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ABSTRACT

The aryl hydrocarbon receptor (AhR) transcription factor is in-
creasingly recognized as functioning in cell cycle control. Sev-
eral recent reports have shown that AhR activity in the absence
of exogenous agonists or presence of the prototypical ligand
2,3,7,8-tetrachlorodibenzo-p-dioxin can affect G, phase pro-
gression in cultured cells. Serum release of serum-starved (G)
5L rat hepatoma cells triggers transient AhR activation and
P4501A1 protein expression concomitant with the G,/G,-to-S
phase transition. In contrast, sustained AhR activation in re-
sponse to TCDD treatment increases p27<®’ expression in

addition to P4501A1, resulting in G, phase cell cycle arrest.
Treating serum-released 5L cells with the alkyne metabolism-
based P4501A1 inhibitor 1-(1-propynyl)pyrene results in pro-
longed AhR activation, enhanced p27¥" expression, and G,
phase arrest after serum release. The data are consistent with
a cell cycle role for P4501A1 because they show that P4501A1
negatively regulates the duration of AhR action through the
metabolic removal of the receptor agonist, thereby preventing
AhR-mediated G, phase arrest.

The eukaryotic PAS domain protein family contains sev-
eral members that function as sensors of extracellular sig-
nals and environmental stresses affecting growth and devel-
opment (Gu et al., 2000). Among these members, the aryl
hydrocarbon receptor (AhR) regulates adaptive and toxic re-
sponses to a variety of chemical pollutants, including polycy-
clic aromatic hydrocarbons and polychlorinated dioxins, most
notably 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Histori-
cally, studies of the AhR placed an emphasis on understand-
ing the molecular basis for TCDD toxicity. More recently,
however, with the advent of AhR knockout mice, evidence
that the AhR contributes to normal physiological processes
associated with growth and differentiation has mounted
(Schmidt et al., 1996; Gonzalez and Fernandez-Salguero,
1998; Lahvis et al., 2000). The AhR is a soluble cytosolic
protein in a complex with the chaperone proteins hsp90 and
hsp23 and an immunophilin-like protein (Carver and Brad-
field, 1997; Ma and Whitlock, 1997; Meyer et al., 1998; Per-
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dew, 1998; Kazlauskas et al., 1999). Upon ligand activation,
the AhR translocates into the nucleus, dissociates from the
hsp proteins, and binds to DNA response elements (known as
DREs or XREs) as a heterodimer with its partner the Arnt
protein, which is itself a member of the PAS protein family
(Lees and Whitelaw, 1999). The DNA-bound AhR/Arnt dimer
recruits cofactors, and the complex modulates expression of
target genes (Kumar et al., 1999; Elferink et al., 2001; Beis-
chlag et al., 2002; Wang and Hankinson, 2002).

A number of reports in recent years identified a role for the
AhR in cell cycle control, although the precise mechanism
remains ill-defined (Ma and Whitlock, 1996; Weiss et al.,
1996; Ge and Elferink, 1998; Kolluri et al., 1999; Elizondo et
al., 2000; Puga et al., 2000; Tohkin et al., 2000; Elferink et
al., 2001). Studies using the mouse hepatoma Hepa 1c1c7 cell
line and the AhR-defective variant revealed that the lack of a
functional AhR delayed passage through the G; phase, con-
sistent with a role for the receptor in promoting G, cell cycle
progression (Ma and Whitlock, 1996). Mouse embryonic fi-
broblasts (MEF's) from AhR-null mice also grow more slowly
because ofcell accumulation in the G,/M phase potentially
caused by altered expression of the Go,/M kinases Cdc2 and
Plk (Elizondo et al., 2000). Using AhR-null MEF cells, the

ABBREVIATIONS: PAS, Per/Arnt/Sim; AhR, aryl hydrocarbon receptor; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; DRE, dioxin response
element; XRE, xenobiotic response element; Arnt, aryl hydrocarbon receptor nuclear translocator; MEF, mouse embryonic fibroblast; CDK,
cyclin-dependent kinase; pRb, retinoblastoma protein; FBS, fetal bovine serum; 1-PP, 1-(1-propynyl)pyrene; DMEM, Dulbecco’s modified Eagle’s
medium; EROD, ethoxyresorufin O-dealkylase; DMSO, dimethyl sulfoxide; PBS, phosphate-buffered saline; RT, room temperature; EMSA,
electrophoretic mobility shift assay; 3Me4NF, 3’-methoxy-4'-nitroflavone; DF 203, 2-(4-amino-3-methylphenyl) benzothiazole; TfR, transferrin

receptor.
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AhR was also shown to contribute to p300-mediated induc-
tion of DNA synthesis (S-phase progression) by the adenovi-
rus E1A protein involving an as yet undefined mechanism
(Tohkin et al., 2000). Collectively, these observations suggest
that, in the absence of exogenous ligands, the AhR functions
to promote cell cycle progress. In contrast, a concentration of
the exogenous agonist TCDD as low as 10 pM inhibited DNA
replication and cell proliferation in confluent mouse epithe-
lial cell cultures (Gierthy and Crane, 1984). TCDD also sup-
pressed DNA synthesis in rat primary hepatocytes (Hushka
and Greenlee, 1995) and during rat liver regeneration after
partial hepatectomy (Bauman et al., 1995). This evidence is
consistent with a cell cycle inhibitory role for the AhR. Stud-
ies with 5L rat hepatoma cells (AhR-positive) demonstrated
that TCDD induces a G; phase cell cycle arrest not detected
in BP8 cells (AhR-negative cells derived from the 5L line
after selection for resistance to BaP genotoxicity) (Gottlicher
et al., 1990). Ectopic AhR expression in BP8 cells restores the
TCDD-induced arrest response (Weiss et al., 1996; Elferink
et al., 2001), confirming the receptor’s participation in Gy
phase cell cycle control. Moreover, the TCDD-induced G;
arrest in 5L cells is attributed largely to increased expression
of the cyclin-dependent kinase (CDK) 2 inhibitor p27%%7
(Kolluri et al., 1999), which binds to and inhibits CDK2
activity necessary for the transition into S phase (Sherr,
1996; Sherr and Roberts, 1999).

A key target for CDK2 activity is the retinoblastoma tumor
suppressor protein (pRb) (Weinberg, 1995; Sherr, 1996;
Sherr and Roberts, 1999), a major G; cell cycle checkpoint
control protein functionally inactivated by CDK-mediated
phosphorylation (Weinberg, 1995). Recent reports demon-
strated that pRb interacts with the AhR through two distinct
receptor domains (Ge and Elferink, 1998; Puga et al., 2000;
Elferink et al., 2001). A cyclin D-like LXCXE motif within the
AhR-PAS domain was confirmed by site-directed mutagene-
sis studies to confer AhR-pRb binding, and this interaction
seems to be restricted to the hypophosphorylated “active”
form of pRb (Elferink et al., 2001). Functional evidence dem-
onstrated that, in addition to TCDD-induced G, arrest, max-
imal CYPIA1I induction in 5L cells relies on pRb binding with
the AhR-LXCXE motif (Elferink et al., 2001). Given that the
hypophosphorylated pRb is confined to the G, and G, phases
of the cell cycle, the AhR-pRb interaction—and functional
consequences of this interaction—are likely to be cell cycle-
dependent.

The seemingly contradictory observation that AhR activity
in the absence of exogenous agonists promotes cell growth,
whereas TCDD can inhibit growth, provided the impetus for
the studies described in this article. The roots for a molecular
explanation reconciling this apparent conundrum lie in a
recent finding that an endogenous AhR agonist is also a
substrate for the P4501A1 enzyme encoded by the CYP1AI
gene (Chang and Puga, 1998). P4501A1-mediated depletion
of an endogenous AhR agonist establishes a negative feed-
back mechanism that suppresses prolonged AhR activity un-
der normal physiological conditions. The evidence presented
here suggests that the duration of AhR activity can dramat-
ically impact the cell cycle response to growth factors and
other extracellular signals, consistent with the hypothesis
that the AhR functions as a modulator of cell cycle progres-
sion through G, phase.

Materials and Methods

Materials. T4 DNA kinase was purchased from Invitrogen (Carls-
bad, CA). RNase A was obtained from Sigma-Aldrich (St. Louis, MO).
The pRb antibody was purchased from Pierce Biotechnology, Inc.
(Rockford, IL); antibodies against mouse AhR and Arnt were kindly
provided by Dr. R. Pollenz (University of South Florida, Tampa, FL);
the p27%%P? antibody was obtained from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA); and the P4501A1 antibody was obtained from
BD Gentest (Woburn, MA). The TfR antibody and all horseradish
peroxidase-conjugated secondary antibodies were obtained from
Zymed Laboratories (South San Francisco, CA). FBS was acquired
from Hyclone Laboratories (Logan, UT) or Invitrogen. Dialyzed FBS
and charcoal-stripped FBS were purchased from Hyclone Laborato-
ries. TCDD was supplied by the National Cancer Institute Chemical
Carcinogen Reference Standard Repository. 1-PP was kindly pro-
vided by Dr. W. Alworth (Tulane University, New Orleans, LA).
3’-Methoxy-4'-nitroflavone was kindly provided by Dr. T. Gasciewicz
(University of Rochester, Rochester, NY). Radioactive compounds
and enhanced chemiluminescence reagents were acquired from Am-
ersham Biosciences Inc. (Piscataway, NJ). Custom synthesized oli-
gonucleotides were obtained from Invitrogen. All other chemicals
were purchased from Sigma-Aldrich.

Cell Culture. Wild-type rat hepatoma 5L cells and AhR-defective
BP8 variants were grown as monolayers in Dulbecco’s modified Ea-
gle’s medium (DMEM) containing 10% FBS, 100 U/ml penicillin, and
100 pg/ml streptomycin in 5% CO, atmosphere at 37°C. Where
indicated, cultures were serum-starved for 24 h in either serum-free
media or DMEM containing 0.1% FBS before serum release in
DMEM containing 10% FBS.

EROD Activity. EROD activity was determined according to the
method described by Kennedy et al. (1993). Subconfluent 5L cultures
(100-mm plates) were treated with 10 nM TCDD in DMSO for 24 h
before treatment with 1-PP [0.1% (v/v) in DMSO], which was added
to the media 15 min before cells were harvested, washed in PBS, and
recovered by scraping in 500 ul of 25 mM HEPES, 1.5 mM EDTA,
and 10% (v/v) glycerol, pH 7.5. Cells were lysed by freeze-thawing at
—80°C, and 50 pul of lysate (1-2 mg/ml of protein) was mixed with 20
uM 7-ethoxyresorufin (25 ul) in 100 mM sodium phosphate, pH 7.8,
and incubated at 37°C for 15 min in 96-well plates. Reactions were
started by the addition of 25 ul of 4 mM NADPH and stopped after
5 min with 150 ul of acetonitrile (resorufin production was linear
with respect to time over this period). Bovine serum albumin was
substituted for cell lysates in blank reactions. Fluorescence was read
in a Fluoroskan Ascent (Thermo Electron, Waltham, MA) plate
reader at 530-nm exitation and 620-nm emission. EROD activity
(picomoles of resorufin formed per minute per milligram of protein)
was calculated based on the resorufin and protein concentrations
determined from standard curves. Each assay was carried out in
triplicate, and the results are presented as the mean + S.D. from at
least three independent experiments. Protein concentrations were
determined using the bicinchoninic acid method in accordance with
the manufacturer’s protocol (Bio-Rad, Hercules, CA).

Flow Cytometry. Cells were trypsinized, washed twice in PBS
containing 1 g/l glucose and 5 mM EDTA, fixed in ice-cold 70%
ethanol at 3 X 10° cells/ml, and stored at 4°C for at least 18 h. Cells
were stained with 50 pug/ml propidium iodide and 1 mg/ml RNase A
for 30 min in the dark at room temperature. DNA content analyses
were performed on a FACSCalibur cytometer using CellQuest and
ModFit software (BD Biosciences, Franklin Lakes, NJ).

Western Blots. For total cell lysates, subconfluent cultures
(100-mm plates) were washed once in PBS, and the cells were har-
vested by scraping in 500 ul of SDS-polyacrylamide gel electrophore-
sis loading buffer and boiled for 10 min. Nuclear extracts were
prepared according to the method described by Denison et al. (1988).
Protein was fractionated by 8% SDS-polyacrylamide gel electro-
phoresis and transferred to a polyvinylidene difluoride membrane
that was blocked for 1 h at RT in 4% (w/v) dry milk in Tris-buffered
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saline, pH 7.5, and 0.1% (v/v) Tween 20. Membranes were incubated
with primary antibodies for 4 h at RT or overnight at 4°C, with
horseradish peroxidase-conjugated secondary antibodies for 1 h at
RT, and visualized using the enhanced chemiluminescence detection
method according to the manufacturer’s protocol.

Electrophoretic Mobility Shift Assay. 5L cells were grown to 80
to 90% confluence; after the cytosolic fraction was prepared, EMSA was
performed as described in detail by Reiners et al. (1997). Preparation of
nuclear extracts and EMSA on these extracts was performed as de-
scribed by Denison et al. (1989). The complementary oligonucleotides
5'-GATCCGGCTCTTCTCACGCAACTCCGAGCTCA-3' and 5'-GATC-
TGAGCTCGGAGTTGCGTGAGAAGAGCCG-3' contain an AhR-DNA
binding site (underlined) that was annealed and end-labeled with
[y-32P]ATP for use as a DNA probe in the assay.

Results

Cycling cells in culture will enter a quiescent (G,) state
upon withdrawal of serum from the growth medium. Serum
stimulation triggers a synchronized reentry into the Gy
phase of the cell cycle, subsequent commitment to DNA rep-
lication (S phase), and a new round of cell division (Gy/M
phase). Using this experimental paradigm, we observed in 5L
cells that serum release and passage through G, phase—as
measured by pRb hyperphosphorylation—coincided with a
rapid induction of the CYPIAI gene in the absence of an
exogenously added AhR agonist (Fig. 1). Treatment of cells
with the high-affinity AhR antagonist 3’-methoxy-4’-nitrofla-
vone (3Me4NF) (Henry et al., 1999) completely suppressed
P4501A1 induction consistent with an AhR-dependent re-
sponse (Fig. 1). Moreover, serum did not induce P4501A1 in
the AhR-negative BP8 cells, further implicating the AhR in
serum-induced CYPIAI gene expression. Although serum
release activates the AhR in 5L cells, pRb hyperphosphory-
lation establishes that AhR activity under these conditions
fails to trigger the G; phase arrest detected in 5L cells after
TCDD exposure. To address the formal possibility that
P4501A1 induction is caused by an AhR agonist contaminat-
ing the serum, we assayed for P4501A1 inducibility in char-
coal-stripped and dialyzed serum (Fig. 2A). The evidence

5L BP8
FBS - + + - +
3Me4aNF - - + - -

-P4501A1

-ppRb
o o g ™ pRo

-TfR

Fig. 1. Release of serum-starved 5L cells induces AhR-mediated expres-
sion of P4501A1. Subconfluent asynchronous 5L and BP8 cell cultures
were serum-arrested (DMEM + 0.1% FBS/24 h). Fresh media containing
0.1% FBS (—FBS) or 10% FBS (+FBS) was added for 4 h in the absence
of the AhR antagonist 3Me4NF (—) or presence of 1 uM 3Me4NF (+).
Total cell lysates were prepared and analyzed by Western blotting for
P4501A1, pRb, and TfR (loading control). Active hypophosphorylated pRb
is distinguishable from inactive hyperphosphorylated pRb (ppRb).
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reveals that the induction response persists with both char-
coal-treated and dialyzed serum (10-kDa cut-off) and is in-
distinguishable from the response with complete serum (Fig.
2A). Moreover, the serum factor responsible for P4501A1
induction is also heat labile (Fig. 2B). Collectively, the data
point to the P4501A1 inducer as being =10-kDa protein,
possibly a serum-derived growth factor(s).

A comparative analysis of the P4501A1 induction response
after exposure to 10 nM TCDD or 10% FBS reveals that both
stimuli increase P4501A1 expression to a similar degree
within 4 h (Fig. 3). In fact, because TCDD and serum in
combination fail to increase further CYP1A1 expression, the
two stimuli seem to independently trigger a maximal re-
sponse. However, the two stimuli differ in their effect on pRb
phosphorylation and expression of p27%Z, Hyperphosphory-
lation of pRb occurs during late G; phase in preparation for
S phase and within 4 h after serum release in 5L cells (Fig. 3,
+FBS). In contrast, TCDD treatment prevents pRb phos-
phorylation (and cell cycle progression) concomitant with
increased expression of the CDK inhibitor p27%%Z, Remark-
ably, TCDD added 4 h after serum stimulation is able to

A

RS i 8 WO s, 20,
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L — | -P4501A1
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Fig. 2. Serum-induced P4501A1 protein expression is growth factor-
mediated. A, subconfluent asynchronous 5L cell cultures were serum-
arrested in DMEM without FBS for 24 h. Fresh media containing 10%
normal FBS, 10% charcoal-stripped FBS, or 10% dialyzed FBS was added
for 8 h. Total cell lysates were prepared and analyzed by Western blotting
for P4501A1 and TfR. B, serum-arrested 5L cell cultures were released
for 8 h with media containing 10% normal FBS treated at the indicated
temperature for 1 h, and total lysates analyzed by Western blotting for
P4501A1 protein.
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induce p27%%! and reverse pRb hyperphosphorylation (Fig.
3, compare lanes 3 and 5 with lane 6). However, in cells
released with serum for longer than 5 to 6 h before TCDD
exposure, cells become increasingly refractory to the TCDD-
induced growth arrest (data not shown), suggesting that
TCDD-induced pRb dephosphorylation (and growth arrest)
seems confined to late G; and is lost after commitment to S
phase. Hence, although both serum and TCDD can activate
the AhR, the nature of the stimulus dramatically influences
the growth response. Consistent with previous reports (Kol-
luri et al., 1999; Elferink et al., 2001), the failure of TCDD to
induce p27%%! and either prevent or reverse pRb hyperphos-
phorylation in the AhR-negative BP8 cells supports the con-
clusion that these processes are AhR-mediated.

Closer examination of the serum response reveals that the
increase in P4501A1 protein is first detectable within 2 h and
reaches a plateau between 4 and 8 h (Fig. 4). As measured by
nuclear translocation, the P4501A1 increase coincides tem-
porally with AhR activation. Nuclear AhR levels are tran-
sient, however, peaking at 3 h and declining rapidly to an
undetectable level. Analysis of the Arnt protein in nuclei
confirms that the fluctuation in nuclear AhR protein repre-
sents entry into and subsequent efflux (or degradation) of the
AhR. Detection of the total AhR protein level demonstrates

FBS - - + + + +
TCOD - + - + - +
4h 4h 4h 4h 8h 8h (+T,4-8h)

i Py ey ‘-”#-Nsm Al

ngiiinmb

5L

-P4501A1

TR T TR 5
B Em e ey SR AW

PR p————_ -p27Kip1

BP8

S Sy SN e QR s - (R

Fig. 3. AhR activation in response to serum and TCDD induces distinct
changes in protein expression. Subconfluent asynchronous 5L and BP8
cell cultures were serum-arrested (DMEM + 0.1% FBS/24 h). Fresh
media containing 0.1% FBS (-=FBS), 10% FBS (+FBS), or 10 nM TCDD
were added for the indicated times. One treatment paradigm (+T, 4—8 h)
involved serum release for 4 h followed by TCDD treatment (in the
continued presence of serum) for another 4 h. 5L and BP8 total cell
lysates were prepared and analyzed by Western blotting for P4501A1,
pRb, p27%71 and TfR.

that only a small fraction of the AhR is activated, yet this
fraction is able to induce CYPIAI expression to a degree
similar to that of TCDD response (see Fig. 3). Distinct from
observations in mouse 3T3 fibroblasts (Vaziri et al., 1996)
and PLCH-1 teleost hepatoma cells (Hestermann et al.,
2002), AhR expression in 5L cells is not altered by serum
withdrawal and restoration (Fig. 4, total AhR). Because only
hypophosphorylated pRb binds to the AhR (Puga et al., 2000;
Elferink et al., 2001), the loss of nuclear AhR protein coinci-
dent with pRb hyperphosphorylation suggests that continued
AhR function may depend partly on pRb binding. A similar
time course study examining TCDD induction of P4501A1
detects a more rapid increase of P4501A1 protein in keeping
with earlier detection of the nuclear AhR protein (Fig. 5).
Moreover, nuclear AhR protein remained detectable for the
entire 8-h period of the experiment despite the decrease in
total AhR protein. The decline in AhR protein presumably
reflects ubiquitin-mediated degradation of activated AhR as
described previously (Davarinos and Pollenz, 1999). The data
also demonstrate that TCDD treatment increases p27%5%??
protein levels and suppresses pRb phosphorylation, presum-
ably through the inhibitory action of p27%%#? on CDK2 activ-
ity (Kolluri et al., 1999). The correlation between p27%5%?
expression and the sustained presence of nuclear AhR pro-
tein suggests that induction of p27%? expression and G,
phase cell cycle arrest depends upon prolonged AhR activity.

Chang and Puga (1998) proposed that P4501A1 enzyme
activity metabolizes an endogenous AhR ligand to an inactive
metabolite, creating a regulatory feedback loop that controls
AhR activity. This proposal implies that either P4501A1 ac-
tivity is physiologically important in necessitating tight con-

Time(h)0 1 2 3 4 8
R —----P4501A1

1

== -ppRb
™ Rb

-AhR (nuclear)

— — — — e - AN R (total)

q-‘-" -TfR

- -

Fig. 4. Serum release triggers transient AhR activation. Subconfluent
asynchronous 5L cell cultures were serum-arrested (DMEM + 0.1%
FBS/24 h). Fresh media containing 10% FBS were added for the indicated
period, and either total cell lysates [P4501A1, p27%%? pRb, AhR (total),
TfR] or nuclear extracts [Arnt, AhR (nuclear)|were prepared for Western
blotting to analyze the indicated proteins. Nuclear extracts were pre-
pared using the method described by Denison et al. (1988).
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trol over its expression or that P4501A1 activity serves to
attenuate transcription of other AhR target genes. In keeping
with this latter idea, we hypothesized that serum-mediated
induction of CYP1A1 serves to inactivate the AhR, thereby
preventing prolonged receptor activity and G; phase arrest
and facilitating commitment to cell division after mitogen
stimulation. Hence, a predictable outcome of inhibiting
P4501A1 activity would be prolonged AhR activity and G,
phase arrest. To examine this possibility, we experimentally
performed cell cycle studies using the P4501A1, 1A2, and
1B1 suicide substrate 1-PP (Shimada et al.,1998). In a re-
combinant bacterial expression system, the 1-PP IC;, for
P450s 1A1, 1A2, and 1B1 are 3 nM, 39 nM, and 90 nM,
respectively (Shimada et al., 1998). Because these values
were obtained in a reconstituted cell-free system, we first
determined the dose response for 1-PP inhibition of EROD
activity in intact 5L cells (Fig. 6). Asynchronous 5L cells
treated with 10 nM TCDD for 24 h to induce the P4501A1
protein were subsequently treated with 1 nM to 10 uM 1-PP
for 15 min before preparing the cell lysates for use in the
EROD assay. EROD activity measurements reveal that the
IC4, for 1-PP is approximately 150 nM when applied to intact
cells in culture and that EROD activity is completely inhib-
ited by 1-PP at concentrations above 1 uM. These values
correspond well with 1-PP-mediated P4501A1 inhibition in
Hepal cells (Alexander et al., 1999). Displacement of [12°I]2-
iodo-7,8-dibromodibenzo-p-dioxin by 1-PP (EC;, = 22 nM)
from the mouse AhR (Alexander et al., 1999) suggests that
1-PP may be a low-affinity receptor agonist. AhR-DNA bind-

Time(h) 0 1 2 3 4 8

S w—— w— o e -P4501A1

e e
v

IR o '* ..-."--p27Kip1

- L] - e

ey g SR WY w:gﬁ'ﬁ"

-Arnt

-

o e = AR (nuclear)

oty

- -AhR (total)

D s Sl M e pees® - | [ R

Fig. 5. TCDD induces sustained AhR activation. Subconfluent asynchro-
nous 5L cell cultures were serum-arrested (DMEM + 0.1% FBS/24 h).
Fresh media containing 0.1% FBS and 10 nM TCDD were added for the
indicated period. Total cell lysates [P4501A1, p27%*?, pRb, AhR (total),
TfR] or nuclear extracts [Arnt, AhR (nuclear)]were prepared for Western
blotting to analyze the indicated proteins.
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ing was analyzed by EMSA using the cytosolic receptor from
5L cells transformed in vitro with 0.1 to 10 uM 1-PP or 10 nM
TCDD (Fig. 7). The data reveal that treatment with 0.1 and
1 uM 1-PP fails to produce a detectable AhR-DNA complex,
whereas 10 uM 1-PP results in modest complex formation,
albeit substantially less than TCDD-induced DNA binding.
The evidence suggests that 1 uM 1-PP cannot induce AhR
activation. It is possible that the formation of receptor-DNA
complexes is below the level of EMSA detection yet sufficient
to trigger a transcriptional response caused by high intrinsic
efficacy (Hestermann et al., 2000). If so, this response would
be reminiscent of the robust serum-induced transcriptional
response involving only a tiny fraction of the available AhR
pool.

We next tested the effect of 1-PP on CYPIA1 induction and
cell cycle progression in serum-stimulated 5L cells (Fig. 8A).
Serum-arrested 5L cells were treated with 10% serum in the
presence of 1 uM 1-PP for up to 8 h and analyzed by Western
blotting. Increases in P4501A1 protein are detectable within
1 h and are akin to the rapid induction response in TCDD-
treated cells (Fig. 5) rather than the latent response detected
in serum-released cells (Fig. 4). Moreover, the coadministra-
tion of 1-PP in serum-released cells results in persistent AhR
nuclear localization indicative of sustained AhR activation,
again mirroring TCDD response. This prolonged AhR activa-
tion also triggered an increase in p275%?7 protein expression
and prevented pRb hyperphosphorylation consistent with a
G; phase cell cycle arrest. Recognizing that 1-PP is a weak
AhR ligand, we examined whether 1-PP could induce
P4501A1 in the absence of serum stimulation (Fig. 8B). The
result indicates that, although P4501A1 is inducible, only a
modest increase in P4501A1 protein is detectable after 4 h
(which continues to rise by 8 h). In comparison with the
TCDD- or serum-mediated CYPIAI induction response—
whether in the presence or absence of 1-PP—the kinetics of
CYPI1A]I induction by 1-PP alone are inconsistent with direct

100 1
3
S 75-
o
5
2
S 507
=
g
o 254
o]
1
w
0 L L] L] L] ? 1
109 108 107 106 105 104

1-(1-Propynyl)pyrene (M)

Fig. 6. Dose response for 1-PP inhibition of P4501A1 activity in 5L cells.
Subconfluent asynchronous 5L cell cultures were treated with 10 nM
TCDD for 24 h to induce the P4501A1 enzyme. Cultures were subse-
quently treated with the indicated dose of 1-PP for 15 min before the total
cell lysates were prepared as described in Materials and Methods. Ly-
sates were assayed for EROD activity using the method described by
Kennedy et al. (1993). The data presented are the mean (+ S.D.) of five
independent experiments performed in triplicate.
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AhR activation by a low-affinity ligand. This inconsistency
strongly suggests that 1-PP is not acting as a classic AhR
agonist. Instead, the evidence supports the model that inhi-
bition of P4501A1 activity leads to the accumulation of an
endogenous AhR ligand and concomitant AhR activity. The
reason for the latent P4501A1 increase is uncertain but may
reflect eventual autocrine or paracrine signaling by growth
factors released into the culture medium, resulting in a se-
rum-like AhR activation enhanced by 1-PP-mediated
P4501A1 enzyme inhibition. 1-PP treatment was neither cy-
totoxic nor apoptotic to the cells based on trypan blue exclu-
sion and flow cytometric analyses of DNA content, respec-
tively (data not shown).

Both the serum-induced increase in P4501A1 protein and
AhR nuclear translocation are consistent with a receptor-
mediated transcriptional response. However, to confirm that
the AhR protein detected in nuclei is functional, we per-
formed EMSA on nuclear extracts from serum-starved cells
treated with 10 nM TCDD or 10% FBS in the presence and
absence of 1 uM 1-PP for 3 h (Fiig. 9). We chose this time point
based on the observation that the nuclear AhR level after
serum release was maximal at 3 h (Fig. 4). The result con-
firms that serum treatment induces a readily detectable

Q

N

+

NI
\s@ Q'Q &
1-PP - + -

TCDD -

+
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Fig. 7. In vitro transformation and DNA binding by the AhR complex in
response to TCDD and 1-PP. Cytosol was prepared from subconfluent
asynchronous 5L cell cultures as described previously (Elferink et al.,
2001) and incubated with DMSO alone (—) or with 0.1 to 10 uM 1-PP or
10 nM TCDD, respectively (+), for 2 h at 20°C. AhR-DNA binding was
detected by EMSA as described previously (Elferink et al., 2001). The
AhR-DNA complex is denoted by an arrow.

AhR-DNA complex consistent with receptor-mediated induc-
tion of CYP1A1. A further comparison of the serum-mediated
induction response in the absence and presence of 1 uM 1-PP
over a 20-h period revealed that 1-PP cotreatment progres-
sively increases P4501A1 protein levels above those observed
in cells treated with serum alone (Fig. 10). We attribute this
increase to prolonged AhR transcriptional activity and the
accumulation of 1-PP inactivated P450 protein. Significantly,
the effect of 1 uM 1-PP on p27%%7 expression and pRb phos-
phorylation in serum-released cells is detectable by 4 h and
persists for at least 20 h (Fig. 10). Flow cytometry confirms
that 1 uM 1-PP effectively prevents serum-stimulated cells
from entering S phase (Fig. 11), consistent with the increase
in p27%1 protein and pRb phosphorylation status. The data
reveal that serum-induced entry into S phase—measured as
a pronounced decline in the G; phase population—is com-
pletely absent in serum-stimulated cultures cotreated with 1
uM 1-PP. Additional flow cytometry studies determined that
the 1-PP treated cells will eventually exit G; phase, presum-
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Fig. 8. Serum release in the presence of 1-PP triggers sustained AhR
activation. A, subconfluent asynchronous 5L cell cultures were serum-
arrested (DMEM + 0.1% FBS/24 h). Fresh media containing 10% FBS
and 1 uM 1-PP were added for the indicated period, and either total cell
lysates [P4501A1, p27%71 pRb, AhR (total), TfR] or nuclear extracts
[Arnt, AhR (nuclear)]were prepared for Western blotting to analyze the
indicated proteins. B, serum-arrested 5L cells were cultured in fresh
DMEM media (without FBS) containing 1 uM 1-PP for the indicated
period, and the total cell lysate was analyzed for P4501A1 expression by
Western blotting.
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ably because of depletion of 1-PP, and that the duration of the
arrest response is 1-PP dose-dependent (data not shown).

Discussion

Autoregulation of endogenous substrates by metabolizing
enzymes is an important mechanism in maintaining ho-
meostasis in biological systems (Nebert 1991). We envision

Fig. 9. Serum release induces a DNA-binding AhR complex. Subconfluent
asynchronous 5L cell cultures were serum-arrested for 24 h. Cultures
maintained in serum-free DMEM (Control), treated with DMEM + 10%
FBS/3h (+FBS), 10 nM TCDD (+TCDD), or DMEM + 10% FBS/3 h in the
presence of 1 uM 1-PP. Nuclear extracts were prepared and 30 ug of
extract was used in the EMSA as described by Denison et al. (1989).

FBS(h) 0o 1 1 11 11 20 20
1uM1-PP - - + =+ - +

. -P4501A1
igre? __._-._-*

h-- —-—-‘——- — -n27Kip1

4 4 8 8
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Fig. 10. 1-PP promotes serum-induced p27%?! protein expression and
prolongs pRb hypophosphorylation. Subconfluent asynchronous 5L cell
cultures were serum-arrested (DMEM + 0.1% FBS/24 h). Fresh media
containing 10% FBS without (—) or with (+) 1 uM 1-PP were added for
the indicated period, and total cell lysates were prepared for Western
blotting of P4501A1, p27%?1 pRb, and TfR.

P4501A1 Promotes Cell Cycle Progression. 467

that, in a normal proliferative setting (for instance, during
liver mass maintenance through the daily replenishment of
lost hepatocytes), AhR activity will contribute to a well or-
chestrated G;-to-S phase transition. Although CYPIAI ex-
pression is normally low or absent in the largely quiescent
(Gy) liver, one report demonstrates that, in contrast with
several other P450s, the P4501A1 level increases signifi-
cantly during the regenerative response after partial hepa-
tectomy in rats (Ishizuka et al., 1997). This observation links
CYPI1A1I expression to a physiologically relevant proliferative
response. Based on the evidence presented here, we propose
that a critical P4501A1 function is the modulation of AhR
activity by regulating the level(s) of a physiological receptor
agonist(s). Growth factor-stimulated CYP1A1 induction dur-
ing the G;-to-S phase transition serves to inactivate the AhR
by rapidly depleting the endogenous ligand. Failure to inhibit
AhR activity results in elevated p27%? expression and sus-
tained pRb activity culminating in cell cycle arrest. We pro-
pose that, in addition to activating mitogenic signaling path-
ways, growth factor(s) (e.g., in serum) signaling through one
or more surface receptors triggers the formation (or release)
of a physiological AhR ligand (Fig. 12). AhR activation re-
sults in CYPI1A1 induction and subsequent removal of the
putative agonist. However, the presence of a stable ligand
such as TCDD leads to sustained AhR activity that promotes
a cell cycle arrest response. Likewise, excessive or prolonged
mitogenic signaling resulting in protracted AhR activity may
stall G; phase progression to avoid premature commitment
to a new round of cell division. Therefore, in the context of cell
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Fig. 11. 1-PP prevents serum-induced release of arrested cells from G/G,
phase of the cell cycle. Subconfluent asynchronous 5L cell cultures were
serum-arrested (DMEM + 0.1% FBS/24 h). Arrested cells were released
using fresh media containing 10% FBS with (@) or without (O) 1 uM 1-PP
for the indicated period. Cells were trypsinized, washed in PBS, fixed in
ethanol, and stained with propidium iodide. DNA content in 2 X 10* cells
was determined using a FACSCalibur cytometer equipped with
CellQuest and ModFit software. The percentage of cells in G, is indicated
and represents the mean * S.D. from at least three experiments.
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proliferation, the AhR seems to function as a G; phase “throt-
tle control” by balancing P4501A1 activity that promotes cell
cycle progression with the inhibitory action of p27%5%?7. The
requirement for prolonged AhR activity to induce cell cycle
arrest may reside with differential target gene responsive-
ness. The exquisite transcriptional responsiveness of the
CYPI1A1 gene after transient AhR activation is attributed to
the potent enhancer region comprising multiple XREs (Whit-
lock, 1993). In contrast, analysis of 1.6 kilobases of the
p27%P1 promoter sequence reveals only one candidate XRE
(Kolluri et al., 1999), suggesting that the p27%?? promoter is
much less responsive to the AhR, necessitating the prolonged
AhR activity to increase p275%? expression.

The observation that serum can induce endogenous
CYPIAI gene expression has also been reported in CaCo2
(Guigal et al., 2000) and HepG2 cells (Guigal et al., 2001),
suggesting that this induction is a general response. How-
ever, using transient transfections, Guigal and coworkers
(2000, 2001) detected 3-methylcholanthrene-inducible but
not FBS-inducible expression from a CYPIA1 promoter-
driven chloramphenicol acetyltransferase reporter construct,
prompting these researchers to conclude that serum-induced
CYPIAI expression is AhR-independent. This conclusion
contradicts our data correlating serum responsiveness with
both AhR expression and function (Figs. 1 and 3). Given that
both pRb and BRG-1 are AhR binding proteins that promote
CYPI1AI induction and associate with chromatin remodeling
factors (Brehm et al., 1998; Ge and Elferink, 1998; Puga et
al., 2000; Elferink et al., 2001; Wang and Hankinson, 2002),
we speculate that chromatin structure contributes to AhR-
mediated gene expression. Because transfected reporter con-
structs do not faithfully reconstitute DNA packaging of an

Growth ? Exogenous
Factors / Ligands
AhR/Arnt/pRb
Labile Stable
-ve | agonist agonist |+ve
P4501A1 P4501A1
&
p27K|p1

1
G1 Cell Cycle Progression

Fig. 12. Model depicting the proposed mechanism whereby the AhR
regulates transition through G; phase of the cell cycle. Growth factor(s)
signal transduction through cell surface receptors results in formation of
a labile endogenous AhR agonist by an undetermined mechanism.
P4501A1-mediated depletion of the endogenous agonist establishes a
negative feedback loop preventing prolonged AhR activity, thus promot-
ing G, phase cell cycle progression. Exposure to a stable exogenous
agonist (e.g., TCDD) or a condition that stabilizes a normally labile
agonist will lead to sustained AhR signaling and expression of p27%%7,
culminating in a G, phase cell cycle arrest.

endogenous gene, transcriptional responses dependent on
chromatin structure may not be accurately captured by ec-
topic reporter constructs.

As illustrated in Fig. 12, we attribute serum-mediated
activation of the AhR to an extracellular growth factor(s).
The evidence indicates that the inducing agent is larger than
10 kDa, heat labile, and resists removal with charcoal (Fig.
2), properties reflective of a protein rather than a small
organic molecule such as indirubin (Adachi et al., 2001). It
seems unlikely that an extracellular growth factor is a direct
AhR agonist, suggesting instead that growth factor signaling
at the cell surface activates production of an AhR ligand. In
this context, the delay in serum-induced nuclear AhR accu-
mulation (Fig. 4) supports the existence of intermediate sig-
naling steps and contrasts the rapid TCDD-induced AhR
activation (Fig. 5). By inhibiting both basal and induced
P4501A1 activity with 1-PP, serum-stimulated AhR activa-
tion is both more rapid and prolonged (Fig. 8A). The evidence
against receptor activation by 1-PP comes from the failure to
detect AhR-DNA binding induced by 1 uM 1-PP (Fig. 7) and
the absence of rapid CYPIAI induction typical of canonical
AhR agonists (Fig. 8B). Identification of the growth factor(s)
or characterization of the physiological AhR agonist will pro-
vide important clues into the signaling events responsible for
serum-induced AhR activation.

The studies with 1-PP strongly suggest that P4501A1 par-
ticipates directly in promoting cell growth in a mechanism
distinct from its normally perceived role in activating procar-
cinogens (Shimizu et al., 2000). Yet Cyplal’~ knockout
mice are viable and lack any obvious phenotype (Dalton et
al., 2000). The normal phenotype suggests that either the
CYP1A1 gene is not developmentally important for cell
growth in vivo or supports the existence of functional redun-
dancy possibly involving P4501A2 or -1B1 activity. The 1 uM
1-PP concentration used in the experiments was reported to
inhibit P4501A2 and 1B1 (Shimada et al., 1998). However,
P4501B1 is not normally expressed in hepatic cells (Alex-
ander et al., 1999), and the cross-reacting anti-P4501A1 an-
tibody used did not detect the P4501A2 isozyme, suggesting
that the 1-PP-mediated cell cycle effect in 5L cells was lim-
ited to P4501A1 inactivation. Given that the AhR regulates
expression of these P450s, phenotypic defects observed in
AhR ™~ knockout mice may reflect defects in the expression
of multiple cytochromes P450 with overlapping specificities
for the endogenous ligand(s). This could include the CYP2S1
gene, a newly identified AhR target gene (Rivera et al., 2002).
It will be interesting to determine whether mice defective for
multiple cytochromes P450 exhibit growth abnormalities.

Investigations with the synthetic antitumor agent DF 203
determined that its antitumor activity depended on P4501A1
activity (Chua et al., 2000). Labeling studies revealed that
metabolism of DF 203 by P4501A1 generates a reactive-
intermediate capable of covalently binding to and inactivat-
ing the enzyme (Chua et al., 2000). Therefore, the antitumor
property of DF 203 may actually be caused by P4501A1
inactivation akin to the action of 1-PP resulting in sustained
AhR activity. The evidence suggests that DF 203 and 1-PP
seem to curtail cell growth through a common mechanism
(i.e., targeting P4501A1 activity). The broad substrate spec-
ificity displayed by P4501A1 is consistent with the action of
these structurally diverse compounds and may benefit the
design of clinically useful antitumor drugs.

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


http://molpharm.aspetjournals.org/

aspet’

Acknowledgments

We thank Drs. W. Alworth and T. Gasciewicz for providing the
1-PP and 3Me4NF reagents, respectively, and Dr. R. Pollenz for the
AhR and Arnt protein antibodies. We also thank Dr. K. Mitchell for
discussion during manuscript preparation.

References

Adachi J, Mori Y, Matsui S, Takigami H, Fujino J, Kitagawa H, Miller CA 3rd, Kato
T, Saeki K, and Matsuda T (2001) Indirubin and indigo are potent aryl hydrocar-
bon receptor ligands present in human urine. J Biol Chem 276:31475-31478.

Alexander DL, Zhang L, Foroozesh M, Alworth WL, and Jefcoate CR (1999) Metab-
olism-based polycyclic aromatic acetylene inhibition of CYP1B1 in 10T1/2 cells
potentiates aryl hydrocarbon receptor activity. Toxicol Appl Pharmacol 161:123—
139.

Bauman JW, Goldsworthy TL, Dunn CS, and Fox TR (1995) Inhibitory effects of
2,3,7,8-tetrachlorodibenzo-p-dioxin on rat hepatocyte proliferation induced by 2/3
partial hepatectomy. Cell Prolif 28:437—451.

Beischlag TV, Wang S, Rose DW, Torchia J, Reisz-Porszasz S, Muhammad K, Nelson
WE, Probst MR, Rosenfeld MG, and Hankinson O (2002) Recruitment of the
NCoA/SRC-1/P160 family of transcriptional coactivators by the aryl hydrocarbon
receptor/aryl hydrocarbon receptor nuclear translocator complex. Mol Cell Biol
22:4319-4333.

Brehm A, Miska EA, McCance DJ, Reid JL, Bannister AJ, and Kouzarides T (1998)
Retinoblastoma protein recruits histone deacetylase to repress transcription. Na-
ture (Lond) 391:597—-601.

Carver LA and Bradfield CA (1997) Ligand-dependent interaction of the aryl hydro-
carbon receptor with a novel immunophilin homolog in vivo. J Biol Chem 272:
11452-11456.

Chang CY and Puga A (1998) Constitutive activation of the aromatic hydrocarbon
receptor. Mol Cell Biol 18:525-535.

Chua MS, Kashiyama E, Bradshaw TD, Stinson SF, Brantley E, Sausville EA, and
Stevens MF (2000) Role of Cyp1lAl in modulation of antitumor properties of the
novel agent 2-(4-amino-3-methylphenyl)benzothiazole (DF 203, NSC 674495) in
human breast cancer cells. Cancer Res 60:5196-5203.

Dalton TP, Dieter MZ, Matlib RS, Childs NL, Shertzer HG, Genter MB, and Nebert
DW (2000) Targeted knockout of Cyplal gene does not alter hepatic constitutive
expression of other genes in the mouse [Ah] battery. Biochem Biophys Res Com-
mun 267:184-189.

Davarinos NA and Pollenz RS (1999) Aryl hydrocarbon receptor imported into the
nucleus following ligand binding is rapidly degraded via the cytosplasmic protea-
some following nuclear export. JJ Biol Chem 274:28708-28715.

Denison MS, Fisher JM, and Whitlock JP Jr (1988) Inducible, receptor-dependent
protein-DNA interactions at a dioxin-responsive transcriptional enhancer. Proc
Natl Acad Sci USA 85:2528-2532.

Denison MS, Fisher JM, and Whitlock JP Jr (1989) Protein-DNA interactions at
recognition sites for the dioxin-Ah receptor complex. JJ Biol Chem 264:16478—
16482.

Elferink CJ, Ge NL, and Levine A (2001) Maximal aryl hydrocarbon receptor activity
depends on an interaction with the retinoblastoma protein. Mol Pharmacol 59:
664-673.

Elizondo G, Fernandez-Salguero P, Sheikh MS, Kim GY, Fornace AJ, Lee KS, and
Gonzalez FJ (2000) Altered cell cycle control at the Go/M phases in aryl hydrocar-
bon receptor-null embryo fibroblast. Mol Pharmacol 57:1056-1063.

Ge NL and Elferink CJ (1998) A direct interaction between the aryl hydrocarbon
receptor and retinoblastoma protein. Linking dioxin signaling to the cell cycle.
o Biol Chem 273:22708-22713.

Gierthy JF and Crane D (1984) Reversible inhibition of in vitro epithelial cell
proliferation by 2,3,7,8-tetrachlorodibenzo-p-dioxin. Toxicol Appl Pharmacol 74:
91-98.

Gonzalez FJ and Fernandez-Salguero P (1998) The aryl hydrocarbon receptor: stud-
ies using the AHR-null mice. Drug Metab Dispos 26:1194-1198.

Gottlicher M, Cikryt P, and Weibel F (1990) Inhibition of growth by 2,3,7,8-
tetrachlorodibenzo-p-dioxin in 5L rat hepatoma cells is associated with the pres-
ence of Ah receptor. Carcinogenesis 11:2205-2210.

Gu YZ, Hogenesch JB, and Bradfield CA (2000) The PAS superfamily: sensors of
environmental and developmental signals. Annu Rev Pharmacol Toxicol 40:519—
561.

Guigal N, Seree E, Bourgarel-Rey V, and Barra Y (2000) Induction of CYP1A1 by
serum independent of AhR pathway. Biochem Biophys Res Commun 267:572-576.

Guigal N, Seree E, Nguyen QB, Charvet B, Desobry A, and Barra Y (2001) Serum
induces a transcriptional activation of CYP1A1l gene in HepG2 independently of
AhR pathway. Life Sci 68:2141-2150.

Henry EC, Kende AS, Rucci G, Totleben MdJ, Willey JJ, Dertinger SD, Pollenz RS,
Jones JP and Gasiewicz TA (1999) Flavone antagonists bind competitively with
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) to the aryl hydrocarbon receptor but
inhibit nuclear uptake and transformation. Mol Pharmacol 55:716-725.

Hestermann EV, Stegeman JJ, and Hahn ME (2000) Relative contributions of
affinity and intrinsic efficacy to aryl hydrocarbon receptor ligand potency. Toxicol
Appl Pharmacol 168:160-172.

Hestermann EV, Stegeman JJ, and Hahn ME (2002) Serum withdrawal leads to
reduced aryl hydrocarbon receptor expression and loss of cytochrome P4501A
inducibility in PLHC-1 cells. Biochem Pharmacol 63:1405-1414.

P4501A1 Promotes Cell Cycle Progression. 469

Hushka DR and Greenlee WF (1995) 2,3,7,8-Tetrachlorodibenzo-p-dioxin inhibits
DNA synthesis in rat primary hepatocytes. Mutat Res 333:89-99.

Ishizuka M, Yoshino S, Yamamoto Y, Yamamoto H, Imaoko S, Funae Y, Masuda M,
Iwata H, Kazusaka A, and Fujita S (1997) Isozyme selective alterations of the
expression of cytochrome P450 during regeneration of male rat liver following
partial hepatectomy. Xenobiotica 27:923-931.

Kazlauskas A, Poellinger L, and Pongratz I (1999) Evidence that the co-chaperone
p23 regulates ligand responsiveness of the dioxin (aryl hydrocarbon) receptor.
o Biol Chem 274:13519-13524.

Kennedy SW, Lorenzen A, James CA, and Collins BT (1993) Ethoxyresorufin-O-
deethylase and porphyrin analysis in chicken embryo hepatocyte cultures with a
fluorescence multiwell plate reader. Anal Biochem 211:102-112.

Kolluri SK, Weiss C, Koff A, and Gottlicher M (1999) p275% induction and inhibition
of proliferation by the intracellular Ah receptor in developing thymus and hepa-
toma cells. Genes Dev 13:1742-1753.

Kumar MB, Tarpey RW, and Perdew GH (1999) Differential recruitment of coacti-
vator RIP140 by Ah and estrogen receptors. Absence of a role for LXXLL motifs.
o Biol Chem 274:22155-22164.

Lahvis GP, Lindell SL, Thomas RS, McCuskey RS, Murphy C, Glover E, Bentz M,
Southard J, and Bradfield CA (2000) Portosystemic shunting and persistent fetal
vascular structures in aryl hydrocarbon receptor-deficient mice. Proc Natl Acad
Sci USA 97:10442-10447.

Lees MJ and Whitelaw ML (1999) Multiple roles of ligand in transforming the dioxin
receptor to an active basic helix-loop-helix/PAS transcription factor complex with
the nuclear protein Arnt. Mol Cell Biol 19:5811-5822.

Ma Q and Whitlock JP Jr (1996) The aromatic hydrocarbon receptor modulates the
Hepa 1clc7 cell cycle and differentiated state independently of dioxin. Mol Cell
Biol 16:2144-2150.

Ma Q and Whitlock JP Jr (1997) A novel cytoplasmic protein that interacts with the
Ah receptor, contains tetratricopeptide repeat motifs, and augments the transcrip-
tional response to 2,3,7,8-tetrachlorodibenzo-p-dioxin. J Biol Chem 272:8878—
8884.

Meyer BK, Pray-Grant MG, Vanden Heuvel JP, and Perdew GH (1998) Hepatitis B
virus X-associated protein 2 is a subunit of the unliganded aryl hydrocarbon
receptor core complex and exhibits transcriptional enhancer activity. Mol Phar-
macol 18:978-988.

Nebert DW (1991) Proposed role of drug-metabolizing enzymes: regulation of the
steady state levels of the ligands that effect growth, homeostasis, differentiation,
and endocrine function. Mol Endocrinol 5:1203-1214.

Perdew GH (1988) Association of the Ah receptor with the 90-kDa heat shock
protein. J Biol Chem 263:13802-13805.

Puga A, Barnes SJ, Dalton TP, Chang C, Knudsen ES, and Maier MA (2000)
Aromatic hydrocarbon receptor interaction with the retinoblastoma protein poten-
tiates repression of E2F-dependent transcription and cell cycle arrest. J Biol Chem
275:2943-2950.

Reiners JJ Jr, Jones CL, Hong N, Clift RE, and Elferink CJ (1997) Downregulation
of aryl hydrocarbon receptor function and cytochrome P450 1Al induction by
expression of Ha-ras oncogenes. Mol Carcinog 19:91-100.

Rivera SP, Saarikoski ST, and Hankinson O (2002) Identification of a novel dioxin-
inducible cytochrome P450. Mol Pharmacol 61:255-259.

Sherr CJ (1996) Cancer cell cycles. Science (Wash DC) 274:1672-1677.

Sherr CJ and Roberts JM (1999) CDK inhibitors: positive and negative regulators of
G1-phase progression. Genes Dev 13:1501-1512.

Shimada T, Yamazaki H, Foroozesh M, Hopkins NE, Alworth WL, and Guengerich
FP (1998) Selectivity of polycyclic inhibitors for human cytochrome P450s 1A1,
1A2, and 1B1. Chem Res Toxicol 11:1048-1056.

Schmidt JV, Su GH, Reddy JK, Simon MC, and Bradfield CA (1996) Characteriza-
tion of a murine Ahr null allele: involvement of the Ah receptor in hepatic growth
and development. Proc Natl Acad Sci USA 93:6731-6736.

Shimizu Y, Nakatsuru Y, Ichinose M, Takahashi Y, Kume H, Mimura J, Fujii-
Kuriyama Y, and Ishikawa T (2000) Benzolalpyrene carcinogenicity is lost in mice
lacking the aryl hydrocarbon receptor. Proc Natl Acad Sci USA 97:779-782.

Tohkin M, Fukuhara M, Elizondo G, Tomita S, and Gonzalez FJ (2000) Aryl hydro-
carbon receptor is required for p300-mediated induction of DNA synthesis by
adenovirus E1A. Mol Pharmacol 58:845—851.

Vaziri C, Schneider A, Sherr DH, and Faller DV (1996) Expression of the aryl
hydrocarbon receptor is regulated by serum and mitogenic growth factors in
murine 3T3 fibroblasts. J Biol Chem 271:25921-25927.

Wang S and Hankinson O (2002) Functional involvement of the Brahma/SWI2-
related gene 1 protein in cytochrome P4501A1 transcription mediated by the aryl
hydrocarbon receptor complex. J Biol Chem 277:11821-11827.

Weinberg RA (1995) The retinoblastoma protein and cell cycle control. Cell 81:323—
330.

Weiss C, Kolluri SK, Kiefer F, and Géttlicher M (1996) Complementation of Ah
receptor deficiency in hepatoma cells: negative feedback regulation and cell cycle
control by the Ah receptor. Exp Cell Res 226:154-163.

Whitlock JP Jr (1993) Mechanistic aspects of dioxin action. Chem Res Toxicol
6:754-763.

Address correspondence to: Dr. Cornelis J. Elferink, Assistant Professor,
Department of Pharmacology and Toxicology, University of Texas Medical
Branch, 301 University Boulevard, Galveston, TX 77555-1031. E-mail:
coelferi@utmb.edu

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


http://molpharm.aspetjournals.org/

