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ABSTRACT

We have demonstrated previously that 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (TCDD) up-regulates Fas and FasL in immune
cells, although the molecular mechanisms remain unknown. We
investigated the regulation of Fas or FasL promoter by TCDD in
EL4 T cells using luciferase reporter constructs. We observed
20 = 5- and 14 = 4-fold induction of promoter activity for Fas
and FasL, respectively, after TCDD exposure. The induction of
luciferase was significantly reduced (2 = 1-fold) in the presence
of a-naphthoflavone, an aryl hydrocarbon receptor (AhR) an-
tagonist. We noted the presence of a dioxin response element
(DRE) and five nuclear factor-«B (NF-«B) motifs on Fas pro-
moter, and no DRE but two NF-«B motifs on FasL promoter.
When we investigated the role of DRE and NF-«B, we observed
varying levels of luciferase induction (9 = 2-fold for DRE and

8 =+ 2-fold for NF-kBs of Fas promoter and 6 = 3-fold for
NF-kBs of FasL promoter). Mutations in DRE of Fas promoter
or NF-«kBs of FasL promoter led to decreased luciferase induc-
tion, further supporting our results. Probes for DRE or NF-«B
motifs of Fas and/or FasL promoters demonstrated mobility
shift in the presence of nuclear extract from TCDD-treated EL4
cells. Furthermore, we observed supershift in mobility when
DRE and NF-kB probes were incubated in the presence of
anti-mouse AhR, and anti-NF-«B (RelA/p65 and p50) antibod-
ies, respectively. Administration of TCDD into mice caused
significant increase in Fas and FasL transcripts in thymus and
liver. These data demonstrate that TCDD regulates Fas and
FasL promoters through DRE and/or NF-«B motifs via AhR.

Aryl hydrocarbon receptor (AhR), a member of the basis-
helix-loop-helix—~PER/AhR nuclear translocator (ARNT)/SIM
family (Poland and Knutson, 1982; Denison and Heath-Pag-
liuso, 1998), has been shown to play a central role in medi-
ating detoxification induced by toxic compounds, including
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Hankinson,
1995; Fernandez-Salguero et al., 1996; Schmidt and Brad-
field, 1996; Gonzalez and Fernandez-Salguero, 1998; Gu et
al., 2000; Safe, 2001; Denison et al., 2002; Mimura and Fujii-
Kuriyama, 2003; Camacho et al., 2005). In the absence of its
ligand, AhR is inactive and present in the cytosol associated
with the 90-kDa heat shock protein (Denis, 1998), an immu-
nophilin (Ma and Whitlock, 1997), and p23 proteins (Kaz-
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lauskas et al., 1999). Once a ligand, such as TCDD, binds to
AhR, the complex becomes active and translocates into the
nucleus where it binds with ARNT and forms AhR/ARNT
complex. AhR/ARNT complex binds to specific DNA se-
quences known as xenobiotic response elements or dioxin
response elements (DREs) and regulates the expression of
various genes (Schmidt and Bradfield, 1996; Gonzalez and
Fernandez-Salguero, 1998; Tian et al., 1999; Whitlock, 1999;
Sulentic et al., 2000; Dertinger et al., 2001; Matikainen et al.,
2001; Nazarenko et al., 2001; Mimura and Fujii-Kuriyama,
2003).

TCDD is a ubiquitous environmental pollutant that elicits
a broad spectrum of toxic and biochemical responses leading
to deleterious effects on humans and wildlife. Studies from
our laboratory and elsewhere have shown that apoptosis may
play a crucial role in regulating the toxic effects of TCDD
(Holsapple et al., 1991). In particular, we have shown that
TCDD-induced up-regulation of Fas and FasL in the thymus
may play an important role in thymic atrophy caused by
TCDD (Rhile et al., 1996; Kamath et al., 1997, 1999; Cama-

ABBREVIATIONS: AhR, aryl hydrocarbon receptor; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; ARNT, AhR nuclear translocator; DRE, dioxin
response element; NF-«B, nuclear factor-«B; ANF, a-naphthoflavone; RLU, relative light unit; EMSA, electrophoretic mobility shift assay; PCR,
polymerase chain reaction; DMSO, dimethyl sulfoxide; NE, nuclear extract; bp, base pair(s); Ab, antibody.
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cho et al., 2001, 2002, 2004a, 2005). However, the precise
molecular mechanisms of TCDD-induced up-regulation of
Fas and FasL are unclear.

Regulation of Fas and FasL expression is controlled by
distinct protein—-DNA interactions at their respective pro-
moters. Previous studies have identified c-myc and Nur77 as
transcription factors involved in regulation of Fas and FasL
expression (Davis and Lau, 1994). In recent years, several
other transcription factors that include nuclear factor of ac-
tivated T cells, p53, ceramide, members of c-Jun NH,-termi-
nal kinase/stress-activated protein stress-activated path-
ways, and NF-«kB, have been identified to regulate the
expression of Fas and FasL genes (Sharma et al., 2000).
Recent studies from our laboratory have demonstrated the
presence of a functional DRE motif on Fas promoter (Fisher
et al., 2004). Thus, TCDD-induced up-regulation of Fas may
be due to TCDD-mediated activation of AhR and binding of
AhR to DRE found in Fas promoter. In contrast, FasL pro-
moter did not exhibit any DRE motif, but it had NF-«xB motifs
(Camacho et al., 2005), suggesting that its regulation may
result from activation of NF-«B interactions. There are re-
ports demonstrating that ligand-activated AhR interacts
with NF-kB (Tian et al., 1999). Several studies have also
shown functional interactions between AhR and NF-«B
(Puga et al., 2000; Schlezinger et al., 2000; Sulentic et al.,
2000; Baba et al., 2001). We have recently shown that TCDD/
AhR interaction in thymic stromal cells led to activation of
NF-kB and its migration from the cytosol to the nucleus,
where it participated in up-regulation of FasL expression
(Camacho et al., 2005). In other previous studies, it has been
shown that AhR and NF-«B interaction may be responsible
for dioxin toxicity (Tian et al., 1999, 2002). Furthermore,
NF-«B has also been shown to up-regulate the expression of
Fas (Puga et al., 2000; Schlezinger et al., 2000; Sulentic et al.,
2000; Baba et al., 2001; Zheng et al., 2001).

The precise mechanism of TCDD-mediated regulation of
Fas and FasL genes with respect to the specific transcription
factors has not been well characterized and understood.
Therefore, the aim of the present study was to elucidate the
molecular mechanisms of TCDD-mediated regulation of Fas
and FasL gene expression and examine the role of DRE and
NF-kB motifs in regulation of these genes.

Materials and Methods

Mice. C57BL/6(H-2°) mice were purchased from the National
Institutes of Health (Bethesda, MD). All animals were housed in the
University of South Carolina Animal facility. Care and maintenance
of animals were carried out in accordance with the declaration of
Helsinki and with the Guide for the Care and Use of Laboratory
Animals as adopted by Institutional and National Institutes of
Health guidelines.

Cell Line. The mouse T lymphoma cell line (EL4) was used in this
study. EL4 cells were maintained in RPMI 1640 medium supple-
mented with 10% heat-inactivated fetal bovine serum, 10 mM L-
glutamine, 10 mM HEPES, and 100 pg/ml penicillin/streptomycin at
37°C and 5% CO.,,

Reagents and Antibodies. We purchased L-glutamine, HEPES,
gentamicin, RPMI 1640, Dulbecco’s modified Eagle’s medium, phos-
phate-buffered saline, and fetal bovine serum from Invitrogen
(Carlsbad, CA). The following mouse monoclonal antibodies were
purchased from BD Biosciences PharMingen (San Diego, CA): anti-
mouse IgG, FeBlock, anti-FasL-PE (Kay-10), and anti-Fas-PE (Jo2).
Goat anti-mouse AhR polyclonal antibody, goat anti-mouse NF-

kBp65 (c-20), and rabbit anti-mouse NF-«kB p50 (c-19) monoclonal
antibodies were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). pGL3-basic vector was from Promega (Madison,
WI), pCMV-B-galactosidase vector was from Clontech (Mountain
View, CA), QuikChange II Motifs-directed mutagenesis kit was from
Stratagene (La Jolla, CA), Effectene transfection kit was from QIA-
GEN (Valencia, CA), and the Dual-Light system was purchased from
Applied Biosystems (Foster City, CA). RNeasy Mini kit and iScript
c¢DNA synthesis kit were purchased from QIAGEN. Epicenter’s PCR
premix F and Platinum Tag Polymerase kits were purchased from
Invitrogen.

Generation of the Mouse Fas Promoter Reporter Con-
structs and Motif-Directed Mutagenesis. The mouse Fas pro-
moter cloned in pGL3 vector was a gift from Dr. Amar A. Beg
(Columbia University, New York, NY). The details of cloning mouse
Fas promoter/luciferase reporter construct in pGL3 vector have been
described previously (Zheng et al., 2001).

To elucidate the role of DRE and NF-«B in regulation of Fas
promoter upon TCDD exposure, we generated several Fas promoter
constructs. The various Fas promoter constructs were assigned
names based on the size of their fragments. These subclones were
designated as Fas973 (contains all NF-«B motifs), Fas266 (contains
one NF-«kBlmotif located between —1169 and —903), Fas317 [con-
tains two NF-kB (NF-«B2 and NF-«B2) motifs located between —792
and —475], Fas270 [contains two NF-kB (NF-kB4 and NF-kB5) mo-
tifs located between —447 and —197], and Fas244 (contains only
DRE motifs located between —244 and +1) (Fig. 2B). The primers
used to generate various fragments of mouse Fas promoter are
shown in Table 1. For directional cloning, all the upstream primers
included Sacl restriction sites and downstream primers included
Xhol restriction sites.

The fragments generated from Fas promoter were first subcloned
into the polylinker sites of Topo PCR2.1 T/A vector and sequenced to
identify the orientation and fidelity. The right clones for each con-
struct were chosen, digested with Sacl and Xhol, gel-purified, and
then subcloned into luciferase reporter pGL3 vector. All the gener-
ated pGL3 clones were sequenced and the correct clones with right
orientation were chosen for use in this study.

To confirm the role of DRE motif in TCDD-mediated regulation of
mouse Fas promoter, we generated mutation (GCGTG->AAATA) in
DRE motif using QuikChange site-directed mutagenesis kit (Strat-

agene) according to the manufacturer’s instructions. pGL3-
TABLE 1
Fas and FasL primers
Fas
Fas244
Upstream 5’ -GGGGAGCTCGACCAGCAGAACTTTCTCG-3'
Downstream 5'-GGGGAGCTCGTCTGCAGCAAGGGAAAACAG-3'
Fas973
Upstream 5’-GGGGAGCTCCTATAGTCTTGGCAACAG-3'
Downstream 5'-GGGGAGCTCCACAATCTTCGTAAAGCCC-3'
Fas266
Upstream 5'-GGGGAGCTCCTATAGTCTTGGCAACAG-3’
Downstream 5'-GGGGAGCTCGACGATGAATGGGAATAC-3'
Fas317
Upstream 5'-GGGGAGCTCCGTGGTTCTAAAGATTCTG-3'
Downstream 5’ -GGGGAGCTCGAGACAAAGACCATTTTGC-3'
Fas270
Upstream 5'-GGGGAGCTCCAGAGTTCAGAATTCCTTC-3'
Downstream 5'-GGGGAGCTCCACAATCTTCGTAAAGCCC-3'
FasL
Fasl.231
Upstream 5'-GGGGAGCTCCTCAGTTTTCATCTGGTG-3’
Downstream 5'-GGGGAGCTCGATATCTCCACATCTGAG-3'.
FasL191
Upstream 5'-GGGGAGCTCCAGGGAAGGGACTTC-3'
Downstream 5’-GGGGAGCTCGTCAGCGCTGGATACC-3'
Fasl.324
Upstream 5’-GGGGAGCTCAGCCTGGTTTACCAGCC-3'
Downstream 5’ -GGGGAGCTCCAGCGTGACCAGAAAG-3'
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Fasprol.4 was used as the template for mutagenesis. The primers
used for mutation in DRE motif are shown in Table 2 Several mutant
clones were sequenced and analyzed, and the correct mutant clones
were selected and used in this study.

Generation of the Mouse FasL. Promoter Reporter Con-
structs and Motifs-Directed Mutagenesis. Mouse FasL promoter
cloned in pGL3 vector was a gift from Dr. Timothy L. Ratiff (Univer-
sity of Iowa, Iowa City, IA). The cloning of FasL promoter and
generation of luciferase reporter construct in pGL3 vector have been
described previously (Crist et al., 2003).

To determine the role of NF-«B in regulation of FasL promoter in
the presence of TCDD, we generated three FasL promoter constructs
with or without NF-«kB motifs. We designated these constructs
Fasl.231, FasLL191, and Fasl.324 based on the size of the respective
PCR-amplified fragments. The primers used to generate various
fragments of mouse FasL promoter are shown in Table 1. For direc-
tional cloning, all upstream primers included Sacl restriction site
and downstream primers included Xhol restriction site.

The amplified PCR fragments Fasl.231, FasLL191, and FasL324
were first cloned into the polylinker sites of Topo PCR2.1 T/A vector
and then sequenced to identify the orientation and fidelity of the
clones. The right clones for each construct were chosen, digested with
Sacl and Xhol, gel-purified, and then subcloned into pGL3 vector.
These pGL3 subclones were sequenced, and the subclones with cor-
rect sequence and right orientation were chosen and used in this
study.

To further examine the role of NF-«B motifs in regulation of FasL
promoter, mutations in NF-«kB1 and NF-«B2 motifs of FasL promoter
were generated using the QuikChange site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s instructions. The tem-
plate used for mutagenesis was pGL3-FasL754. Primers used to
generate mutations in NF-kB1 and NF-«kB2 motifs are shown in
Table 2. All the mutant subclones were sequenced, analyzed, and the
correct clones were selected and used in this study.

Transfection and Luciferase Assays. EL4 cells (1 X 107) were
transfected using Effectene tranfection reagent kit (QIAGEN) with 5
to 10 pg of the indicated reporter plasmid and 1 ug of the pCMV-
BGal control vector. Two days after transfection, the cells were
replated in triplicate in 24-well plate and the cells were treated with
10 to 100 nM TCDD and incubated for 24 h at 37°C, 5% CO,. After
incubation, cells were harvested, washed with phosphate-buffered
saline, and centrifuged, and nuclear extracts (NEs) were prepared by
lysing cells in 70 ul of reporter lysis buffer (Promega). Luciferase
activity was determined by mixing 20 ul of extract with 100 ul of
luciferase substrate (Promega) and immediately reading the sample
in a Monolight 2010 luminometer (BD Biosciences, San Jose, CA).
Likewise, B-galactosidase activity was determined by mixing 20 ul of
extract with Galacto-light B-galactosidase substrate (Tropix, Bed-
ford, MA), incubating for 1 h at 25°C, adding 300 ul of Galacto-light
accelerator (Tropix), and reading the sample with a luminometer.
Under similar conditions, 100 ng/ml «-naphthoflavone (ANF), an
antagonist for TCDD, was used in the culture at least 1 h before
TCDD treatment, and luciferase and B-galactosidase assays were
performed. Luciferase activity was normalized by dividing the mean

TABLE 2

Primers used to generate mutations in DRE (Fas promoter) and
NF«B1 and -2 (Fas L promoter) motifs

Underlined characters indicate changes in bases for mutation.

DRE
Mutl 5'-GCGGTTTG TGTAAATACCAGGGGGCG-3'
Mut2 5'-CGCCC CCTGGTATTTACACAAACCGC-3’
NF-«B1
Mutl 5'-CCTTGGTCTTTTAAACATGCCTCAGC-3’
Mut2 5'-GCTGAGGCATGTTTAAAAGACCAAGG-3’
NF-«xB2
Mutl 5'-GAGAAAGGTGTTTAAATTGACTGC-3'
Mut2 5'-GCAGTCAATTTAAACACCTTTCTC-3’

147

luciferase RLUs by the mean B-galactosidase RLUs. The normalized
luciferase RLUs from the stimulated samples were divided by the
normalized RLUs of the untreated sample, and values ware ex-
pressed as “normalized-fold induction.”

Preparation of Nuclear Extracts. To prepare nuclear extract
for EMSA, EL4 cells were first activated with 2.5 ug/ml concavalin A
for 24 h and then treated with 100 nM TCDD and incubated for 24 h
at 37°C, 5% CO,. After TCDD treatment, the cells were harvested by
centrifuging at 1100 rpm for 5 min at 4°C. All subsequent steps were
done on ice. The cell pellet was resuspended in 200 ul of buffer A (10
mM HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM KCl, and 0.5 mM
dithiothreitol) and lysed by passing four times through a 28-gauge
needle. The nuclei were then pelleted by centrifugation for 10 s, and
the supernatant was aspirated. The crude nuclei preparation was
then extracted by adding 120 ul of buffer C [20 mM HEPES, pH 7.9,
25% (v/v) glycerol, 420 mM KCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5
mM dithiothreitol, and 0.5 mM phenylmethylsulfonyl fluoride] and
incubating for 15 min on ice. Then, 120 ul of buffer D (20 mM
HEPES, pH 7.9, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluo-
ride, and 0.5 mM dithiothreitol) was added, and the preparation was
centrifuged for 10 min at 15,000 rpm. The supernatant was har-
vested, snap frozen in liquid nitrogen, and stored at —80°C. The
protein concentration was determined using the BCA protein deter-
mination kit from Pierce Chemical (Rockford, IL), using albumin as
a protein standard.

EMSA and Supershift Analysis. The hairpin oligonucleotide
probes corresponding to DRE and NF-«B motifs of mouse Fas pro-
moter and NF-«B motifs of mouse FasL promoter were synthesized
at Virginia Commonwealth University core facility (Richmond, VA).
The sequences of hairpin oligonucleotide probes are shown in Table
3. The hairpin oligonucleotide probes were 5-end-labeled by mixing 1
pmol of hairpin oligonucleotide with 10 uCi of [y->*>P]JATP (MP Bio-
medicals, Aurora, OH), and 8 units of T4 polynucleotide kinase (New
England Biolabs, Beverly, MA) in 1X polynucleotide kinase buffer
and incubating for 1 h at 37°C. After incubation, the end-labeled
hairpin oligonucleotides were purified from free ATP by passing over
a NICK column (GE Healthcare, Little Chalfont, Buckinghamshire,
UK). One to 5 ug of nuclear protein was mixed with 1 ul of radiola-
beled oligonucleotide (50,000 cpm) in a reaction mix containing 1 ul
of binding buffer [10 mM Tris, 1 mM EDTA, 1 mM dithiothreitol, 100
mM KCl, and 10% (v/v) glycerol] and 1 ug of poly(dI-dC) (GE Health-
care) as a nonspecific inhibitor in a final volume of 25 ul and incu-
bated for 30 min at 25°C. The samples were resolved on a 6%
polyacrylamide gel in Tris borate-EDTA that has been pre run for 30
min. The gels were dried and exposed to X-ray film. For the specific
and nonspecific competition analyses, equimolar amounts of the
unlabeled hairpin oligonucleotide competitors were added to the
binding reaction before the addition of the labeled oligonucleotide
probes. For the supershift analyses, various amounts of the appro-
priate polyclonal anti-DRE antibody and monoclonal antibody
against NF-kB p65 or p50 (Santa Cruz Biotechnology, Inc.) were
added to the reaction mixtures during the 30-min incubation before
electrophoresis.

Real-Time Reverse Transcriptase Polymerase Chain Reac-
tion for Quantitative Analysis of mRNA Expression of Fas
and FasL in Vivo after TCDD Exposure. Total RNA was isolated
from thymus or liver of C57BL6 mice that were treated either with
various doses of TCDD (1-10 pg/kg body weight) or the vehicle
control (DMSO) for 1 to 3 days using RNeasy Mini kit and following
the protocol of the company (QIAGEN, Valencia, CA). First-strand
cDNA synthesis was performed in a 20-ul reaction mix containing 2
ng of total RNA using iScript kit and following the protocol of the
manufacturer (Bio-Rad, Hercules, CA). The primers used are shown
in Table 4. After first strand synthesis, 2 ul (10% of the reaction
volume) was used as a template for quantitative PCR in 50 ul of PCR
master mix consisting of 1X SYBR Green Supermix [stock solution (2
times) of SYBR Green Supermix contains 100 mM KCIl, 40 mM
Tris-HCI, pH 8.4, a 0.4 mM concentration of each dNTP (dATP,
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dGTP, dCTP, and dTTP), 50 units/ml iTaq DNA polymerase, 6 mM
MgCl,, SYBR Green I, 20 nM fluorescein, and stabilizers; Bio-Rad,
Hercules, CA] and 100 nM concentrations of each forward and re-
verse primer. The amplification conditions were as follows: 5 min at
95°C, 30 cycles at 95°C for 30 s, annealing temperature 58°C for 40 s,
and 72°C for 60 s, and 1 final cycle at 72°C for 10 min. In 96-well
plates, each sample was monitored in triplicate for each mRNA.
Wells containing same amount of SYBR Green were used as back-
ground control, and wells containing all reagents except cDNA were
used as negative control. CYP1A1 was used as a positive control for
TCDD-mediated up-regulated gene expression and 18S was used as
an internal standard control. The relative standard curve method
was used, and the levels of Fas, FasL, and CYP1A1l mRNA were
normalized to that of 18S.

Statistical Analysis. Data presented for luciferase expression
were derived from at least three independent experiments and de-
picted as mean * S.E.M. Likewise, results for real-time PCR repre-
sent at least three animals for each treatment and expressed as the
mean *= S.E.M. Statistical analyses were performed using Student’s
t test or two-factor analysis of variance as appropriate, with a P value
of =0.05 considered to be statistically significant.

Results

TCDD Regulates Mouse Fas Promoter through AhR.
To determine the role of TCDD in regulation of Fas promoter,
EL4 cells were transfected with constructs containing full-
length upstream region of Fas (pGL3-Fas1272) promoter.
Two days after transfection, the transiently expressing EL4
cells were treated with various concentrations of TCDD (1-
1000 nM) or vehicle (DMSO). Luciferase assays were per-
formed 24 h after treatment with TCDD or vehicle. We ob-
served TCDD-mediated increase in expression of luciferase
when Fas promoter was used for transfection, and the cells
were treated with TCDD for at least 24 h (Fig. 1A). The effect
of TCDD on luciferase expression was very minimal at lower
doses (1-10 nM; Fig. 1A). At 50 nM, the effect of TCDD was
moderately significant. However, we observed highly signif-
icant increase (20 * 5-fold) in luciferase expression when 100
nM or higher doses (500-1000 nM) of TCDD were used (Fig.
1, A and B). We observed minimal level (2 = 1) of luciferase
expression when the cells were transfected with Fas pro-
moter and treated with vehicle as well as in pGL-3 controls
(Fig. 1, A and B). The observed up-regulation of luciferase
expression was Fas promoter-specific and TCDD-induced,
because the luciferase expression was significantly higher
(p < 0.05) in cells transfected with Fas promoter compared
with untreated (none) or vehicle-treated cells (Fig. 1, A and
B). The data obtained clearly demonstrated that TCDD-in-

TABLE 3
Hairpin loop probes

duced up-regulation of luciferase expression was through Fas
promoter.

To further understand TCDD-induced regulation of mouse
Fas promoter and participation of AhR, we performed lucif-
erase assays as described above but in the presence of ANF,
an antagonist of AhR, added to cultures at least 2 h before
TCDD treatment of the transfected cells. We observed signif-
icant decrease in luciferase expression in cultures treated
with TCDD + ANF compared with TCDD alone (Fig. 1C).
These data suggested a role for AhR in TCDD-induced regu-
lation of Fas promoter.

Role of DRE in TCDD-Induced Regulation of Fas
Promoter. We have previously reported the presence of at
least one DRE motif (Fig. 2A) in Fas promoter (Fisher et al.,
2004). In this context, we sought to determine the precise role
of DRE as a regulatory element for TCDD-mediated induc-
tion of Fas promoter. To this end, we generated a subclone
(Fas244) pGL3 reporter vector containing DRE motif on the
Fas promoter (Fig. 2B). Luciferase activity was measured in
EL4 cells transfected with Fas244 subclone after treatment
with TCDD for 24 h. We observed a 9 * 2-fold increase in
luciferase expression compared with vehicle control that
showed minimal expression (Fig. 2C). To further elucidate
the role of DRE as a regulatory element for Fas promoter, we
generated a DRE mutant subclone (pGL3-Fas DRE mutant)
containing mutation (GCGTG—AAATA) in DRE. Luciferase
assays performed on EL4 cells transfected with DRE mutant
subclone and treated with TCDD demonstrated approxi-
mately 5 = 2-fold luciferase expression (Fig. 2D) compared
with 20 = 5-fold (Fig. 1A) induction seen with pGL3-Fas.
Together, these data demonstrated that DRE acts as a cis-
regulatory element involved in TCDD-mediated regulation of
Fas promoter. It should be noted that luciferase induction
using pGL3 vector containing DRE motif alone was 9 * 2,

TABLE 4
PCR primers
Mouse FasL
Forward 5'-CGG TGG TAT TTT TCA TGG TTC TGG-3'
Reverse 5'-CTT GTG GTT TAG GGG CTG GTT GTT-3'
Mouse Fas (486 bp)
Forward 5'-TCT GGT GCT TGC TGG CTC AC-3’
Reverse 5’ CCA TAG GCG ATT TCT GGG AC-3'
Mouse CYP1A1 (499 bp)
Forward 5'-CCC ACA GCA CCA CAA GAG ATA-3'
Reverse 5'-AAG TAG GAG GCA GGC ACA ATG TC-3'
Mouse 18S
Forward 5'-GCC CGA GCC GCC TGG ATA C-3'
Reverse 5'-CCG GCG GGT CAT GGG AAT AAC-3'

Mouse Fas promoter
Fas DRE motif
Fas DRE mutant motif
CYP1A1 DRE motif
FAS NF-kB1 motif
FAS NF-«kB2 motif
FAS NF-«kB3 motif
FAS NF-«kB4 motif
FAS NF-«B5 motif

Mouse FasL promoter
NF-kB1 motif
NF-«kB1 mutant motif
NF-kB2 motif
NF-«kB2 mutant motif

GAGAGGTTGTGCGTGCCTTAGCTTGGCACGCACAACCTCT
GAGAGGTTGTAAATACCTTAGCTTGGTATTTACAACCTCT
GAGAGGTTGTACGTGGCGTGTCTTGTCGCGGGCACGCACAACCTCT
GAGAAAAGGGGACTCCCTTTAGCTAAAAGGGAGTCCCCTTTTCT
GAGAAAAGGGACATTCCCCTTTAGCTAAGGGGAATGTCCCTTTTCT
GAGAAAAGGGACCTCCCTTTAGCTAAGGGAGGTCCCTTTTCT
GAGAAAAGGGGAATGCCCATTTAGCTAATGGGCATTCCCCTTTTCT
GAGAAAAGGGTTTCCCCTTTAGCATAAGGGGAAACCCTTTTCT

GAGATGGTCTTTTCCCCAATTAGCTTTTGGGGAAAAGACCATCT
GAGATGGTCTTTTAAACAATTAGCTTTTGTTTAAAAGACCATCT
GAGAAAAGGTGTTTCCCTTTTAGCTTAAGGGAAACACCTTTTCT
GAGAAAAGGTGTTTAAATTTTAGCTTAATTTAAACACCTTTTCT
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compared with full-length Fas promoter that showed 20 =
5-fold increase (Fig. 2C). This suggested that other cis-regu-
latory elements, in addition to DRE, might also be involved in
TCDD-mediated regulation of Fas gene.

To further confirm the participation of DRE motif as a
cis-regulatory element, we performed EMSA using radiola-
beled single-strand loop Fas DRE or CYP1A1DRE probe in-
cubated with nuclear extracts from TCDD-treated EL4 cells.
We observed shift in mobility of DRE probe when incubated
with NEs from EL4 cells treated with 100 nM TCDD for 24 h
(Fig. 3A). We also observed shift in CYP1A1DRE probe in the
presence of NEs from TCDD-treated EL4 cells (Fig. 3A). No
mobility shift of Fas DRE probe was observed when incu-
bated without nuclear extracts or when mutant DRE probe
was used after incubation with nuclear extracts (Fig. 3A).
Furthermore, mobility shift of Fas DRE probe in the presence
of nuclear extract was reversed when cold (unlabeled DNA;
Comp) DRE probe was added in the reaction mixture
(Fig. 3A).

NF-«B Motifs Found on Fas Promoter Also Act as
cis-Regulatory Elements and Participate in TCDD-Me-
diated Regulation of Fas Gene. Although we observed a
definite role of DRE motif as a cis-regulatory element for
TCDD-mediated regulation of Fas gene using luciferase as-
says, the reporter gene expression was lower using promoter
with DRE motif alone compared with full-length Fas pro-
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moter (9 + 2- versus 20 + 5-fold; Figs. 1, A and B, and 2C).
These observations indicated that DRE motif of Fas might
not be the only cis-regulatory element that participates in
TCDD-mediated regulation of Fas gene. In this context, we
examined transcription factor NF-«kB and its role in TCDD-
mediated regulation of Fas gene, because there are reports
indicating the role of NF-«kB transcription factor in regula-
tion of Fas gene (Zheng et al., 2001). We noted at least five
NF-«B motifs present in Fas promoter (Fig. 2A). To deter-
mine the role of NF-«kB motifs in TCDD-mediated regulation
of Fas gene, we generated several subclones of Fas promoter
that contain either one, two, or all NF-«kB motifs (described
under Materials and Methods and shown in Fig. 2B). Lucif-
erase assays were performed using EL4 cells that were trans-
fected with various Fas promoter subclones and treated with
TCDD for at least 24 h. We observed 8 * 2-fold increase in
luciferase expression in EL4 cells transfected with Fas973, a
subclone containing all the NF-«xB motifs of Fas promoter
(Fig. 2C). We observed a 2 = 1-fold increase in luciferase
expression in cells transfected with Fas266, a 5 = 1-fold
increase with Fas317, and a 3 = 1-fold increase with Fas270
subclones (Fig. 2C). Fas266 contained one NF-«kB motif,
whereas Fas317 and Fas270 contained at least two NF-«xB
motifs of the Fas promoter (Fig. 2B). These data demon-
strated that NF-«kB motifs of Fas promoter might also act as
cis-regulatory elements and participate in TCDD-mediated

25 *

b2
s

Fig. 1. TCDD regulates Fas promoter
activity. A and B, EL4 cells were
transfected with luciferase reporter
constructs containing full-length Fas
promoter (pGL-3-Fas) or pGL-3 con-
trol and pcDNA3.1 containing pCMV-
B-galactosidase gene. Two days after
transfection, the transiently express-
ing EL4 cells were treated with vari-

-
n

—
=

5 ous concentrations of TCDD (1-1000
] nM/ml) or DMSO (vehicle). The lucif-

erase activity was normalized to B-ga-

0 lactosidase activity and expressed as

normalized -fold induction. The verti-
cal bar represents mean * S.E.M.
from three independent experiments.
C, EL4 cells were transfected with
various luciferase reporter constructs;
pGL-3-control, pGL-3-Fas, and
pcDNAS3.1 containing pCMV-B-galac-
tosidase gene. Two days after trans-
fection, the transiently expressing
EL4 cells were left untreated (none) or
treated with DMSO (vehicle), 100
ng/ml ANF alone (ANF), 100 nM
TCDD (TCDD), 100 nM TCDD + 100
ng/ml ANF (TCDD+ANF). The lucif-
erase activity was normalized to B-ga-
lactosidase activity and expressed as
normalized -fold induction. The verti-
cal bars represent mean * S.E.M.
from three independent experiments.
* p < 0.05.
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regulation of Fas. However, the response of these NF-«B
motifs to TCDD varied (weak, 2 *= 1-fold versus moderate,
5 * 1), and this variation may be due to differences in
response to TCDD-mediated regulatory proteins.

To further confirm the regulatory role of Fas NF-«B motifs
in TCDD-mediated regulation of Fas gene, we performed
EMSA assays using various radiolabeled probes containing
different NF-«B motifs of Fas promoter. We observed mobil-
ity shift of all NF-«B probes incubated with nuclear extracts
from EL4 cells treated with 100 nM TCDD for 24 h (Fig. 3B).
No mobility shift was observed in the absence of nuclear
extract (Fig. 3B). We further examined the role of NF-«B
subunits in TCDD-mediated regulation of Fas promoter and
performed supershift assays using anti-mouse monoclonal
antibodies against NF-«B/p50 and NF-«B/p65 subunits. As
shown in Fig. 3B, we observed supershift in NF-«B probes in
the presence of subunit NF-«B/p50 (Fig. 3B) but not in the
presence of NF-«B/p65 (Fig. 3B). In the presence of cold probe
(Comp), no shift in NF-«B probes was observed with nuclear
extract (Fig. 3). Mutant NF-«B probes also yielded no mobil-
ity shift (Fig. 3B) compared with normal NF-«B probes (Fig.
3B). The data obtained from EMSA assays confirmed that
NF-«kB motifs present in Fas promoter also participate in
TCDD-mediated regulation of Fas gene.

TCDD-Induced Regulation of Mouse FasL Promoter
via AhR. Regulation of FasL promoter by TCDD was deter-
mined by transfecting EL4 cells with constructs containing

A

full-length upstream region of FasL (pGL3-FasL720) pro-
moter. The transiently expressing EL4 cells were treated
with various concentrations of TCDD (1-1000) or vehicle
(DMSO) 48 h after transfection. Luciferase assays were per-
formed on these cells 24 h after TCDD treatment. We ob-
served TCDD-mediated increase in expression of luciferase
when FasL promoter was used for transfection, and the cells
were treated with 100 nM or higher doses of TCDD for at
least 24 h (Fig. 4, A and B). The effect of TCDD on luciferase
expression was very minimal at lower doses (1-50 nM; Fig.
4A). We observed minimal level (2 = 1) of luciferase expres-
sion when the cells were transfected with FasL promoter and
not treated or treated with vehicle (DMSO) (Fig. 4, A and B).
The data demonstrated that TCDD induces up-regulation of
luciferase expression via FasL promoter.

To further understand TCDD-induced regulation of mouse
FasL. promoter, we performed luciferase assays as described
above, but ANF, an antagonist of AhR, was added in the culture
at least 2 h before TCDD treatment of the transfected cells.
There was significant inhibition of luciferase expression in cul-
tures treated with TCDD + ANF compared with those treated
with TCDD alone (Fig. 4C). These data suggested a role for AhR
in TCDD-induced regulation of FasL promoter.

NF-«kB Motifs of FasL Promoter Act as cis-Regula-
tory Elements in TCDD-Mediated Regulation of FasL
Gene. Because mouse FasL promoter does not contain a
DRE motif, we speculated that TCDD-mediated regulation of

1272tgttgecatgtagoeatgaaggctetatgtaggeactttettettgeteteaacttetetatatteatgagttgtgtgpoteteagttt
gtggggageaatetatagtetiggeaacaggetgeatigtttGGGGACTCC Ceatgeaactetttttggecaacgatteaattag
atgeaaccecatecaggaaaggaaaactteatttgatg; gagatgttcactigtggetetgteteceeccattatttggetatagat
cacctteatgtatgettatactttaggaagactetgetaggtttceataceteteanatgecctttaattitagetgteteteectgtatteee
atteategtettectttecccteccocacttgatetteccateataactacctattttattectettecttaataagatetttetgtececteece
tagtcecttactetatatetaaccecegtggtictaaagattetggetiggtecctgagttaactgetgtgttatttgteatagteatttacet
teattetecatttgggaaacgaagecaGGGACATTCCC Cteateaggateceaaagectattatetetacetetgetgtepty
attgtcactteatgtateatatatgagetetgtggaGGGACCTCCCTeateagaatectagggtgtatacetectetgtggtaa
ttaccattc Cec gecccageagacetgteactgad t ggcaaaa(ggtctﬂgtctccagcu

atcagecaaagtecaattcaatacagagticagaattecticeagggtgageageaggeag: teteacttgacetgagg
gitgtgactgiggaagegeecaggatGGGGAATGCCCAtitatgeaateaageectgetigggeeceeteeteceeegecee
ceacecccaccecgeteaggeegectgtgeagtgotgagteagtGGGTTTCCCCgggagaceageagaactttctegeaac
cettgggoetttacgaagattgtgtitggteccte g gtgacatacacgtgtteaaagegatttetgggaagacetga
ataggagegaageggtttgtGCGT Geeagggggegggectaggeaaagiacatacecacaggeagiciagagetggigpgigp
ggecgeaggetgeccacacaggeegeeegetgtitteeettgetgeagacATG +3
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Fas973: Contains all NF-kBs regions located between —1169 and —197 (Pr1 and Pr7)
Fas266: Contains one NF-kB1 region located between —1169 and —903 (Pr 1 and Pr2)
Fas317: Contains two NF-kB2 and NF-kB3 regions located between —792 and —475
(Pr3 and Pr4)

Fas270: Contains two NF-kB4 and NF-kBS5 regions located between —447 and -197
(Pr 5 and Pr 6)

Fas244: Contains DRE region located between —244 and +1 (Pr 8 and Pr 9)
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Fig. 2. TCDD regulates Fas promoter activity through DRE
and NF-kB. A, sequence of a 1272-bp mouse Fas promoter
upstream of the Fas translational start site is depicted.
DRE binding sites are shown in italics, bold, and underline,
whereas NF-«B binding sites (five sites) are shown in bold
and underlined. B, sites and sets of primers used to amplify
different regions of Fas promoter containing either DRE or
various NF-kB sites. C, EL4 cells were transfected with
various luciferase reporter constructs containing pGL-3
control or full-length Fas promoter (pGL-3-Fas) and
pcDNA3.1 containing pCMV-B-galactosidase gene. Addi-
tional constructs included those containing DRE motif
(NpGL-3-Fas244) or various NF-«B motifs; pGL-3-Fas973,
pGL-3-Fas266, pGL-3-Fas317, and pGL-3-Fas270. Two
days after transfection, the transiently expressing EL4
cells were left untreated (none) or treated either with 100
nM TCDD or vehicle (DMSO). The luciferase activity was
normalized to B-galactosidase activity and expressed as
normalized -fold induction. The vertical bars represent
mean * S.E.M. from three independent experiments. D,
EL4 cells were transfected with luciferase reporter con-
structs pGL-3-Fas, pGL-3-Fas DRE mutant, and pcDNA3.1
with pCMV-B-galactosidase gene. Two days after transfec-
tion, the transiently expressing EL4 cells were left un-
treated (none) or treated with vehicle (DMSO) or 100 nM
TCDD (TCDD). The luciferase activity was normalized to
B-galactosidase activity and expressed as normalized -fold
induction. The vertical bars represent mean = S.E.M. from
three independent experiments. *, p < 0.05.
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Fig. 3. EMSA analysis of DRE and NF-«B motifs on Fas promoter. A, single-strand hairpin loop probes containing DRE site of mouse Fas promoter
or mouse CYP1A1 promoter were generated. Nuclear extract was generated from TCDD-treated EL4 cells, and 4 to 5 ug of NE was used in each
reaction. Radiolabeled 3*P-DRE probes were either directly used or used after incubation with nuclear extract, nuclear extract + goat anti-mouse AhR
polyclonal antibody, or nuclear extract containing cold DNA (unlabeled). Arrow 1, Fas DRE probe DNA band; arrows 2 and 3, Fas DRE/nuclear extract
complexes; and arrow 4, supershifted complex in the presence of Abs against mouse AhR. The lanes are labeled as Fas DRE (Fas DRE probe without
nuclear extract), Fas DRE+NE (Fas DRE probe + NE), Fas DRE+NE+AhR Ab (Fas DRE probe + NE + AhR Ab), Fas DRE+NE+Com [Fas DRE
probe + NE + cold (unlabeled) Fas DRE probe for competition, Mut DRE+NE (mutant DRE probe + NE) CYP1A1 DRE (DRE probe from mouse
CYP1A1 without nuclear extract), and CYP1A1IDRE+NE (CYP1A1l DRE probe + nuclear extract) are shown. B, single-strand hairpin loop probes
containing various NF-«kB motifs of Fas promoter were generated. Nuclear extract (4-5 pg) generated from TCDD-treated EL4 cells and goat
anti-mouse monoclonal antibody against NF-«kB (p65 or p50) was used in various binding reactions. Radiolabeled *?P-NF-«B probes were either
directly used or used after incubation with nuclear extract or with p65 or p50 subunits of NF-kB. Panel 1 shows Fas NF-«kB1 probe without nuclear
extract (lane 1), Fas NF-«kB1 probe + NE (lane 2), Fas NF-«B1 probe + NE + p50 antibody (lane 3), Fas NF-«B1 probe + NE + p65 antibody (lane
4), Fas NF-«kB1 probe + NE + unlabeled DNA (comp; lane 5), and mutant Fas NF-kB1 probe + NE (lane 6). Panels 2 to 5 show Fas NF-kB2 to Fas

NF-«B5 probes and lanes 1 to 6 represent the same orientation as described for panel 1 above. Arrow 1 shows NF-«B probes’ DNA band, arrows 2 and
3 demonstrate various NF-«kB-nuclear extract complexes, and arrow 4 shows supershift of NF-«B probes.
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FasL promoter is DRE-independent. We noted at least two
NF-«B motifs present in mouse FasL promoter (Fig. 5A). In
an effort to examine the role of NF-kB motifs in TCDD-
mediated regulation of FasL promoter, we generated several
reporter NF-«B subclones as described under Materials and
Methods. These subclones were designated as FasL191 (con-
tains NF-«kB1 motif), FasL.324 (contains NF-xB2 motif), and
FasL.231 (without NF-«kB motifs). Luciferase assays, per-
formed using TCDD-treated EL4 cells transfected with these
subclones, yielded up-regulated luciferase expression in the
presence of NF-«B motifs and minimal luciferase expression
in the absence of NF-«kB motifs (Fig. 5C). Luciferase induc-
tion was 5 + 2-fold when subclone Fas.191 containing NF-
kBl was used for transfection compared with full-length
FasL promoter (pGL3-FasL), which showed 14 *+ 4-fold in-
duction (Fig. 5C). Likewise, we observed 6 * 2-fold increase
in luciferase expression when subclone Fasl.324 containing
NF-kB2 was used for transfection (Fig. 5C). However, we
observed minimal levels (~1-fold) of luciferase expression
when subclone FasL.231, without any NF-«B motif, was used
for transfection (Fig. 5C). To further examine the regulatory
role of NF-kB in TCDD-mediated regulation of FasL pro-
moter, we generated several FasL. promoter mutant con-
structs designated as FasL. NF-kB1 mutant, FasL. NF-«B2
mutant, and FasL NF-kB1+NF-kB2 mutant based on the
NF-kB motif mutated (as described under Materials and
Methods). Luciferase assays performed using TCDD-treated
ELA4 cells transfected with these FasL promoter mutant sub-
clones demonstrated significant reduction in luciferase ex-
pression compared with full-length FasL promoter (Fig. 5D).
We observed 4 + 1- and 3 *= 1-fold increase in luciferase
expression in FasL. NF-«kB1 and FasLL NF-«kB2 mutant-trans-
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fected cells, respectively (Fig. 5D). In the same experimental
settings, we observed minimal luciferase expression when
subclone containing both FasL. NF-kB1 and -«kB2 mutant was
used for transfection (Fig. 5D). These data suggested that
NF-«B motifs present in mouse FasL promoter participate in
TCDD-induced regulation of FasL promoter.

EMSA assays were also performed to further confirm the
regulatory role of NF-«kB motifs in TCDD-mediated FasL
regulation. Hairpin loop probes specific to NF-kB1 and NF-
kB2 motifs were generated as described under Materials and
Methods. Radiolabeled NF-«B probes were incubated in the
presence or absence of nuclear extracts from EL4 cells
treated with 100 nM TCDD for 24 h. The data obtained from
EMSA assays demonstrated that both NF-«B1 and NF-«B2
probes shifted their mobility in the presence of nuclear ex-
tract (Fig. 6). However, the probes that were not incubated
with nuclear extracts migrated in normal manner (Fig. 6).
We also observed no shift in migration when NF-«B1 or
NF-kB2 mutant probes were used in EMSA assays (Fig. 6).
Furthermore, we observed that both NF-«kB1 and NF-«xB2
probes supershifted when incubated with nuclear extracts
and monoclonal antibodies against p50 subunit of mouse
NF-«B but not very clearly in the presence of p65 subunit of
mouse NF-kB (Fig. 6). These probes when incubated in the
presence of cold probes (unlabeled probes) showed no shift or
supershift of bands (Fig. 6). These data further confirmed
that NF-kB motifs of FasL promoter act as cis-regulatory
elements in TCDD-mediated regulation of FasL gene.

TCDD Up-Regulates the Expression of Fas and FasL
in Vivo. After confirming that TCDD mediates regulation of
Fas and FasL promoters via DRE and/or NF-«kB motifs, we
further tested TCDD-induced up-regulation of Fas and FasL

Fig. 4. TCDD regulates FasL promoter activity.
A and B, EL4 cells were transfected with lucif-
erase reporter construct containing full-length
FasL promoter (pGL-3-FasL) or pGL-3 control
and pcDNA3.1 containing pCMV-B-galactosi-
dase gene. Two days after transfection, the tran-
siently expressing EL4 cells were treated with
various concentrations of TCDD (1-1000 nM/ml)
or DMSO (vehicle). The luciferase activity was
normalized to B-galactosidase activity and ex-
pressed as normalized -fold induction. The ver-
tical bar represents mean = S.E.M. from three
independent experiments. *, p < 0.05. C, EL4
cells were transfected with luciferase reporter
constructs containing pGL-3 control or pGL-3-
FasL and pcDNA3.1 with pCMV-B-galactosi-
dase. Two days after transfection, the tran-
siently expressing EL4 cells were left untreated
(none) or treated either with DMSO (vehicle),
100 ng/ml ANF alone (ANF), 100 nM TCDD
(TCDD), 100 nM TCDD + 100 ng/ml ANF
(TCDD+ANF). The luciferase activity was nor-
malized to pB-galactosidase activity and ex-
pressed as normalized -fold induction. The ver-
tical bars represent mean = S.E.M. from three
independent experiments. *, p < 0.05.

pGL-3-FasL

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet.’

Role of DRE and NF-«B in Regulation of Fas and FasL by TCDD

in vivo. To this end, C57BL6 mice were given either TCDD (1,
5, or 10 pg/kg) or vehicle (DMSO), and thymus and liver,
heart, and lungs were harvested on day 1 and 3 after treat-
ment with TCDD or vehicle. Next, we analyzed mRNA levels
of Fas and FasL in thymus and liver by performing real-time
PCR using iCycler (Bio-Rad). The mRNA levels for Fas and
FasL were increased both in thymus and liver by TCDD in a
dose-dependent and time-dependent manner (Fig. 7, A-C)
compared with vehicle controls. The effect of TCDD on
CYP1AL1 expression was also obtained by a parallel analysis
of CYP1A1 mRNA levels in thymus and liver (Fig. 7, A-C). As
expected, exposure to TCDD triggered marked increase in
CYP1Al in a dose- and time-dependent manner, compared
with the controls. The -fold increase in CYP1A1 after treat-
ment with TCDD was significantly greater compared with

153

the increases seen in expression of Fas and FasL at the
respective doses and time points.

Discussion

Our laboratory has previously shown that Fas/FasL-medi-
ated apoptosis constitutes one of the key mechanisms respon-
sible for TCDD-induced killing of T cells and immunotoxicity
(Rhile et al., 1996; Kamath et al., 1997, 1998, 1999; Camacho
et al., 2001, 2002, 2004a,b, 2005; Fisher et al., 2004). We have
also demonstrated that C57BL/6 mice carrying mutations in
Fas and FasL were more resistant to TCDD-mediated thymic
atrophy at concentrations of <50 ug/kg body weight (Rhile et
al., 1996; Kamath et al., 1999; Camacho et al., 2002, 2005). In
addition, TCDD-induced up-regulation of Fas in the thymus

A 686-T Accteagttttcatctggtgaccagaagagagattgecaaagttaaatgattacagaggaggaagcetacatttcecag
gogaagtggoatggatagggoocaggeacagtgggooottagggcagecttgaacacetggeacacattectggttgeaget
ggctgatgticagggaagggacttcaacagaggattcaactecctatgetcagatgtggagatatettcteccagecgaactectt
ggTCTTTTCCCCatgectecagaccaacaggectetcaggacacaccecagagetgeggaagagetaatgtectecaag

NF-kB1
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ttggaacttegaagacttgtegteagaaatttetgggeggaaacttectggggttgetgtgagetttttgaggetteteagetteag
atgeaagtgagtgggtoteteactgagaageanagagaagagaacaggagaaaGGTGTTTCCC Cttgactgeggaa

accttataaagaaaacttagcttetetggageagteagegteagagttetgtecttgacacctgagtetecteeacaaggetgtga

agaggaaaccctttectggggetgggtgccATGH3
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Fig. 5. TCDD regulates FasL pro-
moter activity through NF-«B. A, se-
quence of a 689-bp mouse Fas pro-
moter upstream of the FasL
translational start site has been de-
picted. NF-«B binding sites (two sites)
have been shown in bold and under-
lined. B, sites and sets of primers used
to amplify different regions of FasL
promoter with or without NF-«B. C,
EL4 cells were transfected with vari-
ous luciferase reporter constructs con-
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FasL promoter (pGL-3-FasL) or con-
taining various NF-«kB motifs; pGL-3-
FasL231, pGL-3-FasL191, pGL-3-
FasL324, and pcDNA3.1 with pCMV-
B-galactosidase. Two days after
transfection, the transiently express-
ing EL4 cells were left untreated
(none) or treated either with DMSO
(vehicle) or 100 nM TCDD (TCDD).
The luciferase activity was normal-
ized to B-galactosidase activity and
expressed as normalized -fold induc-
tion. The vertical bars represent
mean *= S.E.M. from three indepen-
dent experiments. *, p < 0.05 com-
pared with pGL-3-FasL group. D, EL4
cells were transfected with luciferase
reporter constructs pGL-3-FasL, pGL-
3-FasL/NF-«kB1 mutant, pGL-3-FasL/
NF-kB2 mutant, pGL-3-FasL/NF-«B1
and kB2 mutant, and pcDNA3.1 with
pCMV-B-galactosidase. Two days af-
ter transfection, the transiently ex-
pressing EL4 cells were left untreated
(none) or treated either with DMSO
(vehicle) or 100 nM TCDD (TCDD).
The luciferase activity was normal-
ized to B-galactosidase activity and
expressed as normalized -fold induc-
tion. The vertical bar represents

104 mean = S.E.M. from three indepen-
dent experiments. *, p < 0.05 com-
5 i pared with pGL-3-FasL group.
=11 %
N M e
pGL-3- FasL.  pGL-3- FasL/ pGL-3- FasL/ pGL-3- FasL/
NF-kB1Mut NF-KB2Mut NF-kB1+kB2

Mut
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and FasL expression on thymic stromal cells in vivo (Fisher
et al., 2004; Camacho et al., 2005) and that interaction be-
tween stromal cells and T cells was critical for TCDD-induced
apoptosis in T cells (Camacho et al., 2005). Despite such
studies, the precise mechanism of transcriptional regulation
of Fas and FasL genes induced by TCDD has not been pre-
viously investigated. In the present study, therefore, we ex-
amined cis-regulatory elements of Fas and FasL promoters
and their role in TCDD-mediated regulation of Fas and FasL
gene expression.

The data from current study demonstrated that TCDD
regulates of Fas and FasL promoters inasmuch as we ob-
served increased luciferase expression in TCDD-treated EL4
cells transfected with constructs containing full-length Fas
or FasL promoter. In addition, the up-regulation of luciferase
expression was TCDD-specific, because we observed minimal
(1- to 2-fold) luciferase expression when vehicle (DMSO) was
used in the culture under the same settings (Figs. 1A and
3A). Furthermore, luciferase expression was completely
blocked when EL4 cells transfected with Fas or FasL pro-
moter were treated with a-naphthoflavone, an AhR antago-
nist, before TCDD treatment. This demonstrated the role of
AhR in TCDD-mediated regulation of Fas and FasL promot-
ers. Furthermore, we also observed the potential role of mul-
tiple sets of regulatory elements in TCDD-mediated Fas/
FasL regulation. In the case of Fas promoter, we observed the
participation of DRE motif as cis-regulatory element, as we
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observed after TCDD treatment, 6 + 2-fold increase in lucif-
erase expression in the presence of DRE motif, compared
with the control (Fig. 2C). However, such reduced levels of
luciferase expression seen with DRE motif alone compared
with full-length Fas promoter (6 = 2- versus 20 * 5-fold)
indicated that DRE might not be the only TCDD-induced
regulatory motif in Fas promoter. Upon further examination,
we noted five NF-«kB motifs present in Fas promoter, and
when we examined luciferase expression in the presence of
various NF-«B regulatory motifs of Fas promoter, we ob-
served varying degrees of luciferase expression (5 = 2-fold)
after TCDD treatment. Furthermore, more definite proof for
the participation of DRE and NF-«xB motifs came from EMSA
assays when we observed shifts in Fas promoter probes con-
taining DRE or different NF-«B motifs incubated with nu-
clear extracts from TCDD-treated EL4 cells. In FasL pro-
moter, we observed no DRE motif but two NF-«kB motifs.
Upon examining the role of NF-«kBs in TCDD-induced regu-
lation of FasL promoter, we observed 2 *+ 4-fold increase in
luciferase expression in EL4 cells transfected with constructs
containing either NF-«B motif of FasL promoter. Moreover,
we observed shift in probes containing different NF-«B mo-
tifs of FasL that were incubated with nuclear extracts from
TCDD-treated EL4 cells, thereby corroborating the role of
NF-«B in the regulation of FasL promoter.

TCDD-induced regulation of Fas and FasL expression
seems to require signaling through AhR because both Fas

FasL NF-kB2
FasL NF-kB2+NE+Comp
Mut FasL. NF-kB2+NE

FasL NF-kB2+NE
FasL NF-kB2+NE+p50
FasL NF-kB2+NE+p65
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;
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Fig. 6. EMSA analysis of NF-«B motifs on FasL promoter. 1, single-strand hairpin loop probe containing FasL promoter NF-«kB1 motifs was generated.
Nuclear extract (4—5 ug) generated from TCDD-treated EL4 cells was used in each reaction. Radiolabeled *?P-FasL NF-«B1 probe was either directly
used or used after incubation with nuclear extract or nuclear extract + goat anti-mouse NF-«B (p65 and p50) monoclonal antibody. Lane 1, FasL
NF-«B1 probe without nuclear extract; lane 2, FasL. NF-kB1 probe + nuclear extract; lane 3, FasL. NF-«B1 probe + nuclear extract + NF-«B (p50)
mAb; lane 4, FasLi NF-«B1 probe + nuclear extract + NF-«B (p65) mAb; lane 5, FasL NF-«B1 probe + nuclear extract + cold DNA (comp); and lane
6, mutant FasL. NF-«B1 probe + nuclear extract. Panel 2, similarly demonstrates FasL. NF-«B2 probes and six lanes represent the same orientation
described for FasL NF-«kB1 probe above. Arrow 1, NF-«B1 or NF-«B2 probe DNA bands; Arrows 2 and 3, NF-«B1 or NF-«kB2 nuclear extract complexes;

arrow 4, NF-kB1 or NF-«kB2 supershifted complex.
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and FasL promoters failed to induce luciferase expression in
the presence of ANF. We have shown that TCDD failed to
up-regulate the expression of FasL in AhR-deficient mice
(Camacho et al., 2005). In addition, we have observed that
TCDD failed to induce apoptosis in thymic T cells from AhR-
deficient mice (Camacho et al., 2005). It is known that AhR
has much wider role than just induction of detoxification
enzymes (Matikainen et al., 2001). In this context, our stud-
ies demonstrate that AhR may also participate in the induc-

A

Ovehicle H1 pg TCDD
M5 g TCDD E10 pe TCDD

OvVehicle

. -

(=]
7

L)
=

mRNA fold induction
2
=

mRNA fold induction
7

o

Liver

b1 ug TCDD
M5 g TCDDEI0 g TCDD

155

tion of apoptosis through regulation of Fas and FasL expres-
sion. This may represent a normal physiological response to
a chemical insult, thereby enabling the host to get rid of
damaged and potentially precancerous cells.
TCDD-mediated regulation of Fas involves DRE motif
present in Fas promoter because we obtained binding of
nuclear protein obtained from TCDD-exposed EL4 cells, shift
of DRE bands, and supershift of DRE bands in the presence
of AhR antibodies. In addition to DRE, AhR has also been

Fig. 7. TCDD up-regulates the expression of Fas and FasL
in vivo. C57/BL6 mice were treated either with vehicle or 1,
5, or 10 pg/kg TCDD. On days 1 (D1) and 3 (D3) after
treatment, thymus and liver were harvested, and total
RNA from these organs was extracted. A and B, raw data
obtained from real-time PCR on iCycler (Bio-Rad). <>, rep-
resents difference in onset of amplification for FasL, Fas,
and CYP1A1 compared with 18S. C, above-mentioned data
expressed as -fold induction. The total RNA was probed for
Fas, FasL, CYP1A1, and 18S genes in separate tubes using
the relative standard method. The relative amounts of Fas,
FasL, and CYP1A1 were calculated based on the corre-
sponding standard curves, normalized to the 18S from the
same treatment group, and then normalized to the vehicle-
treated group to obtain -fold induction.

Fas CYPIA1
Liver D3

[Transcriptional activation
/Rel of NF-kBs

Cytoplasm (TCDD| Z |
Regulation of

Fig. 8. Schematic representation of molecular mechanisms
involved in TCDD-mediated regulation of mouse Fas and
FasL genes leading to their up-regulated expression.
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shown to interact with NF-«B, another transcription factor.
Recent studies have shown that AhR and NF-«B physically
interact and functionally modulate each other’s activities
(Kim et al., 2000). In this context, we have noted at least five
NF-«B motifs in Fas promoter and two NF-uB motifs in FasL
promoter. These NF-«kB motifs may interact with AhR and
participate in TCDD-mediated regulation of Fas and FasL
expression inasmuch as we observed various levels of lucif-
erase expression in the presence different NF-«B motifs of
Fas and FasL.

Tian et al. (1999), in their review article, highlighted the
interactions between AhR and NF-«B and the potential bio-
logical effects that result of these interactions (Tian et al.,
1999). Both AhR and NF-«B are inducible transcription fac-
tors, and each governs the expression of distinct sets of genes
that are important for normal physiological and pathophys-
iological responses. There are reports demonstrating the as-
sociation of AhR with the p65 (RelA) subunit of NF-«B in
mouse hepatoma cells (Tian et al., 1999). However, the im-
pact of this association may differ depending on the cell type
(Kim et al., 2000). For example, Tian and coworkers demon-
strated in COS cells an AhR-mediated inhibition of NF-«B
(RelA/p50) binding to a consensus kB element, which was
augmented by TCDD treatment (Tian et al., 1999). In con-
trast, Kim and coworkers identified cooperation between
AhR and RelA in transactivation of a c-myc promoter-re-
porter construct in mammary epithelial cells (Kim et al.,
2000). A similar observation was also made in B cells in
which AhR nuclear complex and NF-«B/Rel proteins were
shown to converge at the DRE and B motif to influence
transcriptional activity of the hs4 enhancer fragment of im-
munoglobulin heavy chain gene (Sulentic et al., 2004). In
addition, TCDD treatment of hepatoma cells was shown to
activate NF-«kB in an AhR-dependent manner (Puga et al.,
2000). In this study, it was also shown that most of the
increase in NF-«kB binding activity could be accounted for by
increases in p50/p50 complexes. Because these complexes are
known to repress NF-«B-dependent gene transcription, it
was suggested that this may constitute another mechanism
through which TCDD may exert immunosuppression. Induc-
tion of NF-kB activity has also been shown in immature rat
thymus after TCDD treatment (Olnes et al., 1994). Recent
studies from our laboratory also demonstrated that in vivo
exposure to TCDD led to nuclear translocation of NF-«B in
thymic stromal cells leading to up-regulation of FasL (Cama-
cho et al., 2005).

Regulation of Fas and FasL expression is a double-edged
sword. Underexpression or mutation in Fas or FasL, on
one hand, results in various diseases, including autoim-
munity, severe lymphoproliferation, and susceptibility to
lymphoid carcinoma, autoimmune lymphoproliferative
syndrome, and systemic lupus erythematosus (Kovacs et
al., 1997b; Gronbaek et al., 1998; Straus et al., 1999). In
contrast, overexpression of Fas or FasL results in uncon-
trolled apoptosis that may contribute to neurodegenerative
disorders, failure to clear pathogens, and cardioretinopa-
thology (Kovacs et al., 1997a; Sharma et al., 2000). The
immune privilege status of various organs, such as eyes
and testes, is partially established by expression of high
levels of FasL in these organs (Griffith et al., 1995). How-
ever, continuous FasL expression in testes has been shown
to cause autoimmunity, leading to fertility problems (Hu et

al., 2003). FasL constitutively expressed in the thymus
plays an important role in the ontogenesis and negative
selection of T cells (Kabelitz, 1993), but up-regulated ex-
pression of FasL in thymus also leads to development of
autoimmunity (Kobata et al., 1997; Brochu et al., 1999). In
addition, in the thyroid gland, inflammation leading to
interaction between Fas and FasL can cause thyrocyte
destruction and trigger Hashimotos thyroiditis (Stassi et
al., 2000). In the current study, we noted that Fas and
FasL were up-regulated in the thymus and liver after in
vivo TCDD administration. We have also noted that Fas is
up-regulated in the spleen, lungs, and heart and FasL in
the spleen and lungs but not heart (N. Singh, M. Nagar-
katti, and P. Nagarkatti, unpublished data). Together, our
studies suggest a common pathway of up-regulation of
these molecules in various tissues that could potentially
trigger tissue injury as well as autoimmune disease.

In conclusion, the current study demonstrates that TCDD-
induced transcriptional regulation of Fas and FasL genes
involves AhR-mediated signaling and participation of DRE
and/or NF-kB motifs present in their respective promoters
(Fig. 8).
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