation Status of Imprinted Genes H79 and Igf2"

Qing Wu,3* Seiichiroh Ohsako,>* Ryuta Ishimura,>* Junko S. Suzuki,® and Chiharu Tohyama?2+
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ABSTRACT

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is an extremely
toxic, persistent environmental contaminant that disrupts nor-
mal development in laboratory animals. in our earlier study, we
found that exposure of preimplantation embryos to TCDD mark-
edly induced cytochrome P4501A1 mRNA at the blastocyst
stage. In the present study, to determine whether exposure of
preimplantation embryos to TCDD affects fetal growth, we ex-
posed preimplantation embryos to TCDD from the 1-cell stage
to the blastocyst stage and then transferred them to unexposed
recipient mice. On Embryonic Day 14, the fetuses exposed to
TCDD during the preimplantation stage weighed less than the
fetuses in the unexposed control group. Real-time reverse tran-
scription-polymerase chain reaction analysis revealed that ex-
posure of preimplantation embryos to TCDD tended to decrease
the expression levels of the imprinted genes H19 and Igf2 (in-
sulin-like growth factor 2 gene), Use of bisulfite genomic se-
quencing demonstrated that the methylation level of the 430-
base pair H19/Igf2 imprint control region was higher in TCDD-
exposed embryos and fetuses than in the controls, and methyl-
transferase activity was also higher in the TCDD-exposed
embryos than in the controls. To our knowliedge, the present
study is the first to provide evidence that TCDD exposure at the
preimplantation stage alters the genomic DNA methylation sta-
tus of imprinted genes, influences the expression level of im-
printed genes, and affects fetal development.

developmental biology, early development, embryo, growth fac-
tors, toxicology

INTRODUCTION

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is an en-
vironmental contaminant that has a wide spectrum of toxic
effects, including inducing severe weight loss and exerting
fetotoxicity and teratogenicity [1-5]. It has also been re-
ported to affect fetal body weight when administered to the
mother [2] and to have direct effects on preimplantation
embryos in vitro [3, 4]. In our previous study [5], we ex-
posed different-stage preimplantation embryos to TCDD in
vitro and found that TCDD induced the expression of cy-
tochrome P4501A1 (CYPIA1) mRNA, as a biomarker for
dioxin exposure [6], during the blastocyst stage. This find-
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ing suggests that TCDD directly affects regulation of gene
expression in preimplantation embryos [5]. Although no
morphological changes in the embryos were detected by
the end of culture, whether the TCDD-exposed embryos
would have displayed an abnormal phenotype during later
stages of development remains unknown.

One of the marked differences between preimplantation
embryos and later stages of development is a genome-wide
reprogramming of the DNA methylation pattern in vive [7].
Typically, a substantial portion of the genome is demeth-
ylated and, later, remethylated in a cell- or tissue-specific
manner. During this period, only certain genomic regions,
so-called “imprinted genes,” are protected from demeth-
ylation at the time of fertilization [8—10]. The genes that
are imprinted are established during oogenesis and sper-
matogenesis {11]. In contrast to other genes, the methylated
status of imprinted genes is maintained during embryogen-
esis, including the preimplantation stage [12], and trans-
mission of these imprints is essential for normal embryonic
development [11, 13]. In studies using preimplantation em-
bryos cultured in vitro, several investigators have reported
finding that aberrant growth and specific phenotypic ab-

"normalities during fetal and postnatal development are

sometimes associated with aberrant epigenetic modifica-
tions (i.e., with an altered methylation pattern in the ge-
nome during the preimplantation stage) {14, 15]. In addi-
tion, deregulation of imprints of several genes significantly
affects postnatal growth and development {13, 16].

In the present study, we exposed murine preimplantation
embryos to TCDD in vitro and then transferred them to
unexposed recipient mice to determine how TCDD affects
fetal development. Because imprinted genes are thought to
be highly responsive to environmental conditions at the pre-
implantation stage and alteration of the methylation pattern
has significant effects on fetal development [14, 15], we
focused on alteration of the expression levels of two
growth-related imprinted genes, H/9 and Igf2, and we ex-
amined their genomic methylation status in the HI19/Igf2

imprint control region after preimplantation exposure to
TCDD.

MATERIALS AND METHODS
Materials

The TCDD (purity, >99.5%) was purchased from Cambridge Isotope
Laboratory (Andover, MA). The eCG and hCG were obtained from Tei-
kokuzoki Co. (Tokyo, Japan). The M16 medium was from Sigma (St
Louis, MQ). TRIzo] reagent, SuperScript II reverse transcriptase, and oli-
go(dT),;-15 primer were from Life Technologies (Rockville, MD). Wizard
DNA Clean-Up System and plasmid pGEM-T Easy vector were from Pro-
mega {Madison, WI). The QuantiTect SYBR Green PCR kit, HotStar Taq
polymerase, and QIAprep Spin Miniprep Kit were from Qiagen (Valencia,
CA). Poly(dl-dC:dI-dC}), [*H-methyl]$-adenosylmethionine, and DYEn-
amic ET terminator cycle sequencing kit were from Amersham Biosci-
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ences (Piscataway, NJ). Other reagents were of analytical grade and were
obtained from Nacalai Tesque, Inc. (Kyoto, Japan).

Embryo Collection, TCDD Exposure, and Transplantation

Animals were cared for humanely according to the guidelines for an-
imal experiments of the National Institute for Environmental Studies. Male
and female Jcl:ICR mice (age, 9-10 wk) were purchased from Charles
River, Inc. (Tokyo, Japan). The animals were provided access to food and
water ad libitum and kept on a 12L:12D photoperiod. Female mice were
superovulated by i.p. injection with 5 IU of eCG, followed 48 h later by
an i.p. injection of § U of hCG, The superovulated females were allowed
to mate with the males.

Embryos were collected from the oviduct at the 1-cell stage, approx-
imately 21-23 h after hCG administration. The TCDD was dissolved in
dimethyl sulfoxide and then added to M16 medium, and the dimethyl
sulfoxide concentration in the medium was set at 0.1% in both the expo-
sure and control groups. The TCDD was added to the medium to a con-
centration of 10 nM, because this concentration significantly induced
CYPI1A] expression in blastocyst embryos without producing morpholog-
ical changes [5]. The 1-cell embryos from the same donor mouse were
equally divided into two groups. They were then cultured to the blastocyst
stage in 200-pl drops of M16 medium drops (with or without 10 nM
TCDD) and covered with mineral oil in 2 humidified atmosphere of 5%
CO; and 95% air at 37°C. After incubation, blastocyst embryos with clear-
ly visible blastocoele cavities that had developed from the 1-cell stage
were washed. The TCDD-exposed blastocysts were transferred into the
one uterus, and the corresponding controls were transferred into another
uterus of the same recipient female ICR mice (n = 7 blastocysts per horn).

Real-Time Reverse Transcription-Polymerase Chain
Reaction

Fetuses were dissected on Embryonic Day (E) 14, and total RNA was
purified from each whole fetus with TRIzol reagent and reverse transcribed
with Superscript II reverse transcriptase. Quantitative real-time polymerase
chain reaction (PCR) analysis was performed using the Roche LightCycler
{Roche, Mannheim, Germany} [17] and the QuantiTect SYBR Green PCR
kit according to the supplier’s protocol. The primer sets used in the present
study were as follows: HI9: forward, taccccgggatgacttcate; reverse, ta-
tetccgggactecaaace (GenBank accession no. Af049091, 7690-7875); Igf2:
forward, gtgtgtgtcagccaageatg; reverse, caaatgtgggeacacagagg (GenBank
accession no, U71085, 27066-27319); cyclophilin: forward, tggagatga-
atctgtaggacgag; reverse, taccacatccatgccctctagaa (GenBank accession no.
M60456, 172-554); G3PDH: forward, cacagtcaaggccgagaatg, reverse,
teteptggtteacacecate {(GenBank accession no. M33599, 214-436). The am-
plification program was as follows: one cycle of 95°C for 15 min, followed
by 35 cycles of denaturation for 15 sec at 95°C, annealing of primers for
20 sec at 56°C, and extension for 20 sec at 72°C, After completion of the
final cycle, a melting curve analysis was performed to monitor PCR prod-
uct purity. The identity of the PCR products was verified by agarose gel
electrophoresis. Five serial dilutions, ranging from 0.125- to 2-ul aliquots
of the reverse transcription (RT) reaction products, were used to construct
the standard curve. All samples for each target gene were guantitatively
analyzed simultaneously. Expression of the targeted gene transcript was
calculated by linear extrapolation and normalized to that of G3PDH. The
expression ratios for the various genes are reported relative to the mean
expression ratio {adjusted to one) in the control group.

Bisulfite Genomic Sequencing

Genomic DNA was isolated from blastocyst embryos and E14 fetuses.
Bisulfite treatment was performed as described previously [10, 18]. Brief-
ly, the DNA was digested overnight with a Novl restriction enzyme and
then subjected to depaturation for 20 min at 37°C with NaOH at a final
concentration of 0.3 M. Freshly prepared 10 mM hydroquinone and 3.6
M sodium bisulfite were added to final concentrations of 0.5 mM and 3.1
M, respectively. The reaction mixture was incubated at 55°C for 16 b, and
the DNA was then purified with the Wizard DNA Clean-Up System. The
purified sample was resuspended in 50 pl of TE (10 mM Trs-HCI, pH
8.0, containing ! mM EDTA) and denatured in 0.3 M NaOH at 37°C for
20 min, After neutralization with 3.0 M ammonium acetate, the DNA was
ethanol-precipitated and resuspended in 50 pl of TE. The 430-base pair
imprint control region of the Hi9/Tgf2 gene (GenBank accession no.
U19619, 1301-1732) (see Fig. 3) was amplified by PCR with HotStar Taq
polymerase. Two rounds of PCR were performed with fully nested primer
pairs. The primer set for the first-round PCR was as follows: forward,
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gagtatttaggaggtataagaat; Teverse, atcaaaaactaacataaace. The primer set for
the second-round PCR {(a nested PCR), was as follows: forward, ttigtaag-
gagattatgtttattittggat, reverse, ccctaacctcataaaacccataactataaa. The PCR
products were directly sequenced to analyze overall methylation status and
subcloned into pGEM-T Easy vector to analyze the methylation pattern.
The DNA sequencing was performed by Applied Biosystems (Foster City,
CA) PRISM 310 Genetic Analyzer and the dideoxynucleotide chain ter-
mination method using the DYEnamic ET terminator cycle sequencing
kit.

DNA Methyltransferase Activity Assay

Total DNA methyltransferase activity was assayed as previously de-
scribed [15]. Briefly, embryos were transferred into 17 pl of assay buffer
containing 130 pCi/ml of [*H-methyl]S-adenosylmethionine and lysed by
four freeze/thaw cycles with dry ice in methanol. The unmethylated, dou-
ble-stranded oligonuclectides [poly(dI-dC:d1-dC)] were added to the ly-
sate, and the solution was then incubated for 2 h at 37°C. The poly(dl-
dC:dI-dC) was precipitated by 10% trichlorcacetic acid, resuspended in
NaOH, and mildly acidified with HCI. Liquid scintillation counting was
then performed.

Statistical Analysis

StatView for Windows version 5.0 (SAS Institute, Cary, NC) was used
for the statistical analysis. All results are shown as the mean * SEM.
Differences in fetal weight were analyzed by two-way ANOVA, differ-
ences in gene expression by Student #-test, and differences in methylwans-
ferase activity by paired Student r-test. Statistical significance was set at
P < 0.05.

RESULTS
Preimplantation and Postimplantation Development

To avoid the differences caused by donor mouse con-
dition and culture time, embryos from the same donor
mouse were equally divided into two groups and then cul-
tured in medium with or without TCDD from the 1-cell
stage through the blastocyst stage. The ratio of preimplan-
tation embryos that developed was calculated by dividing
the number of developed embryos by the number of I-cell
embryos initially present. No difference in ratio occurred
between the control embryos and the TCDD-exposed em-
bryos (data not shown). The data were collected from three
experiments, with a total of 400-450 control and TCDD-
exposed embryos.

At the end of in vitro culture, the blastocyst embryos
cultured with or without TCDD that had morphology typ-
ical of E4 were washed. The TCDD-exposed blastocysts
were transferred into the one uterus, and the control blas-
tocysts were transferred into another uterus of the same
normal recipient mice. The effects of TCDD were then
evaluated based on fetal survival rate and fetal body
weight, No significant difference in the survival rate of E14
fetuses was found between the TCDD (10 nM)-exposed
embryos and the contrel embryos (data not shown). On
El4, the weight of the fetuses exposed to TCDD from the
I-cell to the blastocyst stage was 18.9% lower than that of
the controls (Fig. 1). The data were obtained from 15 con-
trol fetuses and 16 TCDD-exposed fetuses of four recipi-
ents. Two-way ANOVA (Table 1) revealed that the de-
crease in fetal weight had been induced by TCDD (P <
0.01), not by a litter effect (P > 0.05), and no interaction
between TCDD effect and litter effect (P > 0.05) was
found.

Gene Expression Level

The relative expression levels of Igf2 and HI9 were de-
termined in the whole fetal body on El4 by a real-time RT-
PCR analysis of eight control fetuses and eight TCDD-ex-
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FIG. 1. Effect of TCDD on E14 fetal body weight. Data for TCDD-ex-
posed and control fetuses (16 and 15 fetuses, respectively) from four re-
cipients were compared, Results are expressed as the mean = SEM. As-
terisk indicates a statistically significant difference (P < 0.05) as a result
of TCDD treatment according to two-way ANCVA,

posed fetuses (two control fetuses and two TCDD-exposed
fetuses from each litter). The housekeeping genes cyclo-
philin and G3PDH were used as controls. Expression of the
targeted genes was normalized to that of G3PDH. The
melting curve of each targeted gene had only one peak,
demonstrating the specificity of the amplification. The sam-
ple with no target template was used as a negative control,
and no primer dimers were found in the negative control.
The graphs of fluorescence versus cycles for each sample
provided by the LightCycler data analysis front screen are
shown in Figure 2A, and the expression levels of H19, Igf2,
and cyclophilin relative to G3PDH are shown in Figure 2B.
For cyclophilin, no difference of expression was found be-
tween the control and TCDD-exposed group. The expres-
sion level of H19 was significantly decreased in the TCDD-
exposed group. The expression level of Igf2 tended to be
reduced, but the difference was not statistically significant.

Methylation Status in the Imprint Control Region
of the H19/1gf2 Gene

We used the bisulfite genomic sequencing method to de-
termine whether the suppression of H19 and Igf2 expres-
sion in E14 fetuses was associated with alteration of the
methylation level and pattern in the H19/Igf2 imprint con-
trol region (Fig. 3) (9, 19, 20], which contains the CTCF-
binding site involved in regulating the imprinted expression
of HI9 and Igf2. The bisulfite reaction converts unmethy-
lated cytosine residues into uracil in the single-strand DNA,
but it leaves 5-methylcytosine unchanged. The analyzed
portion of the H19/Igf2 imprint control region is normally
methylated at CpG sites on the paternal allele and unme-
thylated at CpG sites on the maternal allele (Fig. 4, top
line) [21]. Figure 4B is a typical sequence chart showing
1o cytosine peaks (C-peaks) from maternally derived DNA
after bisulfite treatment and subsequent PCR subcloning
into plasmid vector. By contrast, the chart from paternally
derived DNA (Fig. 4C) possesses C-peaks (arrowheads),
representing methylated cytosine residues protected against
bisulfite treatment, with unmethylated cytosines shown as
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thymine peaks (T-peaks, asterisks), in contrast to the chart
from the direct sequence of the PCR product from untreated
genomic DNA, in which the unmethylated cytosines are
shown as C-peaks (Fig. 4A).

In a preliminary examination to evaluate a semiquanti-
tative assay for cytosine/thymine content in the mixed DNA
pool, maternally derived template plasmid clones (M) (Fig.
4B) and paternally derived template plasmid clones (P)
(Fig. 4C) were mixed in different proportions (3:1, 1:1, and
1:3) and then amplified by the same PCR method as used
in the bisulfite genomic amplification. The PCR products
were then directly sequenced to yield the sequencing pro-
files shown in Fig. 4, D-FE Basically, two peaks, a T-peak
and a C-peak, are detected at positions suspected of being
S-methyleytosine in the paternal genomic DNA. However,
in the chart of the PCR product from the template with the
M:P ratio of 3:1 (Fig. 4D), the T-peaks are clearly higher
than the C-peaks. In the chart of the PCR product from the
template with the M:P ratio of 1:1 (Fig. 4E), the T-peaks
are as high as the C-peaks. In the chart of the PCR product
from the template with the M:P ratio of 1:3 (Fig. 4F), the
T-peaks are lower than the C-peaks. Three PCR reactions
were carried out per sample, but the sequencing profiles of
the PCR products were essentially identical. Although the
ratio of the peak integration area in direct DNA sequencing
profiles generally is not thought to be quantitative, these
results demonstrated that at least in the H19/1gf2 imprint
control region tested in the present study, the different
heights of C- and T-peaks reflected the different cytosine/
thymine content in the mixed DNA pool before the PCR.

The experimental results of alteration of the methylation
level by TCDD exposure are shown in Figure 5. Figure SA
(top) shows the direct sequencing profile of the PCR prod-
ucts from bisulfite-treated genomic DNA isolated from
three sets of 240 control embryos and 240 TCDD-exposed
embryos. In the control samples, the heights of the T- and
C-peaks at positions suspected of being 5-methylcytosine
in the paternal genomic DNA are almost the same level,
whereas in the TCDD-exposed samples, the C-peaks are
higher than the T-peaks. Three PCR reactions were carried
out for each sample, but identical profiles were cbtained.
Based on the preliminary semiquantitative examination
(Fig. 4), the present experimental results strongly suggested
that the 5-methylcytosine content of the targeted region in
the genomic DNA of TCDD-exposed embryos was higher
than that in the control embryos.

To further investigate the alteration of the methylation
pattern by exposure to TCDD, plasmid subclones were pre-
pared from PCR products. In the control group, 15 (44.1%)
of the 34 clones assayed from three PCR products exhibited
methylation at any of the CpG sites, and 19 (55.9%) clones
exhibited no methylation. In the TCDD-exposed group, on
the other hand, 22 (64.7%) of 34 clones assayed from three
PCR products had methylation at any of the CpG sites, and
12 (35.3%) of the clones exhibited no methylation (Fig. 5A,
bottomn). These findings strongly support the above-de-

TABLE 1. Two-way ANOVA table for the effect of TCDD and litter and their interactions on fetal body weight.

Source of variation Degree of freedom Mean square F P
TCDD effect 1 15616 9.696 0.0049
Litter effect 3 1522 0.945 0.4351
TCDD effect X litter effect® 3 495 0.307 0.8198
Residual 23 1610

2 The interaction of TCDD effect and litter effect.
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FIG. 2. Real-time PCR analysis of mRNA expression of H79, {
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m TCDD

gf2, cyclophilin, and G3PDH in E14 fetuses exposed to TCDD from the 1-cell to the
y LightCycler for each sample. The black and red lines represent control and TCDD-exposed sampies,
rgeted genes relative to the control. Data were calculated by linear extrapolation and normalized to G3PDH
cally significant difference (P < 0.05, n = 8) between the means in the TCDD group and control group according

FIC. 3. Map of the 4-kilobase region up-
stream of the HT9 transcription start site.
The restriction endonucleases sites are
shown in top line include EcoR! (R),
BamHl (B), Sacl (S), and Hhal (H), The
CpG dinucleotides are shown on the bot-
tom fine. The position and sequence of the
430-base pair region analyzed for methyl-
ation status in the present study are indi-
cated by the rectangle (nucleotides 1301-
1732).
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FIG. 4. Direct sequencing profile of PCR
products obtained from bisulfite-treated
DNA of defined methylation states and
proportions. The methylation patterns of
the paternal and maternal alleles of the
H19/1gf2 imprint control region are shown
on the top line. Alleles are represented by
horizontal lines, and the positions of
methylated CpG dinucleotides are indicat-
ed by diamonds. The sequence profiles of
nucleotides 1357-1368 are shown. Aster-
isks indicate unmethylated cytosine, and
triangles indicate methylated cytosine. A)
A sequence image of PCR product from
bisulfite-untreated genomic DNA. B and
C) Sequencing images of a bisulfite-treat-
ed, maternally derived DNA plasmid {M;
B) and a paternally-derived DNA plasmid
(P; C). Note that no C-peaks were found in
B. D-F} Sequencing profiles of PCR prod-
ucts amplified from plasmid template mix-

FPaternal allele
Maternal allele

Al

B.

Bisulfite-untreated DNA

Bisulfite-treated DNA A
with maternal pattern (M) a Aa [l
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Methylation pattern: {Genbank No. U19619, nt1301-1732)
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template, M:P=3:1
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PCR product from mixed

template, M:P=1:3

scribed direct sequencing profile, in that a higher methyl-
ation level of the H19/Igf2 imprint control region was ob-
served in TCDD-exposed samples.

We also determined the methylation status of the HI9/
Igf2 imprint control region in E14 fetuses with preimplan-
tation embryos that were exposed to TCDD and in controls.
Figure 5B (top) shows the bisulfite genomic sequencing
profiles of the TCDD-exposed fetuses and the control fe-
tuses; they are similar to DNA sequencing profiles of the
preimplantation embryos. In the control samples, the C-
peak is the same as the T-peak, whereas in the TCDD-
exposed samples, the C-peak is higher than the T-peak. Af-
ter subcloning and sequencing the PCR products, we found
that 20 (50%) of 40 clones assayed from four fetus samples
in the fetal control group exhibited methylation, and 20
clones (50%) exhibited no methylation, at any of the CpG
sites. On the other hand, in the TCDD-exposed group, 29
(60.4%) of 48 clones assayed from four fetus samples ex-
hibited methylation, and 11 clones (22.9%) showed no
methylation, at any of the CpG sites. Interestingly, the CpG
dinucleotides at the 5'-end of the remaining eight clones
(16.7%) were methylated, and the CpG dinucleotides at the
3'-end were unmethylated. The level of methylation of all
CpG dinucleotides and of the CpG dinucleotides at the 5'-
end in the TCDD-exposed group was 10.6% higher and
27.3% higher, respectively, than the corresponding meth-
ylation level in the control group (Fig. 5B, bottom).
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Methyltransferase Activity in the TCDD-Exposed Embryos

To determine whether the higher methylation level in the
H19/1gf2 imprint control region after TCDD exposure was
associated with methyltransferase activity, we measured the
methyltransferase activity in preimplantation embryos. Be-
cause a marked, absolute decrease in enzyme activity has
been reported from the 8-cell to the blastocyst stage [22],
we equally divided embryos from each donor mouse into
two groups and then cultured them in the medium with or
without TCDD to prevent differences in fertilization time,
embryo collection time, and culture time, which might have
affected the results. At the end of in vitro culture, we se-
lected embryos at a similar status of development (Fig. 6A)
to measure the methyltransferase activity. Ten embryos in
each group were used for the assays, each of which was
conducted in triplicate. The experiments were repeated four
times. The results of the paired Student f-test showed that
TCDD-exposed embryos had significantly higher methyl-
transferase activity than the control embryos (P < 0.05)
(Fig. 6B).

DISCUSSION

To our knowledge, this is the first study to provide evi-
dence that TCDD can alter the genomic DNA methylation
status of imprinted genes in preimplantation mouse embry-
os. During the in vitro culture experiment involving pre-
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FIG. 5, Methylation status of the 430-base pair H79/gf2 imprint control region determined by bisulfite genomic sequencing. A) Methylation status in
preimplantation embryos. B} Methylation status in E14 fetuses. Direct genomic sequencing profiles are shown (top). Note that all the unmethylated
cytosine has been converted to thymine by bisulfite treatment (asterisks). The C-peaks in the imprinted loci of TCDD-expased samples were higher than
the T-peaks, whereas the heights of the Cpeaks and the T-peaks were the same in the control samples (imprinted foci are indicated by triangles). The
methylation patterns are also shown (bottom). Alleles are represented as horizontal lines, and the positions of methylated CpG dinucleotides are indicated
by diamonds. The rectangle indicates the region of the direct sequence profile {top).

implantation embryos, embryos from each donor mouse  from S-adenosylmethionine to the 5-position of the cytosine

were equally divided into two groups and cultured in me-  ring. Two distinct types of methyltransferases involved in
dium with or without TCDD to minimize artifacts caused  maintenance and establishment of genomic methylation
by fluctuations in donor mouse condition and embryo cul-  pattern in mammals, Dnmtl and Dnmt3, have been func-

ture time. The thoroughness of bisulfite treatment in bisul-

fite genomic sequencing was first verified, and because di-

rect sequencing confirmed that all the C-peaks in unim- A
printed loci were changed to T-peaks, the bisulfite treat-
ments in the present study were concluded to have been
complete. To test whether the difference in the height of
the T- and C-peaks in the CpG nucleotide positions in the
direct sequence chart reflected the content of DNA with
different methylation patterns (paternal and maternal) be-
fore PCR, two different bisulfite-treated DNA templates
(paternal and maternal) were mixed in a series of ratios,

Control TCDD
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and PCR and direct sequencing were performed. The re- B

sults showed that the sequencing profiles reflected the ratios = 150

of the two templates; that is, the more paternal pattern tem- e

plate added, the higher the C-peak obtained at the CpG site 22

(Fig. 4). Employing this methodological principle, genomic e E 100 T

DNA from each embryo sample was subjected to three % g [

PCR reactions, sequenced directly, and then subcloned and g b

sequenced. Because the bisulfite direct sequence results co- = =

incided with the subcloning sequence results, we concluded IR 50 %

that the methylation level of the HI9/7gf2 imprint control g2

region was higher in the TCDD-exposed samples than in e B

the control samples. g = 0 -
Explaining how TCDD affects the methylation status of E Control TCOD

imprinted genes during the preimplantation stage is not an
easy task. However, we would address a possibility based FI(;. 6. Effect of TCDD on the methyltransferase activity of preimplan-
on earlier studies concerning the mechanism of regulation tation embryog A) Blastocyst embryos used for deterrpination of methyl-
of methylation and the regulation of TCDD effects [21, 23— trlansferzsehactw:.ty. l:ot$ that the blastocyst elmbryos in the control sam-
30]. The alteration of DNA methylation status is related to ~ P'¢* 209 those in the TCDD-exposed samples are similar in size and
- morphology. Magrification X 60. B) Results are shown refative to the con-
methyltransferase [21, 23, 24]. Cytosn}e methyltransferase  trol value. Asterisks indicate a statistically significant difference (P < 0.05)
enzyme catalyzes the transfer of an activated methyl group  as a result of TCDD treatment according to the paired Student ttest.
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tionally characterized [23]). A variant of Dnmtl protein,
called Dnmtlo, is expressed in mouse oocytes and preim-
plantation embryos [21]. The Dnmt3b protein is specifically
expressed in totipotential embryonic cells, such as inner
cell mass, epiblast, and embryonic ectoderm cells, but it is
downregulated in most adult somatic tissues [24]. It has
been reported that expression of the Dnmtl gene in somatic
cells is controlled by Spl [25, 26] and that the minimal
promoter region of Dnmt3b contains an Sp1 site (27]. Taken
together, these reports suggest that alteration of Sp1 activity
may affect the level of expression of DNA methyltransfer-
ases. On the other hand, it has been well documented that
the effects of TCDD are mediated by the arylhydrocarbon
receptor {AhR) and AhR nuclear translocator {Amnt), both
of which are constitutively expressed in preimplantation
embryos [5]. The Spl protein is also expressed during pre-
implantation development [28], and an in vitro transcription
study using CYP1A1 promoter showed synergistic enhanc-
ing effects between AhR/Amt and Spl [29]. After gesta-
tional exposure to TCDD, the amount of Spl DNA binding
in the cerebral cortex and cerebellum was revealed to be
maximal on Postnatal Day 3, as opposed to Postnatal Day
10 in the controls, suggesting modulation of the DINA-bind-
ing activity of Spl as a result of the transplacental dioxin
exposure [30]. Thus, based on the possible ability of Spl
to regulate DNA methyltransferase gene expression men-
tioned above, TCDD may have affected the DNA methyl-
transferase activity through Spl. The present study showed
that methyltransferase activity in the preimplantation em-
bryos exposed to TCDD was higher than that in control
embryos, and this finding may support the possibility de-
scribed above that TCDD may alter DNA methyltransferase
gene expression through an increment in Spl activity. How-
ever, in the present study, we cannot clarify which meth-
yltransferase gene was responsible for hypermethylation of
the H19/Igf2 imprinted control region by TCDD exposure.
The mechanism of control for methylation needs further
research.

To determine whether the later fetal development is af-
fected by the exposure to TCDD during the preimplantation
period in our experiments, TCDD-exposed preimplantation
embryos were transferred to unexposed recipients. Because
the embryo transplantation technique involves many com-
plicated factors, such as the timing of blastocyst transfer
and recipient condition, which may affect the results,
TCDD-exposed blastocysts were transferred into the one
uterus, and control blastocysts were transferred into another
uterus of the same recipient mice. In addition, to avoid a
possible effect of reduced numbers of fetuses, the compar-
isons were made only when at least three fetuses survived
in each uterine horn. We found that under these experi-
mental conditions, the methylation level of the HI9/1gf2
imprint control region was still higher in the E14 fetuses
exposed to TCDD during the preimplantation stage and that
the resulting fetal body weight was significantly lower than
that in the control. The results suggested that the alterations
of the methylation status of imprinted genes by TCDD dur-
ing the preimplantation stage persist at later fetal stages. In
the present study, we employed an in vitro culture system
for TCDD exposure, because we could expect that the sys-
tem would rule out the effect of the mother’s physiological
changes induced by TCDD and mimic the environment of
the oviduct to find a direct effect of TCDD on preimplan-
tation development. Although the dosage of TCDD used in
the present study was 10 nM, which is much higher than
the actual TCDD concentration in the milieu around the
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embryos [4], we propose that this experimental model may
provide a novel finding regarding a direct effect of TCDD
on epigenetics during development. It is worth examining
whether an environmentally relevant dose of TCDD affects
the methylation status of the imprinting genes.

The imprinted gene fgf2 encodes a fetal growth factor
and is expressed mostly on the paternal chromosome [31,
32], whereas the imprinted gene HI9 is expressed almost
exclusively on the maternal allele [33, 34). The Igf2 gene
is located before the HI9 gene on mouse chromosome 7,
and regulatory regions called enhancers are farther along
the chromosome, after both genes. Both the paternal si-
lencing of HI9 and maternal repression of Igf2 depend on
an H19/Igf2 imprint control region located 5 of the HI9
gene. Transcription is triggered only when the enhancers
interact with promoters located near each gene. The imprint
control region on the maternal chromosome is unmethylat-
ed, which enables a zinc-finger protein, CTCE to bind to
several sites in the unmethylated imprint contro! region and
block access of the enhancers to the Igf2 promoter to si-
lence the gene. However, the enhancers can still interact
with the HI9 promoter; thus, H19 is active. When the im-
print control region at the CTCFE-binding site is methylated,
however, the enhancers cannot interact with the H19 pro-
moter and, instead, cause the Igf2 genes to be turned on
[19, 20, 35, 36]. In the present study, we found a higher
methylation level in the HI19/7gf2 imprint control region of
the TCDD-exposed group. This led us to expect decreased
HI19 and increased Igf2 expression levels, but the expres-
sion of Igf2 tended to decrease on E14. The mechanisms
underlying the decreased expression of Igf2 are unknown,
but histone acetylation is speculated to play a pivotal role.
Recently, higher acetylation of the core histone H4 on ac-
tive promoter regions, paternal /gf2, and maternal HI19 was
observed compared with the silent alleles, suggesting dif-
ferential histone acetylation of two parental alleles as a po-
tential mechanism of transcription regulation [37, 38].
Moreover, in addition to the HI9/Igf2 imprint control re-
gion located 5’ of the HI19 gene, Igf2 has several differ-
entially methylated regions (Igf2 DMR) located upstream
and within the body of the gene that re-established the
methylation pattern in the early postimplantation stages
[39]. Deletion of the H19/Igf2 imprint control region may
lead to methylation of the Igf2 DMR, and progressive meth-
ylation of the Igf2 DMR appears to be correlated with
downregulation of Igf2 [40-42). Thus, the distorted meth-
ylation level in the H19/1gf2 imprint control region may
result in aberrant Igf2 gene expression at a later stage of
development. Taken together, these results may explain why
Igf2 expression was decreased instead of increased in the
present study. Igf2 expression is thought to be associated
with fetal growth [31, 43). The tendency observed in the
present study for fetal weight to decrease may be explained,
in part, by alteration of the expression of HI9 or Igf2.

In summary, the present study is the first, to our knowl-
edge, to demonstrate that an environmental toxicant,
TCDD, alters the methylation status of imprinted genes in
early development and that the altered methylation status
is maintained throughout the fetal stage. Although the
mechanisms regulating expression levels of the imprinted
genes H19 and Igf2 and fetal growth in terms of their meth-
ylation status remain to be clarified, the alteration of meth-
ylation status by TCDD exposure during the preimplanta-
tion stage is thought to affect both the imprinted gene ex-
pression level and fetal growth, These results provide new
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data for an epigenctic reprogramming mechanism and for
the environmental health risk assessment.
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