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SUMMARY

An inhibitory effect on both constitutive and inducible expres-
sion of cytochrome P450 isoenzymes has been shown for
different cytokines and growth factors. We previously de-
scribed an inhibition of 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD)-induced CYP1A1 mRNA and enzyme activity by trans-
forming growth factor-B, (TGF-3,) in human lung cancer A549
cells. In the present study, we report that not only TCDD-
induced expression of CYP1A71 but also basal mRNA expres-
sion of CYP1A1, CYP1B1, and aryl hydrocarbon receptor (AHR)
was down-regulated by TGF-8; in cells not treated with TCDD.
In contrast, mMRNA expression of the AHR partner protein Arnt
(aryl hydrocarbon receptor nuclear translocator) was not influ-
enced. Furthermore, TCDD-induced expression of CYP1B1
and NMO-1 was inhibited, and the IC;, values of 5-10 pm
TGF-B, were in the same range as observed for inhibition of

CYP1A1 and AHR mRNA expression. Transfection studies with
a plasmid containing a luciferase reporter gene under control of
two dioxin-responsive elements indicate an effect on AHR pro-
tein expression. Results of time-course studies revealed a par-
allel inhibition of AHR and CYP1 mRNA expression, indicating
that TGF-B, is a direct negative regulator of transcription of
these genes. The treatment of cells with cycloheximide led to a
superinduction of TCDD-induced CYP1A1 and CYP1B1 mRNA
expression and abolished the inhibitory effect of TGF-B; on
basal as well as TCDD-induced CYP1 and AHR mRNA expres-
sion. TGF-B, seems not to influence the stability of AHR mRNA.
The results suggest that TGF-B, induces rapid transcription
and translation of an as-yet-unknown negative regulatory factor
or factors that may directly regulate expression of AHR and
genes of Ah gene battery.

The cytochrome P450 enzyme family is a group of heme-
thiolate monooxygenases important in metabolism of many
endogenous as well as exogenous compounds; so far, >481
different cytochrome P450 genes have been identified and
classified into 74 gene families according to their amino acid
sequences (1). The CYP1 family, which consists of at least
three enzymes, CYP1A1, CYP1A2, and CYP1B1, has been
shown to be important in the metabolism of several xenobi-
otics, such as PAH and heterocyclic amines, and expression
of these enzymes is inducible by PAHs like TCDD. TCDD
inducibility of CYP1 transcription is mediated by the cytoso-
lic AHR, which belongs to a group of ligand-activated tran-
scription factors. Activation of AHR involves ligand binding,
dissociation of heat-shock protein-90, nuclear translocation,
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and dimerization with Arnt followed by binding to DRE en-
hancer elements in the 5’'-noncoding region of the respective
gene (2). In addition to CYP1 genes, transcription of several
other genes is inducible by TCDD, including phase II en-
zymes like NMO-1 und UGT1A6 and different cytokines and
growth factors like IL-18, TGF-B8, TNF-a, and TGF-a (2—4).
Although involvement of AHR in transcriptional activation
has been well proved for phase I and phase II genes of Ak
gene battery (i.e., CYP1, NMO-1, UGT1A6, GST, and ADH)
(3), the TCDD-induced expression of cytokines and growth
factors may instead be attributable to secondary effects (4—
6).

An inhibition of cytochrome P450-related enzyme activities
and, therefore, altered drug metabolism has been shown
during infection and inflammation in rodents and humans
(7-9). This inhibition has been linked to an increased serum
concentration of proinflammatory cytokines exerting a nega-

ABBREVIATIONS: PAH, polycyclic aromatic hydrocarbon; ActD, actinomycin D; AHR, aryl hydrocarbon receptor; AP, activator protein; Arnt, aryl
hydrocarbon receptor nuclear translocator; BMS, basal medium supplement; CHX, cycloheximide; DMEM, Dulbecco’s modified Eagle’s medium;
DMSO, dimethylsulfoxide; DRE, dioxin responsive element; EROD, 7-ethoxyresorufin-O-deethylase; FCS, fetal calf serum; IL, interleukin; NMO,
NADPH:quinone oxidoreductase; NRE, negative regulatory element i; RT, reverse transcription or transcriptase; PCR, polymerase chain reaction;
TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TGF, transforming growth factor; TNF, tumor necrosis factor; UGT, UDP-glucuronosyltransferase.
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tive regulatory effect on cytochrome P450 expression and
therefore on drug metabolism. For example, male volunteers
challenged with lipopolysaccharide exhibited a lower exten-
sion rate of antipyrine, hexobarbital, and theophylline,
whereas serum concentrations of TNF-«, IL-18, and IL-6
were enhanced (9). An influence of cytokines and growth
factors on constitutive CYP expression has also been shown
in cell culture models [e.g., IL-6 repressed CYP1A1, CYP1A2,
and CYP3A mRNA in human hepatoma cells (10), and IL-18,
IL-6, and TNF-« inhibited CYP1A2, CYP2D, CYP2E1, and
CYP3A mRNA and related enzyme activities in human pri-
mary hepatocytes (11)]. An inhibition of PAH-induced CYP1
expression by cytokines and growth factors has also been
demonstrated in different cell systems in vitro [e.g., PAH-
induced CYP1A mRNA expression was inhibited by IL-18 in
rat and human primary hepatocytes, by IL-6 in human
HepG2 cells and primary hepatocytes, and by TNF-« in hu-
man primary hepatocytes (12—15)]. We recently reported that
TGF-B; inhibited TCDD-induced EROD activity and
CYP1A1 mRNA expression in human lung cancer A549 cells
(16); similar results were observed in human keratinocytes
and human primary hepatocytes (14, 17).

TGF-B; belongs to a superfamily of paracrine-acting pep-
tides known to elicit a variety of biological activities in many
cell types, including effects on cell proliferation, cell differen-
tiation, cell adhesion, cell migration, and regulation of extra-
cellular matrix compositions. It inhibits the proliferation of
many different cell lines, mainly epithelial cells. Although a
stimulation of cell growth by TGF-B; has been shown, this
mitogenic effect has been considered to be secondary in re-
gard to other cellular responses (18). The effects of TGF-3; on
gene expression are bipartite; both up- and down-regulation
of TGF-B;-sensitive genes were observed in many cell sys-
tems. For example, TGF-B; stimulated cell adhesion by mod-
eling the expression of cell adhesion molecules and extracel-
lular matrix proteins like plasminogen activator inhibitor
type I, whereas it inhibited transcription of matrix-degrading
metalloproteinases like transin/stromelysin (18-20). Similar
distinct effects of TGF-B; on expression of cell cycle-regulat-
ing genes have been observed. TGF-B; increased transcrip-
tion of p21/WAF1/Cip1 cyclin-dependent kinase inhibitor and
immediate-early genes like c-jun, jun D, and c-fos, whereas it
down-regulated mRNA expression of c-myc and G1l-specific
cyclin A (21, 22).

As outlined above, cytokines and growth factors interact
with expression of drug-metabolizing enzymes. Because
these peptides are increasingly used for therapeutic applica-
tions, studies on the mechanisms of these interactions are of
considerable health concern in respect to possible side effects.
The current study was performed to determine whether pre-
viously reported inhibition of TCDD-induced CYP1A1l ex-
pression by TGF-B; is due to an effect on AHR, the transcrip-
tional activator of CYP1Al. The results show that AHR
expression was down-regulated by TGF-B; at picomolar con-
centrations. In addition to CYP1A1, expression of two other
members of Ak gene battery, CYP1B1 and NMO-1, was in-
hibited by TGF-B,. Time-response experiments revealed that
down-regulation of AHR is not required for inhibition of basal
and TCDD-induced CYP1 mRNA expression, indicating that
TGF-B; has direct negative regulation of expression of these
genes.

Experimental Procedures

Materials. TCDD (purity, = 99%) was obtained from Okometric
(Bayreuth, Germany). Recombinant human TGF-3;, 7-ethoxyresoru-
fin, resorufin, rhodamine B, glucose-6-phosphate, glucose-6-phos-
phate dehydrogenase, dicoumarol, NADPH, CHX, and ActD were
supplied by Sigma (Taufkirchen, Germany). Moloney murine leuke-
mia virus-RT and TRIzol total RNA preparation kit were from
GIBCO-BRL (Eggenstein, Germany). Oligo(dT),5 primer and DNase
I were from Boehringer-Mannheim Biochemica (Mannheim, Germa-
ny). Deoxynucleotide triphosphates and RNase inhibitor were from
Pharmacia (Freiburg, Germany). Taq DNA polymerase, transfectam,
pSV-B-Gal, and luciferase assay system were from Promega (Heidel-
berg, Germany). [a-32P]dCTP was from ICN (Costa Mesa, CA). Me-
dia for cell cultures were purchased from Sigma (Taufkirchen, Ger-
many), and penicillin/streptomycin, BMS, FCS, and glutamine were
from Seromed (Berlin, Germany).

Cell culture and treatment. The human lung cancer cell line
Ab549 was a kind gift from Dr. Knabbe (UKE, Hamburg, Germany).
Cells were cultured in DMEM, supplemented with 10% FCS (v/v),
100 units/ml penicillin, 100 pg/ml streptomycin, 10 mM HEPES, and
2 mM glutamine. Cells were maintained under standard conditions
at 37° in 5% CO,. Before treatment, nearly confluent monolayers
were cultured overnight in low Ca®* (50 uM) containing DMEM,
supplemented with 5% BMS (v/v). Cells were then treated in high
Ca%* (1.8 mm) DMEM/5% BMS (v/v) with TCDD, TGF-8,, CHX, or
ActD as indicated. TCDD (1 uM stock solution) was dissolved in
DMSO, TGF-B, (80 nm) was dissolved in 4 mM HC1/0.1% (w/v) bovine
serum albumin, ActD (2.5 mg/ml) was dissolved in ethanol, and CHX
(35 mM) was dissolved in sterile water. Control cells received the
respective solvent vehicle, and the final concentration of DMSO in
the medium was 0.1% (v/v).

EROD activity. For determination of EROD activity, TCDD-
treated cells were harvested in ice-cold Tris/sucrose (10 mm/25 mM,
pH 7.4), collected by centrifugation, and homogenized in 1 ml of
Tris/sucrose. EROD activity was measured spectrofluorometrically
as previously described using a Jobin Yvon spectrofluorometer (23).
The spectrofluorometer was calibrated with a solution of rhodamine
B in methanol, and amounts of resorufin were calculated from a
standard curve.

RT-PCR. RT-PCR was performed as previously described (23).
Total RNAs were prepared with TRIzol total RNA isolation kit ac-
cording to the manufacturer’'s instructions followed by digestion
with RNase-free DNase I. PCR amplifications were performed using
a DNA thermal cycler (Hybaid-Omnigene, MWG-Biotech, Ebersberg,
Germany) for the indicated cycles with the following profile: 4 min at
94° before the first cycle, 1 min for denaturation at 94°, 1 min for
primer annealing, 1 min for primer extension at 72°, and 7 min at 72°
after the last cycle. PCR primers were synthesized with an Applied
Biosystems 391 DNA synthesizer (Weiterstadt, Germany), and
primer sequences were taken from published sources. The following
annealing temperatures and cycle numbers were used for gene-
specific amplification: B-actin (23): 60°, 19 cycles; AHR (24): 61°, 25
cycles; Arnt (23): 65°, 26 cycles; c-myc (25): 61°, 25 cycles; CYP1A1
(23): 60°, 25 cycles; CYP1B1 (23): 63°, 22 cycles; NMO-1 (23): 68°, 20
cycles; TGF-B; (5): 60°, 22 cycles; and UGT1A6 (26): 65°, 32 cycles.
Basal CYP1 mRNA expression was analyzed in cells not treated with
TCDD by RT-PCR at higher cycle numbers using 29 and 25 cycles for
CYP1A1 and CYP1B1, respectively. Linearity of amplification was
controlled by three different cycle numbers for one cDNA concentra-
tion. PCR products were analyzed on 10% (w/v) polyacrylamide gels,
and gels were dried and autoradiographed. For semiquantitative
analyses, respective bands were quantified using a OmniMedia gel
scanner (Millipore, Uberlingen, Germany).

Transfection experiments. A549 cells (1 X 10° cells) were
seeded onto 100-mm culture dishes and maintained for 7 hr in
supplemented DMEM/10% FCS (v/v) under standard conditions.
Cells were then transiently transfected with 4 ug of luciferase re-
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porter plasmid (27) and 1 ug of pSV-B-Gal using 25 ug of the cationic
lipopolyamine transfectam per culture dish in DMEM without FCS
according to the manufacturer’s instructions. The cells were incu-
bated with the DNA/liposome mixture overnight and subsequently
maintained in fresh DMEM supplemented with 5% (v/v) BMS for 24
hr. Cells were then treated in DMEM/5% (v/v) BMS for 40 hr with
TCDD, TGF-B,, or the respective vehicle control followed by cell lysis
in 500 ul of reporter lysis buffer. Luciferase activities in cell lysates
were determined using the luciferase assay system in a Berthold
Multi-Bioluminat LB 9505C luminometer. Luciferase activity was
corrected by B-Gal activity determined photometrically as previously
described (28).

Results

Dose-dependent inhibition of TCDD-induced CYP1
expression by TGF-B,. TCDD is a potent inducer of
CYP1A1l and CYP1B1 mRNA expression in human lung can-
cer A549 cells with a maximum induction at a concentration
of 1 nm TCDD (data not shown). Pretreatment of A549 cells
for 2 hr with 0.5-250 pm TGF-B; led to a dose-dependent
inhibition of TCDD-induced CYP1A1l and CYP1B1 mRNA
expression with a complete inhibition at a concentration of
~100 pm TGF-B; in cells cotreated for 24 hr with TCDD (Fig.
1, left). The IC;, values for inhibition of both CYP1A1l and
CYP1B1 were ~10 pMm TGF-B;. A dose-dependent inhibition
of TCDD-induced CYP1Al-associated EROD enzyme activity
was also shown in A549 cells. Pretreatment of cells for 2 hr
with 10 or 50 pm TGF-B; repressed TCDD-induced EROD
activity to 61% and 29%, respectively (Table 1).

Effect of TGF-B, on UGT1A6 and NMO-1 mRNA ex-
pression. To examine specificity of AHR-dependent gene
transcription, the effect of TGF-B; on two other members of
Ah gene battery was analyzed. Neither TCDD nor TGF-3;
affected UGT1A6 mRNA expression (Fig. 1, right). In con-
trast, treatment of cells with 1 nm TCDD led to an ~3-fold
induction of NMO-1 mRNA expression that was dose-depen-
dently inhibited by TGF-B; (Fig. 1, right). A maximum re-
sponse was found at a concentration of ~50 pm TGF-B; with
an inhibition of TCDD-induced NMO-1 mRNA by 65%.

Effect of TGF-B; on AHR and Arnt mRNA expression.
Because TCDD-induced gene expression is mediated by the
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TABLE 1

Inhibition of TCDD-induced EROD-activity in A549 cells by
TGF-B,

Cells were pretreated for 2 hr with 10 or 50 pm TGF-B4 and cotreated for an
additional 24 hr with 1 nm TCDD; control cells received 0.1% (v/v) DMSO. EROD
activity was determined in cell homogenates as described in Materials and
Methods. Mean + standard deviation values of three independent experiments
are given.

Cell treatment Resorufin % of Effect
pmol/mg/min
0.1% DMSO N.D.2
1 nm TCDD 1.35 £ 0.14 100
10 pm TGF-B,/1 nm TCDD 0.83 = 0.05 61
50 pm TGF-B4/1 nm TCDD 0.39 = 0.09 29

2 N.D., not detectable.

heterodimeric AHR/Arnt complex, we examined the effect of
TGF-B; on mRNA expression of both genes. As previously
shown for human breast cancer MCF-7 and MDA-MB 231
cells (23), TCDD had no effect on mRNA expression of these
genes in A549 cells. TGF-3; led to a dose-dependent repres-
sion of AHR mRNA expression, and a maximum inhibition
was observed at a concentration of 100 pm TGF-B; (Fig. 2).
The IC;, value (~8 pm TGF-B,) calculated for down-regula-
tion of AHR mRNA is in the same order of magnitude found
for inhibition of TCDD-induced CYP1Al, CYP1B1, and
NMO-1 mRNA expression (Fig. 1). In contrast, TGF-B; had
no effect on mRNA expression of Arnt (Fig. 2).

Time course of down-regulation of basal AHR and
CYP1 mRNA expression by TGF-g,. Inhibition of AHR
and TCDD-induced CYP1A1 mRNA expression by TGF-B;
can be due to a direct effect on transcription of both genes as
well as to the inhibition of AHR expression and, as a conse-
quence, the lack of activation of AHR-dependent gene expres-
sion. To examine whether TGF-B;-mediated down-regulation
of CYP1 mRNA is an AHR-dependent response, the time
course of inhibition of basal AHR as well as CYP1A1l and
CYP1B1 mRNA expression was analyzed in cells treated for
2, 8, and 24 hr with 100 pm TGF-B; but not with TCDD. A
significant decrease in AHR, CYP1A1l, and CYP1B1 mRNA
was observed after a 2-hr incubation, indicating that expres-
sion of these genes is rapidly down-regulated by TGF-3; (Fig.

® UGT16
A NMO-1

0 i F——— e,
10° 10! 102 102
log pM TGF-B4

Fig. 1. Dose-dependent inhibition of TCDD-induced mRNA expression of TCDD-sensitive genes by TGF-B, in human lung cancer A549 cells.
Left, CYP1A1 (@) and CYP1B1 (A). Right, UGT1A6 (@) and NMO-1 (A). Cells were pretreated for 2 hr with 0.5-250 pm TGF-B, and then cotreated
for 24 hr with 1 nm TCDD. Control cells received only TCDD. mRNA expression was detected by RT-PCR, the respective bands were scanned,
and mRNA levels are given as relative intensities to B-actin as described in Experimental Procedures.
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Fig. 2. Effect of TGF-B, on AHR (@) and Arnt (A) mRNA expression in
A549 cells. See legend to Fig. 1.

3). A maximum repression was observed for AHR and
CYP1B1 in cells treated for 8 hr with TGF-B,, with an inhi-
bition to 80% of control levels, whereas CYP1A1 mRNA was
nearly completely inhibited after 24 hr. Prolonged treatment
with TGF-B; did not further reduce the mRNA content of
AHR and CYP1B1. The results of time course studies shown
in Fig. 3 reveal that down-regulation of AHR and CYP1
mRNA expression are parallel rapid processes that implicate
the direct action of TGF-B; on expression of AHR and CYP1
genes. Furthermore, cotreatment of cells with TCDD seems
to not be necessary for the inhibitory effect of TGF-p;.
Inhibition of TCDD-induced luciferase activity by
TGF-B, in A549 cells. To analyze the effect of TGF-B; on
AHR expression, we performed transfection experiments
with the minimal dioxin-responsive reporter construct pTX-
.DIR, which contains two DREs. This plasmid has been
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Fig. 3. Time-dependent inhibition of CYP1 and AHR mRNA expression
by TGF-B, in A549 cells. Cells were treated for 2, 8, and 24 hr with 100
pm TGF-B,, and relative mRNA expression is given to respective con-
trols. Basal CYP1 mRNA expression in cells not treated with TCDD was
detectable at higher cycle numbers with 29 and 25 cycles for CYP1A1
and CYP1B1, respectively, and RT-PCR was performed as described in
Experimental Procedures. Typical results of three independent exper-
iments are given.

shown to be inducible by AHR agonists in human cells and
therefore is a useful tool for the study of AHR-dependent
gene activation (27). Treatment of transiently transfected
A549 cells with 10 nMm TCDD for 40 hr led to a 5.6-fold
induction of luciferase activity compared with untreated cells
(Fig. 4). Cotreatment of these cells with 50 pm TGF-3; sig-
nificantly antagonized TCDD-induced luciferase activity to
~60%. TCDD had no effect on luciferase activity in cells
transiently transfected with parental pT81 lacking the two
DREs. TGF-B; itself slightly induced luciferase activity ~2-
fold compared with controls in both pT81- and pTX.DIR-
transfected A549 cells.

Effect of protein synthesis inhibitor CHX on TGF-g;-
mediated mRNA decrease. We have previously shown that
protein synthesis is necessary for TGF-B;-mediated inhibi-
tion of TCDD-induced CYP1A1 expression (16); therefore, we
tested whether protein synthesis is also required for down-
regulation of AHR mRNA expression. The cells were treated
for 24 hr with 100 pm TGF-B; in the presence or absence of 35
uMm CHX (Fig. 5). CHX abolished TGF-B;-induced effect on
AHR mRNA expression. Furthermore, AHR mRNA was over-
expressed in cells treated with TGF-B; and CHX compared
with untreated cells. Similar results were observed for
CYP1A1l and CYP1B1. CHX neutralized TGF-B;-mediated
inhibition of TCDD-induced CYP1 mRNA, and a superinduc-
tion of TCDD-induced CYP1A1 and CYP1B1 mRNA expres-
sion by CHX was observed. These results indicate that in
addition to CYP1Al, the expression of CYP1B1 and AHR
seems to be transcriptionally controlled by a negative regu-
latory protein or proteins.

Influence of TGF-B, on AHR mRNA stability in A549
cells. To examine whether TGF-B; influences AHR mRNA
stability, experiments with transcription inhibitor ActD were
performed. Cells were first treated simultaneously with 100
pM TGF-B; and 5 pg/ml ActD for 5 and 10 hr. The inhibitory
effect of TGF-B; was abolished in these cells (Fig. 6, left, lanes
1-5), indicating that mRNA synthesis seems to be necessary
for repression of AHR mRNA. Cells were then pretreated for

"1pmMso
2 TGF-B,
61 =3 TCDD
B TGF-8,/ TCDD

relative luciferase induction

pT81 pTX.DIR

Fig. 4. Inhibition of TCDD-induced luciferase activity by TGF-B, in
A549 cells. Cells transiently transfected with pTX.DIR or pT81 were
treated for 40 hr with 50 pm TGF-B,, 10 nm TCDD, or 50 pm TGF-8,/10
nm TCDD. Luciferase activities were measured as described in Exper-
imental Procedures and were corrected by activities of cotransfected
pSV-B-Gal control plasmid. Bars, mean *+ standard deviation of tripli-
cate experiments.
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Fig. 5. Effect of protein synthesis inhibitor CHX on TGF-B;-mediated
down-regulation of TCDD-induced CYP1 and basal AHR mRNA ex-
pression in A549 cells. Cells were pretreated for 2 hr with 100 pm
TGF-B, in the presence of 35 um CHX and then cotreated for 24 hr with
0.1% (v/v) DMSO (lanes 1-3) or 1 nm TCDD (/lanes 4-6). mRNA expres-
sion was analyzed by RT-PCR as described in Experimental Proce-
dures.

3 hr with 100 pm TGF-B,, followed by cotreatment with 5
wpg/ml ActD for 5 and 10 hr (Fig. 6, left, lanes 6-11). The
results showed that pretreatment for 3 hr was sufficient to
restore TGF-B;-mediated down-regulation of AHR mRNA
expression. The graph of band intensities shown in Fig. 6, left
(lanes 6-11) revealed that TGF-B; does not influence AHR
mRNA stability (Fig. 6, right). A half-life for AHR mRNA of
~8 hr was observed in both control and TGF-3;-treated cells.

Effect of TGF-B, on expression of TGF-B-sensitive
genes in A549 cells. Because TGF-B; elicits both negative
and positive regulatory activities on transcription of several
genes, the analysis of TGF-3-sensitive genes may be useful in
the control of down-regulation of AHR and CYP1 mRNA by
TGF-B, in A549 cells. Thus, we analyzed the effects of
TGF-B, on its own gene, which is autoinduced (29), and
c-myc, which is down-regulated by TGF-B; (30). The cells
were treated for 2, 8, and 24 hr with 100 pm TGF-B; (Fig. 7).
As expected, TGF-B; led to a rapid decrease in c-myc mRNA

3h TGF-B, pretreated
Oh 5h 10h Oh 5h 10h 1.0

Oh 5h 10h 5h 10h

100pM TGF-B;, - - - + + s = & %

AhR P p——.

— e

B-Actin

|
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expression, and this down-regulation was parallel to AHR
and CYP1 mRNA repression (Fig. 3). In contrast to c-myc,
expression of TGF-B; mRNA was autoinduced in these cells
(Fig. 7).

Discussion

The human lung carcinoma A549 cells are well character-
ized in their sensitivity toward TGF-B;. Both anchorage-
dependent and -independent growth of A549 cells is inhibited
by TGF-B; at a picomolar range (31); TGF-B, also regulates
transcription of immediate-early genes as well as its own
gene in this cell line (21, 29). As shown in this study, A549
cells express AHR mRNA and are TCDD sensitive because
mRNA expression and enzyme activity of genes of the Ah
gene battery are inducible in these cells by TCDD. A549 cells
therefore represent a useful cell model for the study of the
influence of TGF-B, on the expression of genes of the Ah gene
battery. TGF-B; inhibited dose- and time-dependently
TCDD-induced CYP1A1 mRNA expression and EROD activ-
ity in A549 cells (16, this study). To determine whether
TGF-B; in general affects expression of genes of the Ak gene
battery, we further analyzed the influence of TGF-B; on
expression of CYP1B1, NMO-1, and UGT1A6 as well as AHR
and Arnt. TGF-B; inhibited TCDD-induced CYP1B1 and
NMO-1 mRNA expression dose-dependently at similar con-
centrations as inhibition of CYP1A1l mRNA. Furthermore,
CYP1A1 and CYP1B1 mRNA expression was down-regulated
by TGF-B; in cells not treated with TCDD. According to
previous studies in A549 cells, UGT1A6 mRNA expression
was observed at a constitutive level but was not inducible by
TCDD (26), and TGF-B; had no influence on UGT1A6 mRNA.
TGF-B; also repressed AHR mRNA expression, whereas Arnt
mRNA level was unaffected. Because TGF-3; alters numer-
ous cellular functions and processes, the effect on CYP1 and
AHR expression can be interpreted as a result of a general
inhibition of cellular processes rather than of specific effects.
Therefore, we analyzed the expression of two TGF-B-sensi-
tive genes, c-myc and TGF-3;, as positive controls. In agree-
ment with reported data (29, 30), we observed an induction in
TGF-B; and an inhibition of c-myc mRNA expression. Be-

® Control
A TGF-B,

0.5

relative AhR mRNA expression

0.0 T 1
0 5 10

h

Fig. 6. Influence of TGF-B; on AHR mRNA stability in A549 cells. Left, cells were treated simultaneously with 100 pm TGF-B, and 5 ng/ml ActD
for 5 or 10 hr (lanes 1-5) or pretreated with 100 pm TGF-, for 3 hr and then cotreated with 5 ng/ml ActD for an additional 5 or 10 hr (lanes 6-11).
Control cells received the respective vehicle solvent. AHR mRNA expression was analyzed by RT-PCR as described in Experimental Procedures.
Right, band intensities shown on left (lanes 6-11) were normalized to respective controls and are given as relative expression to respective
untreated cells (0 hr). Mean values of two independent experiments are given.
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Fig. 7. Effect of TGF-B; on c-myc and TGF-B, gene expression. See
legend to Fig. 3.

cause down-regulation of CYP1A1l, CYP1B1, NMO-1, and
AHR occurred at similar concentrations of TGF-8;, our re-
sults favor a specific effect of TGF-3; on expression of genes
of the Ah gene battery and AHR rather than an artificial one.

We also performed Western blot analyses to determine
whether TGF-B, alters AHR expression, but we failed to
detect the AHR in A549 cells. Proteins prepared from TCDD-
sensitive MDA-MB 231 cells were used as positive controls,
and a specific AHR band was identified in these cells (data
not shown). Therefore, the most likely interpretation may be
that the concentration of AHR in A549 cells was below the
detection limit of our Western blot analyses. This assumption
is supported by results of RT-PCR analyses revealing that
the AHR mRNA level is significantly lower in A549 cells than
in MDA-MB 231 cells (not shown). However, to demonstrate
an effect of TGF-B; on AHR protein, transfection experi-
ments were performed with the minimal dioxin responsive
reporter construct pTX.DIR (27). The inhibition of TCDD-
induced luciferase enzyme activity in cells cotreated for 40 hr
with TGF-B; and TCDD indicates an effect on AHR protein
expression and agrees with the observed inhibitory effect of
TGF-B; on AHR mRNA expression.

Because AHR is the transcriptional regulator of TCDD-
induced CYP1 mRNA expression, time-response studies were
performed to examine whether down-regulation of AHR ex-
pression is required for inhibition of CYP1 mRNA expression.

TABLE 2

The results show that inhibition of TCDD-induced as well as
basal CYP1 mRNA expression seems to be independent of
down-regulation of AHR mRNA. A parallel decrease in these
mRNAs was observed, leading to the hypothesis that TGF-3,
is a direct negative regulator of expression of AHR and CYP1
genes. For further characterization of the mechanism of AHR
down-regulation (e.g., whether TGF-f; elicits transcriptional
or post-transcriptional effects), experiments with ActD and
CHX were done. Simultaneous treatment with ActD or CHX
abolished the inhibitory effect of TGF-B, on AHR mRNA
expression, indicating the necessity of both transcription and
translation of an as-yet-unknown negative regulator by TGF-
B;. Furthermore, experiments performed with ActD revealed
that TGF-B, does not influence the stability of AHR mRNA,
and a half-life of ~8 hr was found in control and TGF-3;-
treated cells. However, post-transcriptional effects of TGF-3;
on AHR mRNA have to be verified in additional, appropriate
experiments. Results obtained from experiments with CHX
revealed that protein synthesis is also required for TGF-B;-
mediated repression of basal as well as TCDD-induced CYP1
mRNA expression and that CHX led to a superinduction of
TCDD-induced CYP1A1 and CYP1B1 mRNA expression. Su-
perinduction of CYP1A1 mRNA expression by CHX is a well-
known effect (32) leading to the assumption of a constitutive
negative regulator of CYP1A1 gene expression. Thus, both
CYP1A1 and CYP1B1 genes seem to be negatively regulated
by a similar mechanism.

Through computer research, we identified three different
known NREs in the promoters of human CYP1Al and AHR
genes (33, 34). Responsiveness toward TGF-B has been
shown for two of these NREs (Table 2). A Fos-binding se-
quence has been identified as TGF-B inhibitory element in
the 5'-regulatory region of transin/stromelysin gene and
other TGF-B-inhibited genes like urokinase and c-myc (19).
The Fos protein is also necessary for positive regulation of
transin/stromelysin expression induced by EGF. The speci-
ficity of Fos (e.g., positive or negative transcriptional regula-
tion) seems to be mediated by heterodimerization with dif-
ferent members of the Jun family (20). Increased mRNA
levels of the protooncogenes c-fos, c-jun, and jun B are early
responses in TGF-B;-treated A549 cells, and autoinduction of
TGF-B, is mediated by the transcription factor AP-1 (21, 29).
Therefore, TGF-B;-induced down-regulation of AHR mRNA
expression may be mediated by protein products of immedi-
ate early genes. Furthermore, TGF-B induction of c-fos was
required for repression of transin/stromelysin expression

Identification of putative NREs in promotor of AHR and CYP1A1 genes
AHR (33) and CYP1A1 promoter (34) were screened for known negative regulatory cis-acting elements.

NRE CYP1A1 AHR TGF-g?
Rat Transin® 5'-GNNTTGGNGA 5'-GNNTTGGNGA +
nt —1447 to —1438 nt —1433 to —1424
nt —127 to —118
Human [L-2° 5'-TGTcaAAaATGCAAA 5'-TGatTcAaATGTACAt +
nt —2632 to —2618 nt —1151 to —1136
Human CYP1A19 5'-GTGCTCTGCCAATCAAAGCAC 5'-GTaCTCTGaatAQCAAAGCAC ?

nt —794 to —774

nt —1046 to —1026

2 TGF-B responsiveness: +, proven; ?, not shown.

b Consensus sequence for transin/stomelysin TGF-g inhibitory element: GNNTTGGNGA (20).

¢ Noncanonical AP-1/Oct-1 binding sites in human IL-2 gene: —87 5'-TGTGTAATATGTAAAA (35). Putative Ap-1 [TGARTC/AA (36)] and Oct-1 binding site
[56’-ATGCAAAT (36)] as described for IL-2 NRE are underlined or given in italics, respectively.

9 Palindromic sequences identified in the NRE of human CYP1A1 (37) are double-underlined.

nt, nucleotides.
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(20), which is consistent with the current results showing
that transcription and translation of an as-yet-unidentified
factor are necessary for down-regulation of AHR mRNA ex-
pression. IL-2 is another gene that is negatively regulated by
TGF-B;, and the NRE in human IL-2 promoter has been
identified as noncanonical AP-1/Oct-1 binding site. Although
consensus sequences of AP-1 and Oct-1 are degenerated, a
binding of both factors to this sequence has been shown (35,
36). Similar degenerated noncanonical AP-1/Oct-1 binding
sites lie within the CYP1A1l and AHR promoters (Table 2).
The promoter of the human CYP1A1 gene contains another
NRE capable of down-regulating a heterologous promoter,
and specific as-yet-unidentified nuclear proteins have been
shown to bind to a palindromic sequence identified in this
NRE (37). The promoter of human AHR gene contains a
similar palindromic sequence with an identity of 15 to 16
base pairs (Table 2), but TGF-B responsiveness of this ele-
ment has yet to be shown. Taken together, different putative
negative regulatory elements were found in the promoter of
both CYP1A1l and AHR genes, which may give an explana-
tion for observed parallel inhibition of mRNA expression by
TGF-B,. However, although the TGF-B inhibitory element of
transin/stromelysin gene has been identified in the promoter
of c-myc gene, this element seems to not be involved in
negative regulation of c-myc by TGF-B; (20), indicating that
negative regulation of AHR and CYP1 gene expression by
TGF-B, may also be mediated by different mechanisms.
The physiological function of AHR is still unknown. An
involvement of AHR in hepatic growth and development has
been suggested on the basis of AHR-deficient mice that dis-
played reduced liver weights, transient microvesicular fatty
metamorphosis, prolonged extramedullary hematopoiesis,
and portal hypercellularity with thickening and fibrosis (38).
An involvement of AHR in cell cycle progression has recently
been proposed from in vitro studies. AHR-deficient mouse
hepatoma cells exhibited a prolonged G1 phase. This effect
was abolished in cells stably transfected with AHR, leading
to the hypothesis that AHR is a modulator of cell cycle pro-
gression in Hepa 1c1c7 cells (39). TGF-p, is a potent inhibitor
of cell cycle progression of many different cell types, and
several cell cycle-regulating genes and proteins have been
identified as targets for the growth inhibitory effect (22). In
addition to other factors acting in early or late G1 phase,
TGF-B; induces the rapid down-regulation of c-myc mRNA
and protein levels thought to result in a cell cycle arrest in G1
phase. TGF-B; also inhibits c-myc mRNA expression in A549
cells; therefore, the growth-inhibitory effect of TGF-B; on
these cells may be due to a common action of TGF-3; on
expression of several cell cycle-regulating genes like c-myc
and possibly AHR. The precise mechanism of TGF-B;-in-
duced inhibition of gene expression is more or less unknown.
However, the current results indicate that TGF-3; seems to
not influence stability of AHR mRNA, whereas it seems to
induce rapid transcription and translation of a factor or fac-
tors with negative regulatory effects on expression of AHR
and genes of Ah gene battery. This negative regulator or
regulators remain to be identified in further experiments.
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