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ABSTRACT. Numerous flavonoids are ligands of the aryl hydrocarbon receptor (AHR) and function as AHR
antagonists and/or agonists. LY294002 [2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one] is a widely used
inhibitor of phosphatidylinositol 3-kinase (PI 3-kinase), and is structurally related to members of the flavonoid
family. Concentrations of LY294002 $ 10 mM were cytostatic, but not cytotoxic, to cultures of the immortalized
human breast epithelial cell line MCF10A-Neo. Treatment of MCF10A-Neo cultures with the AHR ligand
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) stimulated the transcriptional activation of CYP1A1, as monitored
by measurements of steady-state CYP1A1 mRNA. Pretreatment of cultures with $ 10 mM LY294002 suppressed
the TCDD activation of CYP1A1 (IC50 ;10 mM). Electrophoretic mobility shift assays employing rat liver
cytosol demonstrated that concentrations of LY294002 # 400 mM did not transform the AHR into a
DNA-binding species. However, the addition of LY294002 to cytosol just prior to TCDD addition completely
suppressed AHR transformation by TCDD (IC50 ;35 mM). The PI 3-kinase inhibitor Wortmannin was weakly
cytostatic, but not cytotoxic to MCF10A-Neo cultures at concentrations # 500 nM. Exposure of cultures to
Wortmannin (10–500 nM) did not suppress TCDD activation of CYP1A1. Analyses of the phosphorylation
status of Akt-1, an in vivo substrate of PI 3-kinase, demonstrated that concentrations of LY294002 $ 50 mM and
Wortmannin $ 10 nM completely suppressed PI 3-kinase activity. Hence, the ability of LY294002 to suppress
TCDD-dependent activation of CYP1A1 is unrelated to PI 3-kinase inhibition. Instead, this activity reflects
LY294002 functioning as an AHR antagonist. Furthermore, most of the cytostatic activity of LY294002 towards
MCF10A-Neo cells is unrelated to the inhibition of PI 3-kinase. BIOCHEM PHARMACOL 60;5:635–642, 2000.
© 2000 Elsevier Science Inc.
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The AHR† is a ligand-activated transcription factor [1, 2].
In its non-liganded form it appears to be a cytosolic protein
in many tissues and cell lines. Upon binding ligand, the
AHR translocates to the nucleus, where it complexes with
the ARNT protein. AHR/ARNT heterodimers subse-
quently interact with enhancer sequences in target genes
designated DREs, and stimulate the transcription of such

genes [1, 2]. A variety of genes contain DRE sequences in
their 59-flanking regions and are transcriptionally activated
by agonists of the AHR. Among these are several genes
involved in the phase I metabolism (e.g. CYP1A1,
CYP1A2, CYP1B1) and phase II metabolism (e.g. ALDH4
and NQO1) of xenobiotics [1–3].

Mechanistic analyses of AHR activation commonly em-
ploy TCDD as the prototypical AHR agonist. However, a
variety of planar, aromatic molecules are ligands of the
AHR. Indeed, many flavonoids are AHR ligands [4–7].
The consequences of flavonoid binding to the AHR are
often concentration-dependent. At the lower end of the
concentration range at which they bind to the AHR, many
flavonoids function as antagonists. As antagonists they can
compete with TCDD for binding, but do not transform the
AHR into a functional transcription factor. At higher
concentrations, the same flavonoids function as AHR
agonists and duplicate many of the actions of TCDD [4–6].
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Although most flavonoids appear to have these concentra-
tion-dependent dual activities, a limited number of fla-
vonoids appear to be exclusively AHR antagonists [6, 7].

The enzyme PI 3-kinase participates in processes affect-
ing cell proliferation, cytoskeletal architecture, and suscep-
tibility to apoptosis [8–14]. Wortmannin and LY294002
[2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one] are
used widely as specific inhibitors of PI 3-kinase, and have
been used extensively to identify the functions of PI
3-kinase in biological processes [8–15]. However, pharma-
cological approaches to the study of enzyme function are
dependent upon the specificity of the agent, and often an
agent has activities in addition to its desired property. For
example, the flavonoid PD98059 (29-amino-39-methoxyfla-
vone) is widely used as a specific inhibitor of MEK and the
kinases downstream of it [16]. Recently, we demonstrated
that PD98059 suppresses the TCDD-dependent activation
of AHR-responsive genes in the immortalized human breast
epithelial cell line MCF10A-Neo [17]. The concentration–
response curves defining this activity of PD98059 corre-
lated perfectly with its ability to inhibit MEK [17]. How-
ever, the ability of PD98059 to inhibit the effects of TCDD
was unrelated to its MEK inhibitory activity. Rather, it
reflected the functioning of PD98059 as an AHR antago-
nist [17].

Exposure of MCF10A-Neo cultures to TPA strongly
suppresses the TCDD-dependent transcriptional activation
of CYP1A1 [18]. TPA has been reported to be an activator
of PI 3-kinase [19]. As a consequence of preliminary studies
designed to determine whether PI 3-kinase mediates the
effects of TPA, we found that LY294002 suppressed
CYP1A1 activation by TCDD, at concentrations that
should have inhibited PI 3-kinase activity. However, since
LY294002 is structurally similar to flavone (Fig. 1), and
several flavonoids are known AHR antagonists [5], there
existed the possibility that the suppressive effects of
LY294002 on CYP1A1 activation may be unrelated to its
effects on PI 3-kinase activity. The current study was
designed to determine whether LY294002 is an AHR
antagonist, and if PI 3-kinase activity is required for the
TCDD-dependent activation of CYP1A1.

MATERIALS AND METHODS
Materials

LY294002 was purchased from New England Biolabs.
TCDD was the gift of Dr. S. Safe. Wortmannin was
obtained from the Calbiochem-Novabiochem Corp. Tryp-
sin, epidermal growth factor, penicillin/streptomycin solu-
tion, and horse serum were purchased from GIBCO BRL.
[g-32P]dATP and [a-32P]dCTP were purchased from Du-
Pont–New England Nuclear. Antibodies raised in sheep to
polypeptides corresponding to residues 466–480 and 467–
477 of rat Akt-1 were purchased from Upstate Biotechnol-
ogy and used to detect total and phospho-Akt-1, respec-
tively. Protease inhibitor cocktail (product P2714) was
purchased from the Sigma Chemical Co.

Cell Culture and Treatment

The MCF10A-Neo cell line was obtained from the Cell
Lines Resource, Karmanos Cancer Institute. The MCF10A-
Neo line was derived by transfection of the spontaneously
immortalized, normal human breast epithelial cell line
MCF10A with the pHo6 plasmid and subsequent selection
for resistance to G418. The derivations and characteriza-
tions of the parental and MCF10A-Neo cell lines have
been described elsewhere [20, 21]. The MCF10A and
MCF10A-Neo cell lines are very similar in their growth
properties and responses to TCDD [22]. However,
MCF10A-Neo cells accumulate more CYP1A1 RNA fol-
lowing TCDD exposure than do MCF10A cells [22].

MCF10A-Neo cells were cultured in supplemented Dul-
becco’s modified Eagle’s medium/Ham’s F-12 medium as
described by Basolo et al. [23] in a humidified atmosphere of
95% air/5% CO2 at 37°. The supplements consisted of
several growth factors and 10% horse serum. Subconfluent
cultures were treated with various concentrations of chem-
icals dissolved in DMSO (absolute volume of solvent #

FIG. 1. Structures of flavone, LY294002, and Wortmannin.
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0.1% of medium volume). Details of treatment are provided
in the text. Viability was assessed by measurement of trypan
blue exclusion. Cultures earmarked for RNA isolation were
washed twice with calcium- and magnesium-free PBS at the
time of harvesting and stored at -80°.

RNA Preparation and Northern Blot Analyses

Total cellular RNA was isolated using the acidic phenol
extraction method of Chomczynski and Sacchi [24]. RNA
was resolved on 1.2% agarose/formaldehyde gels and trans-
ferred to nitrocellulose membranes as described previously
[22]. The probes used for the detection of CYP1A1 and 7S
RNAs and the conditions used for hybridization have been
described in detail in a previous publication [22].

EMSA

The conditions reported by Shen et al. [25] were used for
the EMSA. Complementary oligonucleotides 59-GATC
CGGCTCTTCTCACGCAACTCCGAGCTCA-39 and 59-
GATCTGAGCTCGGAGTTGCGTGAGAAGAGCG-39
(the single-core DRE recognition sequence is underlined)
were annealed and used to detect activated AHR/ARNT
complexes.

Western Blot Analyses of Akt-1

Culture dishes were washed twice with cold PBS (contain-
ing 1 mM NaVO) before the addition of lysis buffer [10 mM
Tris, pH 7.5, 130 mM NaCl, 1% Triton X-100, 10 mM
NaF, 10 mM NaPi, 10 mM NaPPi, 1 mM NaVO4, and 1/10
(v/v) of a 10x solution of protease inhibitor cocktail].
Extracts were sonicated for 5 sec. Insoluble material was
removed by centrifugation, and the supernatant was boiled
in Laemmli’s sample buffer. Equal amounts of protein were
resolved on SDS–7.5% polyacrylamide gels and then trans-
ferred to nitrocellulose membrane. The resulting protein

blot was blocked for 3 hr at room temperature in PBST
(PBS containing 5% nonfat dry milk and 0.05% Tween
20). Blocked blots were incubated overnight at room
temperature with 1 mg/mL of anti-Akt-1 or anti-phospho-
Akt-1 (diluted in PBS containing 2% nonfat dry milk).
Blots were subsequently washed for 3 3 10 min with PBST,
and then incubated with rabbit anti-sheep Ig conjugated
with horseradish peroxidase (diluted in PBS containing 2%
nonfat dry milk) for 2 hr at room temperature. Blots then
were washed and developed using Amersham enhanced
chemiluminescence reagents. Akt-1-immunoglobulin con-
jugates were recorded on x-ray film. Enhanced chemilumi-
nescence development was conducted according to the
manufacturer’s specifications.

32P Detection and Quantitation
32P-Labeled nucleic acids were detected either by autora-
diography with x-ray film or with a BioRad GS-525
Molecular Imager. Detection by the latter technique al-
lowed quantitation with Molecular Dynamics software.

RESULTS
Cytostatic and Cytotoxic Effects of LY294002

Exposure of MCF10A-Neo cultures to LY294002 resulted
in a concentration-dependent inhibition of cell prolifera-
tion (Fig. 2A). Concentrations of LY294002 $ 50 mM
completely suppressed MCF10A-Neo proliferation for at
least 3 days. The antiproliferative effects of LY294002
occurred in the absence of any cytotoxicity (Guo M,
unpublished studies).

LY294002 Suppression of Transcriptional Activation of
CYP1A1

CYP1A1 mRNA was not detected in asynchronous,
DMSO-treated MCF10A-Neo cultures, or in cultures ex-

FIG. 2. Cytostatic effects of LY294002 and Wort-
mannin. Exponentially growing MCF10A-Neo cul-
tures were harvested for cell counts and estimates
of viability at various times after treatment with
DMSO, LY294002, or Wortmannin (concentra-
tions of treatment are provided in the figure). Data
represent means 6 SD of three plates.
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posed to non-cytostatic or cytostatic concentrations of
LY294002 for 8 or 30 hr (Fig. 3). In contrast, steady-state
CYP1A1 mRNA content was elevated dramatically within
6 hr of exposure to the potent AHR agonist TCDD (Fig. 3).
Treatment of cultures with LY294002 for either 2 or 24 hr
prior to the addition of TCDD resulted in a concentration-
dependent suppression of the accumulation of CYP1A1
mRNA (Fig. 3; IC50 ;10 mM for a 2-hr preincubation,
based upon the data presented in the figure and two
additional experiments). The effects of LY294002 on the
TCDD activation of CYP1A1 were not altered markedly by
extending the period of preincubation from 2 to 24 hr.

AHR Transformation and DNA Binding

The EMSA assay is commonly used to evaluate the ability
of a chemical to (a) activate the AHR into a species
capable of complexing with ARNT and binding to DNA
(AHR agonist activity), or (b) inhibit the AHR agonist
activity of TCDD (AHR antagonist activity). We used the
EMSA assay to determine whether LY294002 could medi-
ate or suppress AHR transformation in rat liver extracts.
We used rat liver cytosol instead of MCF10A-Neo cytosol
because the latter, in the absence of exogenous ligand,
displays a high level of spontaneous AHR–DNA complex
formation [22]. Incubation of rat liver cytosol with TCDD
transformed the AHR into a species that bound to a labeled
oligonucleotide containing a DRE sequence (Fig. 4). This
binding could be prevented by co-incubation with a 20-fold

excess of unlabeled (cold) oligonucleotide. In contrast to
TCDD, no AHR–DNA complex was seen in extracts
treated with concentrations of LY294002 as high as 400
mM (Fig. 4, left panel). A similar lack of AHR agonist
activity was noted in studies employing concentrations of
LY294002 as high as 1 mM (Reiners JJ Jr, unpublished
data). However, co-incubation of liver extracts with TCDD
and various amounts of LY294002 (Fig. 4, right panel)
resulted in a concentration-dependent suppression of
AHR–DRE complex formation (IC50 ;35 mM; as deter-
mined from Fig. 4 and three additional independent exper-
iments).

Measurement of PI 3-Kinase Activity

The IC50 for the in vitro inhibition of PI 3-kinase activity by
LY294002 is ;1.4 mM [15]. Hence, the concentrations at
which LY294004 suppressed MCF10-Neo growth and the
transcriptional activation of CYP1A1 presumably also in-
hibited PI 3-kinase activity. This possibility was tested by
assessing the phosphorylation status of Akt-1, an in vivo
substrate of PI 3-kinase that is activated by phosphorylation
[8]. Phospho-Akt-1 could be detected in exponentially
growing cultures of MCF10A-Neo cultures (Fig. 5, lane 9).
However, the signal was weak and variable from experi-
ment to experiment. The amount of phospho-Akt-1 could
be increased dramatically by maintaining established cul-
tures for 24 hr in serum- and growth factor-depleted
medium, and then refeeding them with complete medium.

FIG. 3. LY294002 effects on CYP1A1 activation. Exponentially growing MCF10A-Neo cultures were treated with 10 nM TCDD for
6 hr, or with various concentrations of LY294002 for 8 or 30 hr, prior to harvesting and isolation of RNA for analyses of CYP1A1
and 7S RNAs. Some cultures were treated with LY294002 for either 2 or 24 hr prior to the addition of 10 nM TCDD. These cultures
subsequently were harvested 6 hr after TCDD addition.
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Serum- and growth factor-depleted cultures arrested in
Go/G1 (Reiners JJ Jr, unpublished data) and had undetect-
able levels of phospho-Akt-1 (Fig. 5, lane 1). However,
phospho-Akt-1 was detected readily within 5 min of refeed-
ing with complete medium, and remained phosphorylated
for at least 4 hr (Fig. 5, lanes 2–8). PI 3-kinase is activated
rapidly in growth factor-depleted cells following exposure
to serum and growth factors [8]. Presumably the detected
increases in phospho-Akt-1 reflected serum/growth factor
activation of PI 3-kinase. Indeed, exposure of serum- and
growth factor-starved cultures to LY294004 40 min prior to
refeeding with complete medium resulted in a concentra-
tion-dependent suppression of Akt-1 phosphorylation (Fig.
6). Specifically, suppression required concentrations of
LY294002 . 10 mM. Complete suppression occurred with
concentrations $ 50 mM.

Wortmannin Inhibition of PI 3-Kinase Activity

The concentrations at which LY294002 suppressed TCDD
activation of CYP1A1 and cell proliferation also inhibited
PI 3-kinase (compare Figs. 2, 3, and 6). To determine
whether the suppressive effects of LY294002 on CYP1A1
activation and cell proliferation could be attributed to an
inhibition of PI 3-kinase, we examined the effects of a

FIG. 6. Suppression of Akt-1 activation by LY294002 and
Wortmannin. Exponentially growing MCF10A-Neo cultures
were shifted to a medium lacking growth factors and serum for
;20 hr. LY294002 and Wortmannin were added to the cultures
at the indicated concentrations ;40 min prior to refeeding the
cultures with complete growth medium. Upon refeeding, the
cultures were re-treated immediately with the PI 3-kinase
inhibitors and harvested 10 min later for preparation of extracts
for western blot analyses and subsequent Akt-1 detection.

FIG. 4. EMSA of LY294002 as an
AHR agonist and antagonist. Rat
liver extract was transformed in
vitro with various concentrations
of LY294002 (left panel), or vari-
ous concentrations of LY294002
and 2 mM TCDD (right panel),
before being incubated with labeled
DRE oligonucleotide and analyzed
in a gel retardation assay. In lane 3
of each gel, a 20-fold excess of
unlabeled (cold) DRE oligonucleo-
tide was included in the EMSA
reaction mixture.

FIG. 5. Activation of Akt-1 by serum and growth factors.
Exponentially growing MCF10A-Neo cultures were shifted to a
medium lacking growth factors and serum for ;20 hr. There-
after, most of the cultures were refed with complete growth
medium. Cultures subsequently were harvested for the prepara-
tion of extracts for western blot analyses. Samples (25 mg
protein) were separated on SDS–7.5% polyacrylamide gels,
transferred to nitrocellulose membranes, and analyzed as de-
scribed in the text, using antibodies to Akt-1 and phospho-
Akt-1.
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second PI 3-kinase inhibitor. Wortmannin is an irreversible
inhibitor of PI 3-kinase and is structurally unrelated to
LY294002 (Fig. 1). It is used routinely in the 10–500 nM
range to suppress PI 3-kinase activity in cultured cells
[9–12]. Concentrations of Wortmannin $ 10 nM sup-
pressed the phosphorylation of Akt-1 that occurred follow-
ing serum/growth factor stimulation of serum- and growth
factor-starved MCF10A-Neo cultures (Fig. 6).

Cytostatic and Cytotoxic Effects of Wortmannin

Treatment of MCF10A-Neo cultures with Wortmannin
resulted in a concentration-dependent suppression of cell
proliferation (Fig. 2B). However, the anti-proliferative
effects of Wortmannin were quite weak even at concentra-
tions that suppressed PI 3-kinase activity totally (compare
Figs. 2B and 6). The cytostatic effects of Wortmannin
occurred in the absence of any cytotoxicity (Guo M,
unpublished studies).

Wortmannin Effects on Transcriptional Activation of
CYP1A1

Basal levels of CYP1A1 mRNA in MCF10A-Neo cultures
remained undetectable following exposure to concentra-
tions of Wortmannin sufficient to inhibit PI 3-kinase (Fig.
7). Similarly, treatment of cultures with Wortmannin
either 2 or 24 hr prior to the addition of TCDD did not
suppress the subsequent TCDD-stimulated accumulation of
CYP1A1 mRNA (Fig. 7).

DISCUSSION

LY294002 is commonly used in studies designed to assess
the contribution of PI 3-kinase to biological processes. An
inherent assumption of such studies is that the effects seen
in the presence of LY294002 reflect exclusively its ability to
inhibit PI 3-kinase. The current study demonstrated that
concentrations of LY294002 commonly used to inhibit PI
3-kinase in cultured cells also suppress the TCDD-depen-
dent activation of CYP1A1, an AHR-dependent process.
However, this latter effect was unrelated to changes in PI
3-kinase activity, since a similar suppression was not ob-
tained with concentrations of Wortmannin that suppressed
PI 3-kinase activity totally in our culture system. The
Wortmannin results also suggested that PI 3-kinase activity

is not required for an AHR-dependent activation of
CYP1A1.

LY294002 is structurally similar to flavone, and numer-
ous flavonoids are AHR ligands and function as AHR
antagonists [4–7]. LY294002 displayed AHR antagonist
activity, but no agonist activity, when analyzed by EMSA
using an oligonucleotide containing a DRE. Indeed, the
IC50 values estimated for LY294002 suppression of CYP1A1
activation and AHR–DRE binding (as measured by EMSA)
were very similar. Hence, the ability of LY294002 to inhibit
the TCDD-dependent transcriptional activation of
CYP1A1 probably reflects its functioning as an AHR
antagonist. Although the flavonoid literature and our data
collectively suggest that LY294002 may be an AHR ligand,
we have not performed the ligand competition assays
needed to resolve the issue.

Concentrations of LY294002 ($50 mM) sufficient to
inhibit PI 3-kinase completely in MCF10A-Neo cultures
were also very cytostatic. Several studies have implicated a
role for PI 3-kinase in mitogenic signaling processes [8, 13].
However, concentrations of Wortmannin that totally sup-
pressed PI 3-kinase activity were only weakly cytostatic to
MCF10A-Neo cultures. Given the Wortmannin data, it is
likely that only a portion of the cytostatic activity of
LY294002 is mediated by its inhibition of PI 3-kinase.

Exposure to TCDD suppresses the proliferation of sev-
eral, but not all, cultured cell types [26–30]. Studies
employing rat 5L cells, and an AHR-deficient variant (BP8
cells) derived from them, have shown that the cytostatic
effects of TCDD are dependent upon its interaction with
the AHR [26, 27]. Numerous flavonoids are also cytostatic
as a consequence of their induction of either a G1 or G2/M
arrest [31–33]. Studies using 5L and BP8 cells have dem-
onstrated that the cytostatic activities of flavonoids reflect
both AHR-dependent and -independent processes [26]. In
the case of the AHR-dependent processes, cytostatic effects
were noted only at concentrations at which flavonoids
function as AHR agonists [26]. Although LY294002 may be
an AHR ligand, the EMSA results and its inability to
activate CYP1A1 strongly suggest that it functions as an
AHR antagonist and has no agonist activity. Hence, it
seems unlikely that the cytostatic effects of LY294002 in
MCF10A-Neo cells are a consequence of its interaction
with the AHR.

The extent to which the AHR antagonist activity of

FIG. 7. Wortmannin effects on CYP1A1 activa-
tion. Exponentially growing MCF10A-Neo cul-
tures were treated with 10 nM TCDD for 6 hr,
or various concentrations of Wortmannin for 8
or 30 hr, prior to harvesting and the isolation of
RNA for analyses of CYP1A1 and 7S RNA.
Some cultures were treated with Wortmannin
for either 2 or 24 hr prior to the addition of 10
nM TCDD. These latter cultures subsequently
were harvested 6 hr after TCDD addition.
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LY294002 compromises its usefulness as a PI 3-kinase
inhibitor will depend upon the nature of the study. If it
involves an AHR agonist, and the process being investi-
gated is dependent upon AHR activation, LY294002 is not
the agent of choice for assessing the role of PI 3-kinase
activity in the process.
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which was supported by National Institutes of Environmental Health
Sciences Grant P30-ES06639.

References

1. Hankinson O, The aryl hydrocarbon receptor complex. Annu
Rev Pharmacol Toxicol 35: 307–340, 1995.

2. Schmidt JV and Bradfield CA, Ah receptor signaling path-
ways. Annu Rev Cell Dev Biol 12: 55–89, 1996.

3. Nebert DW, Drug-metabolizing enzymes in ligand-modulated
transcription. Biochem Pharmacol 47: 25–37, 1994.

4. Wilhelmsson A, Whitelaw ML, Gustafsson J-A and Poel-
linger L, Agonistic and antagonistic effects of a-naphthofla-
vone on dioxin receptor function. J Biol Chem 269: 19028–
19033, 1994.

5. Lu Y-F, Santostefano M, Cunningham BDM, Threadgill MD
and Safe S, Substituted flavones as aryl hydrocarbon (Ah)
receptor agonists and antagonists. Biochem Pharmacol 51:
1077–1087, 1996.

6. Gasiewicz TA, Kende AS, Rucci G, Whitney B and Willey JJ,
Analysis of structural requirements for Ah receptor antagonist
activity: Ellipticines, flavones, and related compounds. Bio-
chem Pharmacol 52: 1787–1803, 1996.

7. Lu Y-F, Santostefano M, Cunningham BDM, Threadgill MD
and Safe S, Identification of 39-methoxy-49-nitroflavone as a
pure aryl hydrocarbon (Ah) receptor antagonist and evidence
for more than one form of the nuclear Ah receptor in MCF-7
human breast cancer cells. Arch Biochem Biophys 316: 470–
477, 1995.

8. Shepherd PR, Withers DJ and Siddle K, Phosphoinositide
3-kinase: The key switch mechanism in insulin signaling.
Biochem J 333: 471–490, 1998.

9. Hausler P, Papoff G, Eramo A, Reif K, Cantrell DA and
Ruberti G, Protection of CD95-mediated apoptosis by acti-
vation of phosphatidylinositide 3-kinase and protein kinase B.
Eur J Immunol 28: 57–69, 1998.

10. Greenwood JA, Pallero MA, Theibert AB and Murphy-
Ullrich JE, Thrombospondin signaling of focal adhesion
disassembly requires activation of phosphoinositide 3-kinase.
J Biol Chem 273: 1755–1763, 1998.

11. Arrieumerlou C, Donnadieu E, Brennan P, Keryer G, Bismuth
G, Cantrell D and Trautmann A, Involvement of phospho-
inositide 3-kinase and Rac in membrane ruffling induced by
IL-2 in T cells. Eur J Immunol 28: 1877–1885, 1998.

12. Price BD and Youmell MB, The phosphatidylinositol 3-kinase
inhibitor wortmannin sensitizes murine fibroblasts and hu-
man tumor cells to radiation and blocks induction of p53
following DNA damage. Cancer Res 56: 246–250, 1996.

13. Dufourny B, Alblas J, van Teeffelen HAAM, van Schaik
FMA, van der Burg B, Steenbergh PH and Sussenbach JS,
Mitogen signaling of insulin-like growth factor I in MCF-7
human breast cancer cells requires phosphatidylinositol 3-ki-
nase and is independent of mitogen-activated protein kinase.
J Biol Chem 272: 31163–31171, 1997.

14. Rodriguez-Viciana P, Warne PH, Khwaja A, Marte BM,
Pappin D, Das P, Waterfield MD, Ridley A, and Downward J,
Role of phosphoinositide 3-OH kinase in cell transformation
and control of the actin cytoskeleton by Ras. Cell 89:
457–467, 1997.

15. Vlahos CJ, Matter WF, Hui KY and Brown RF, A specific
inhibitor of phosphatidylinositol 3-kinase, 2-(4-morpholi-
nyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002). J Biol
Chem 269: 5241–5248, 1994.

16. Dudley DT, Pang L, Decker SJ, Bridges AJ and Saltiel AR, A
synthetic inhibitor of the mitogen-activated protein kinase
cascade. Proc Natl Acad Sci USA 92: 7686–7689, 1995.

17. Reiners JJ Jr., Lee J-Y, Clift RE, Dudley DT and Myrand SP,
PD98059 is an equipotent antagonist of the aryl hydrocarbon
receptor and inhibitor of mitogen-activated protein kinase
kinase. Mol Pharmacol 53: 438–445, 1998.

18. Guo M and Reiners JJ Jr, Coordinate inhibition of cell cycle
progression and TCDD activation of CYP1A1 by 12-O-
tetradecanoylphorbol-13-acetate. Toxicologist 48: 426, 1999.

19. Huang C, Schmid PC, Ma W-Y, Schmid HHO and Dong Z,
Phosphatidylinositol-3 kinase is necessary for 12-O-tetradeca-
noylphorbol-13-acetate-induced cell transformation and acti-
vated protein 1 activation. J Biol Chem 272: 4187–4194,
1997.

20. Soule HD, Maloney TM, Wolman SR, Peterson WD Jr, Brenz
R, McGrath CM, Russo J, Pauley RJ, Jones RF and Brooks
SC, Isolation and characterization of a spontaneously immor-
talized human breast epithelial cell line, MCF-10. Cancer Res
50: 6075–6086, 1990.

21. Basolo F, Elliott J, Tait L, Chen XQ, Maloney T, Russo IH,
Pauley R, Momiki S, Caamano J, Klein-Szanto AJP, Koszalka
M and Russo J, Transformation of human breast epithelial
cells by a c-Ha-ras oncogene. Mol Carcinog 4: 25–35, 1991.

22. Reiners JJ Jr, Jones CL, Hong N, Clift RE and Elferink C,
Downregulation of aryl hydrocarbon receptor function and
cytochrome P450 1A1 induction by expression of Ha-ras
oncogenes. Mol Carcinog 19: 91–100, 1997.

23. Basolo F, Serra C, Ciardiello F, Fiore L, Russo J, Campani D,
Dolei A, Squartini F and Toniolo A, Regulation of surface-
differentiation molecules by epidermal growth factor, trans-
forming growth factor alpha, and hydrocortisone in human
mammary epithelial cells transformed by an activated c-Ha-
ras proto-oncogene. Int J Cancer 51: 634–640, 1992.

24. Chomczynski P and Sacchi N, Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal Biochem 162: 156–159, 1987.

25. Shen ES, Elferink CJ and Whitlock JP Jr., Use of gel
retardation to analyze protein-DNA interactions upstream of
CYP1A1 gene. Methods Enzymol 206: 403–408, 1991.

26. Reiners JJ Jr, Clift R and Mathieu P, Suppression of cell cycle
progression by flavonoids: Dependence on the aryl hydrocar-
bon receptor. Carcinogenesis 20: 1561–1566, 1999.

27. Weiss C, Kolluri SK, Kiefer F and Gottlicher M, Comple-
mentation of Ah receptor deficiency in hepatoma cells:
Negative feedback regulation and cell cycle control by the Ah
receptor. Exp Cell Res 226: 154–163, 1996.

28. Fernandez P and Safe S, Growth inhibitory and antimitogenic
activity of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in
T47D human breast cancer cells. Toxicol Lett 61: 185–197,
1992.

29. Wang WL, Porter W, Burghardt R and Safe SH, Mechanism
of inhibition of MDA-MB-468 breast cancer cell growth by
2,3,7,8-tetrachlorodibenzo-p-dioxin. Carcinogenesis 18: 925–
933, 1997.

30. Vogel C and Abel J, Effect of 2,3,7,8-tetrachlorodibenzo-p-
dioxin on growth factor expression in the human breast
cancer cell line MCF-7. Arch Toxicol 69: 259–265, 1995.

31. Fotsis T, Pepper MS, Aktas E, Breit S, Rasku S, Adlercreutz

LY294002 Inhibition of AHR Function 641



H, Wahala K, Montesano R and Schweigerer L, Flavonoids,
dietary-derived inhibitors of cell proliferation and in vitro
angiogenesis. Cancer Res 57: 2916–2921, 1997.

32. Carlson BA, Dubay MM, Sausville EA, Brizuela L and
Worland PJ, Flavopiridol induces G1 arrest with inhibition of

cyclin-dependent kinase CDK2 and CDK4 in human breast
carcinoma cells. Cancer Res 56: 2973–2978, 1996.

33. Lepley DM, Li B, Birt DF and Pelling JC, The chemopreven-
tive flavonoid apigenin induces G2/M arrest in keratinocytes.
Carcinogenesis 17: 2367–2375, 1996.

642 M. Guo et al.


