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Dioxin is an extremely potent carcinogen. In highly exposed
people, the most commonly observed toxicity is chloracne, a
pathological response of the skin. Most of the effects of dioxin are
attributed to its activation of the aryl hydrocarbon receptor (AHR),
a transcription factor that binds to the Ah receptor nuclear trans-
locator (ARNT) to regulate the transcription of numerous genes,
including CYP1A1 and CYP1B1. In cultures of normal human epi-
dermal keratinocytes dioxin accelerates cell differentiation, as
measured by the formation of cornified envelopes. We show that
this acceleration is mediated by the AHR; also, that dioxin increases
the expression of several genes known to be regulated by ARNT,
which have critical roles in the cornification and epidermal barrier
function of the skin. Importantly, we demonstrate that all of these
responses are opposed by ligand-activation of the EGF receptor (R),
an important regulator of keratinocyte cell fate. In the CYP1A1
enhancer, EGFR activation prevents recruitment of the p300 coac-
tivator, although not affecting the binding of the AHR or ARNT. The
total cellular level of p300 protein does not decrease, and overex-
pression of p300 relieves EGFR-mediated repression of transcrip-
tion, indicating that p300 is a critical target for the repression of the
AHR complex by EGFR signaling. These results provide a mecha-
nism by which 2,3,7,8-tetrachlorodibenzo-p-dioxin is able to dis-
rupt epidermal homeostasis and identify EGFR signaling as a
regulator of the AHR. This signaling may modulate the incidence
and severity of chloracne and be of therapeutic relevance to human
poisonings by dioxin.

dioxin � ARNT � psoriasis � cornification

In the United States, �300 million people are exposed to dioxin
(2,3,7,8-tetrachlorodibenzo-p-dioxin, TCDD) and dioxin-like

compounds, primarily through food consumption. TCDD is
among the most toxic pollutants known, and is classified as
carcinogenic to humans (1). In addition to this direct human
health risk of dioxin exposure, the risk characterization of dioxin
broadly affects decisions concerning important public health
policies, ranging from the safety of breast feeding to the need to
dredge contaminated rivers, such as the Hudson (2, 3).

Animal studies have shown that most of the biological effects
of TCDD are mediated through its binding to the aryl hydro-
carbon receptor (AHR). The AHR is a cytoplasmic basic
helix–loop–helix transcription factor. On ligand binding, the
AHR moves to the nucleus and binds with the AHR nuclear
translocation protein (ARNT), the best understood nuclear
protein dimerization partner of the AHR. The AHR complex
activates transcription through binding to specific DNA recog-
nition sequences that have been identified upstream of the
mRNA initiation site of genes, including the CYP1 family of
cytochrome P450, CYP1A1, CYP1A2, and CYP1B1 (4).

In humans, chloracne is the most visible and consistent
response to dioxin exposure. This chronic condition is charac-
terized by metaplasia and hyperkeratinization of the ducts of the
sebaceous gland, resulting in comedone formation, along with

hyperproliferation and differentiation of the interfollicular squa-
mous epithelium (5). As for other endpoints of dioxin toxicity,
the mechanism of chloracne is not known. Also, the severity and
persistence of chloracne does not correlate with the half-life or
concentration of the chloracnegen, indicating that additional
factors likely modulate individual susceptibility (5).

Submerged cultures of normal human epidermal keratino-
cytes (NHEKs) retain many of the regulatory, structural, and
biochemical components that constitute normal differentiation
of the epidermis (6–8). NHEKs respond to treatment with
TCDD through changes in gene expression, cell proliferation,
and differentiation (9–12). Previous studies showing that TCDD
alters the expression of several secreted growth-regulatory pro-
teins (10, 11) led us to consider the effects of the integrated
signals of TCDD, cell density, and growth factors on NHEKs.
Here, we identify EGF receptor (R) signaling as a repressor of
the AHR, preventing the ability of TCDD to enhance gene
transcription and accelerate terminal differentiation of NHEKs.
Also, we show that TCDD enhances the expression of genes
involved in late, but not early, differentiation, and that this
enhanced expression is inhibited by EGF.

Results
Inhibition of CYP1 Induction by EGFR Signaling. In response to
treatment of keratinocytes with TCDD, the greatest increases in
levels of CYP1A1 and CYP1B1 mRNA were observed in
confluent cultures where the medium supplements, bovine
pituitary extract and EGF, were excluded. Analysis of each
supplement showed that the addition of EGF caused the dimin-
ished response to TCDD within these cultures (Fig. 1A). Al-
though not visible in this figure because of the scale of the y axis,
the basal level of CYP1A1 mRNA (Fig. 1 A, �TCDD �EGF) is
elevated 9-fold by an increase in cell density from 50% to 100%.
In parallel experiments, we determined 7-ethoxycoumarin O-de-
ethylase (ECOD) activity, a measure of TCDD-inducible
CYP1A1 protein (13). In the absence of TCDD, basal ECOD
was not detectable (�0.1 pmol of product per mg of protein per
h) in cultures with or without supplemental EGF. In treated cells
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(10 nM TCDD, 48 h), ECOD activity (n � 3, mean � SD) was
319.4 � 62.5 pmol�mg�1�h�1 and 14.4 � 2.5 pmol�mg�1�h�1 in the
absence and presence of supplemental EGF (10 ng/mL), respec-
tively (P � 0.01). To determine whether this repression by EGF

occurred in more than one individual, we analyzed NHEKs from
a second individual, as well as a pooled sample from 3 other
individuals. EGF caused a similar repression of AHR-mediated
CYP1 mRNA expression in both the second individual (99%
repression) and the pooled sample (89% repression) (Fig. S1 A).
Also, pretreatment in a concentration-dependent manner with
either EGF or TGF� diminished the TCDD-mediated increases
in CYP1A1 and CYP1B1 mRNA (Fig. S1 B and C). For both
CYP1A1 and CYP1B1 mRNA, the 50% effective concentration
(EC50) for the response to EGF or TGF� was �0.7 and 0.8 nM,
respectively, consistent with EGFR-mediated effects (14). Also,
a neutralizing EGFR Ab was able to inhibit the EGF-mediated
repression of CYP1A1 mRNA (Fig. 1B).

Experiments using actinomycin D showed that treatment with
EGF did not decrease the half-life of the CYP1A1 mRNA. The
rate of decay was similar in each set of samples, with an apparent
half-life of 24 h (Fig. S1D). Also, EGF did not change the level
of cellular AHR protein (Fig. S1E). We studied the TCDD-
concentration response for CYP1A1 mRNA induction in cells
treated in basal medium or medium supplemented with EGF or
TGF� (Fig. 1C). Treatment with EGF did not simply displace the
EC50 dose–response curve for TCDD to the right by a factor of
10 or even 100. Rather, �20% of the fractional response was
observed in cells treated with EGF or TGF� at concentrations
of TCDD 100-fold greater than the EC50. Also, there was no
indication that maximal response could be achieved at the
highest concentrations of solubility of TCDD in the medium,
�1,000 nM. When coupled with data demonstrating that AHR
protein levels were not decreased by EGF, these data indicate
that EGF and TGF� affect the ability of the AHR to transduce
its signal in response to treatment with TCDD.

Inhibition of AHR-Regulated Transcription by EGF. The results from
2 independent nuclear run-on experiments showed that EGF
decreased TCDD-mediated increases in the rates of transcrip-
tion of CYP1A1 and CYP1B1 to nearly basal levels (Fig. S2).
ARNT, which is not transcriptionally regulated by the AHR, was
not affected by EGF treatment. To locate the upstream regu-
latory sequences of CYP1 critical for transducing EGF-mediated
repression of transcription, we tested CAT reporter constructs
(Fig. 2). The 2 control reporter vectors, pCAT3b, which does not
contain a SV40 promoter, and pCAT3p, which does, did not
respond significantly to treatments with TCDD or EGF. The
construct p1A1-1, which contains the complete CYP1A1 se-
quence from �1144 to �2434, including 4 XREs and the
endogenous CYP1A1 promoter, responded strongly to TCDD,

Fig. 1. The effects of EGF on TCDD-inducible gene expression in cultures of
NHEKs are mediated through the EGFR. (A) NHEKs were grown to a density of
either 50% or 100% before basal medium, or medium with EGF (10 ng/mL), was
added 24 h before treatment; mRNA was isolated after treatment with either
0.1% DMSO or TCDD (10 nM) for 24 h. Real-time PCR was used to determine the
level of CYP1A1 mRNA. Levels of mRNA [mean (n � 3) � SD] are expressed in units
relative to the minimum, given a value of 1. (B) Cells were grown to confluence,
and basal medium was added for 24 h. The EGFR-neutralizing Ab LA1 (10 �g/mL)
was added 2 h before EGF (1 ng/mL). EGF was added for 1 h, followed by TCDD
(10 nM) for 2 h. Levels of mRNA [mean (n � 3) � SD] are expressed in units relative
to the minimum, given a value of 1. In A and B, the a indicates that the value from
treatment with TCDD is significantly different from the DMSO control; the b
indicates that cotreatment with TCDD and EGF is significantly different from with
TCDD alone; and the c indicates that the addition of EGFR Ab significantly
changed the mRNA level in TCDD plus EGF treatment group. In all cases, P � 0.02
by Student’s t test. (C) Dose–response of CYP1A1 mRNA induction. Cells were
treated with either 0.1% DMSO or TCDD (at the indicated concentrations; x axis)
for 24 h. Levels of mRNA (y axis) are expressed in units relative to the maximum,
given a value of 1. Filled squares, basal medium; filled circles, with EGF (10 ng/mL);
filled triangles, with TGF� (50 ng/mL). Each point indicates the mean value; bars,
SD; n � 5 per group.

Fig. 2. EGF inhibits the TCDD-mediated increase in transcription. Levels of CAT activity (mean � SD, n � 4–5) are expressed in units relative to the control
treatment (without EGF and TCDD), given a value of 1; pCAT3 basic, pCAT3b; pCAT promoter, pCATp. Xenobiotic-responsive elements (XREs) in the constructs
are indicted by the letter x. The a indicates that the value from treatment with TCDD and EGF is significantly different from value with TCDD and without EGF;
P � 0.05 by Student’s t test.
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and this response was repressed to basal levels by treatment with
EGF. The response to TCDD was still significant when the
CYP1A1 sequence was decreased to �1144 to �836 in p1A1-2,
which contains 3 XREs, but not the CYP1A1 promoter, as was
the suppression by treatment with EGF. This result indicates that
the CYP1A1 enhancer is necessary for repression by treatment
with EGF. Similarly, the construct p1B1-1, which contains the
CYP1B1 sequence from �1022 to �835 including 3 XREs, was
sufficient for repression by EGF treatment. Also, analysis of the
construct 2 XRE, consisting of the minimal synthetic 2 XRE
sequence, showed that this sequence alone was sufficient for
repression of TCDD-mediated transcription by EGF.

Inhibition of Recruitment of the p300 Coactivator to the CYP1A1
Enhancer, but Not AHR/ARNT DNA Binding, by EGFR Ligands. By
EMSA, TCDD-mediated AHR–DNA interactions were not
affected by EGF or TGF� (Fig. S3). Also, ChIP assays showed
that binding of AHR and ARNT to the endogenous CYP1A1
enhancer was not affected by treatment with EGF (Fig. 3A).
Because EGF was able to repress transcription driven by the
minimal synthetic 2 XRE, but did not decrease the binding of
AHR or ARNT to CYP1A1 XREs, we investigated the effect of
EGF on TCDD-mediated coactivator recruitment. Transcrip-

tion by the AHR complex has been shown to be regulated by
several coactivators, including the histone acetyltransferase p300
(15). ChIP assays revealed that TCDD increased the association
of p300 with the CYP1A1 enhancer region after 15 min of
treatment, and that the presence of p300 was sustained through-
out. Importantly, the recruitment of p300 to the enhancer was
prevented by treatment with EGF (Fig. 3B). Immunoblots of
nuclear extracts from NHEKs demonstrated that p300 protein
levels were not altered (Fig. 3C). Overexpression of p300 using
a recombinant adenovirus significantly relieved the EGF-
mediated repression of CYP1A1 mRNA expression (Fig. 3D).
Immunoblots indicated that expression of recombinant p300 pro-
tein was increased �10-fold over the endogenous levels (Fig. 3E).

Inhibition of AHR-Mediated Keratinocyte Differentiation by EGF. As
previously reported (9), treatment of keratinocytes with TCDD
significantly increased the percentage of cornified envelopes (CEs),
and accelerated the rate of terminal differentiation (Fig. 4A). The
formation of CEs-a highly cross-linked structure of loricrin, involu-
crin, and additional proteins is a quantitative marker of keratino-
cyte differentiation (16). Inhibition of the TCDD-mediated in-
crease in terminal differentiation by �-naphthoflavone (1 �M), an
AHR antagonist at this concentration, indicated that the increase
in terminal differentiation by TCDD was mediated by the AHR
(Fig. 4A). This increase was completely blocked by EGF (Fig. 4B).
Also, when cells were treated with EGF, cotreatment of the cells
with TCDD and the EGFR tyrosine kinase inhibitor PD153035
resulted in an increased efficacy to promote cell differentiation
compared with TCDD alone (Fig. 4C).

Increases in the Expression of ARNT-Regulated Genes Involved in
Cornification by TCDD. The expression of keratin (K)1 , one the
earliest markers of keratinocyte differentiation, is known to be
regulated by cell density (17). Although treatment with EGF
inhibited the density-dependent expression of K1, TCDD had no
effect on the expression of this gene, whose product is involved in
early differentiation (Fig. 4D). However, the levels of mRNA of 3
genes were significantly elevated by treatment with TCDD for 24 h
(Fig. 4 E–G). These genes included filaggrin (FLG), ceramide
glucosyltransferase (UGCG), and sphingolipid C4-hydroxylase/
delta 4-desaturase (DEGS2), all known to be regulated by ARNT
during cornification (late differentiation) and to contribute to
epidermal barrier function (18, 19). Also, treatment with EGF
markedly inhibited both the cell density-dependent and TCDD-
mediated expression of each of these 3 genes (Fig. 4 E–G).

Discussion
This study shows that EGF or TGF� opposed AHR-mediated
biological effects in human keratinocytes, including gene tran-
scription and cell differentiation. Given that the activation of the
AHR in NHEKs has previously been shown to increase expres-
sion of TGF� (11), and that our work shows that EGFR ligands
block AHR signaling, we conclude that EGFR activation likely
modifies AHR signaling in an autocrine/paracrine manner.

Inhibitor studies demonstrated that gene transcription and cell
differentiation effects of EGF were mediated through the
EGFR. Mechanistic studies revealed that EGF inhibited tran-
scription; however, assembly of the AHR-ARNT complex at the
enhancer of CYP1A1 was not altered. Further studies demon-
strated that p300 recruitment was decreased by EGFR signaling.
A role for p300 in AHR-regulated transcription was first indi-
cated by studies in which E1A repressed CYP1A1 induction (20).
Since then, p300 was shown to bind to ARNT in the AHR–
ARNT complex (20, 21). Also, a recent study showed that
TCDD-mediated elevations of CYP1A1 and CYP1B1 mRNAs
were inhibited when p300 was decreased by mRNA interference
(22), indicating that this coactivator has a role in AHR-mediated
transcription. Here, as previously reported (23), the recruitment

Fig. 3. EGF decreases binding of p300, but not AHR or ARNT, to the CYP1A1
XRE. Basal medium, or medium with EGF (10 ng/mL) was added 24 h before
treatment. (A and B) ChIP assay of the CYP1A1 enhancer under the indicated
conditions. (A) Cells were treated with either 0.1% DMSO or TCDD (10 nM) for
0.5 h. The Abs used during immunoprecipitation are indicated at left. Levels
of input DNA are shown in the lowest inset. (B) Cells were treated with either
0.1% DMSO or TCDD (10 nM) for the indicated amount of time. The samples
were subjected to ChIP analysis by using p300 Ab. Levels of input DNA are
shown in the lowest row. (C) Immunoblot of nuclear extracts (10 �g per lane)
incubated with p300 Ab. Cells were treated with either 0.1% DMSO or TCDD
(10 nM) for 30 min. (D) Messenger RNA from uninfected cells (white bars), null
vector-infected cell (gray bars), or p300-infected cells (black bars) was isolated
after 24 h of treatment with 0.1% DMSO or TCDD (10 nM). Real-time PCR was
used to determine the level of CYP1A1 mRNA, and the lowest value for each set
of experiments was given a value of 1. The values are a mean of triplicate
samples � SD. The a indicates that p300 infection (black bars) produced signifi-
cantly more CYP1A1 mRNA than the null vector infection (gray bars); P � 0.03 by
Student’s t test. (E) Quantification of immunoblots of p300 in whole cell extracts
from null vector-infected cells (gray bars) or p300-infected cells (black bars).
Extracts were isolated after 24 h of treatment with 0.1% DMSO or TCDD (10 nM).
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of p300 to the CYP1A1 XREs was detected within 15 min of
TCDD treatment. Although EGF prevented recruitment of p300
to the CYP1A1 enhancer, we demonstrated that this effect was
not accompanied by a decrease in the total level of nuclear p300
protein. However, by overexpressing p300, we were able to
significantly relieve the EGFR-mediated repression of CYP1A1,
indicating that some form of p300 was limited in its availability
for recruitment to the AHR complex. A possible mechanism for
the loss of p300 recruitment to the AHR complex is one of
limiting cofactors, where transcription factors compete for co-
factor binding (24). This mechanism is supported by a study
showing that multiple signaling pathways and �10 transcription
factors (25), some of which are known to use p300 (26), are
activated by EGF. Also, studies in M12 cells showed that a single
transcription factor downstream of EGFR, Egr1, bound to the
promoters of 288 genes (27). An alternate possibility is that
EGFR signaling may cause a posttranslational modification of
p300, preventing it from binding to the AHR complex. Evidence
supporting this mechanism comes from studies of K16 gene
expression in keratinocytes, where Erk2-mediated phosphory-
lation of C-terminal serine residues was shown to control p300
recruitment to the K16 promoter (28). The observed relief from
EGF-mediated repression by p300 overexpression may represent
the fraction of the pool of expressed p300 that escapes posttrans-
lational modifications. For the AHR, LPS-stimulated activation of
nuclear factor (NF)-�� has been shown to repress AHR-mediated
transcription and overexpression of p300 or SCR-1 relieved this
effect (29). Because EGF is known to activate NF-�� (30), we
considered this mechanism. However, neither inhibition of NF-��
with ammonium pyrrolidinedithiocarbamate, nor the cell-
permeant inhibitory peptide SN50 relieved the repression by EGF
(Fig. S4). These results indicate that NF-�� is not responsible for
the effects observed here in NHEKs. In summary, our data indicate
that p300 is a key component of the AHR transcriptional complex
and is a critical target for the repression of this complex by EGFR
signaling.

In addition to the regulation of CYPs, the AHR mediates
numerous toxic effects of TCDD. Because chloracne is the
hallmark of dioxin exposure in people, and increased interfol-
licular differentiation is a consistent endpoint of this effect (5),
we studied the effect of TCDD on keratinocyte differentiation.
Our results indicate that the AHR mediates this effect of TCDD,
which was inhibited to near-basal levels by treatment with EGF.
Although EGF is known to inhibit keratinocyte differentiation
(16, 31), we know of no other study showing that EGF inhibits
the action of a differentiation-promoting chemical. EGFR ty-
rosine kinase inhibitors are known to promote keratinocyte
differentiation (32), and such chemicals are under development
for the treatment of psoriasis. Here, our results showing the
enhanced efficacy of an EGFR tyrosine kinase inhibitor and
TCDD to promote cell differentiation in the presence of EGF
indicate that combined drug therapy may provide an improved
benefit over single-agent therapy for psoriasis.

To evaluate the stage of differentiation affected by dioxin, we
determined the effects of cell density, TCDD, and EGF on the
expression of genes that are either early or late markers of this
process. The expression of both K1 (early) and FLG (late) was
increased by cell density and inhibited by EGF, supporting the
concept that EGF acts to inhibit multiple prodifferentiation
signals in keratinocytes. The EGF effect on density-dependent
gene expression has been reported in the literature (31). For K1,
a recent study shows that EGF suppresses K1 by repressing the
expression of Notch 1, an important regulator of cell-fate
decisions in the epidermis (33). Although the expression of K1
was not altered by TCDD treatment, the expression of FLG was
significantly increased over density alone by TCDD. The effect
of TCDD on FLG, an important protein of the cornified layer,
but not on K1, indicates that the action of TCDD may be
restricted to cornification.

Two independent studies have shown that targeted ablation of
Arnt in the mouse epidermis results in early postnatal death
associated with a failure of epidermal permeability barrier
function (18, 19). In each study, histology showed small changes

Fig. 4. Opposing effects of TCDD and EGF on differentiation of NHEKs. (A) NHEKs were grown to confluence, and basal medium, or medium with
�-naphthoflavone (NF, 1 �M) was added 24 h before treatment. CEs were isolated after treatment with either 0.1% DMSO or TCDD (10 nM) for 5 days. (B) NHEKs
were grown to confluence, and basal medium with or without EGF (10 ng/mL) was added 24 h before treatment. CEs were isolated after treatment with either
0.1% DMSO or TCDD (10 nM) for 5 days. (C) NHEKs were grown to confluence, and basal medium, or medium with EGF (10 ng/mL), was added 24 h before
treatment. CEs were isolated after treatment with either 0.1% DMSO or TCDD (10 nM) in the presence or absence of PD153035 (300 nM) for 5 days. (A–C) The
values for CEs are a mean of triplicate samples � SD. (D–G) NHEKs were grown to a cell density of either 50% or 100% confluence before basal medium, or medium
with EGF (10 ng/mL), was added for 24 h before treatment. Total mRNA was isolated after treatment with either control vehicle (0.1% DMSO) or TCDD (10 nM)
for 24 h. Real-time PCR was used to determine the relative expression of each indicated gene (y axis). Levels of mRNA [mean (n � 3) � SD] are expressed in units
relative to the minimum, given a value of 1. (A–G) The a indicates that the value from treatment with TCDD is significantly different from the DMSO control;
the b indicates that the value from cotreatment with TCDD and NF is significantly different from TCDD alone; the c indicates that the value from cotreatment
with TCDD and EGF is significantly different from with TCDD alone; the d indicates that the value from treatment with TCDD, EGF, and PD153035 is significantly
different from treatment with TCDD and EGF; and the e indicates that treatment with EGF is significantly different from DMSO control treatment. For each of
these comparisons, P � 0.01 by Student’s t test. Comparisons made in D–G are within the group grown to a cell density of 100% confluence.
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in the architecture of the cornified layers. Biochemical analyses
revealed changes in lipid metabolism affecting permeability,
specifically alterations of the 4-sphingenine scaffolds of cer-
amides (18), and ceramide metabolism, including down-
regulation of the UGCG pathway in the Arnt null epidermis (19).
In one study, microarray analysis revealed that the expression of
FLG was regulated by ARNT (19). Because ARNT is the
heterodimer partner of the AHR, and the expression of FLG was
elevated by TCDD treatment of NHEKs, we examined the
expression of 2 additional genes critical to sphingolipid and
ceramide biosynthesis in skin and regulated by Arnt (19, 20). This
work showed that the expression of UCGC and DEGS2 (DES2)
was increased by TCDD treatment and repressed by EGF.
Ceramides are the major lipid component of the epidermal
permeability barrier. DEGS2 is expressed during keratinocyte
differentiation and is important to the synthesis of ceramides on
their extrusion from lamellar granules into the extracellular
space of the upper layers of the epidermis (34). Because the
phenotype of epidermal Arnt null mice is much more severe
(early postnatal death; see refs. 18 and 19) than the reported
phenotype of Ahr null mice (35, 36), the effects of Arnt ablation
in the epidermis cannot be completely codependent on the
AHR. However, it is possible that a subset of ARNT-regulated
genes is regulated by the AHR-ARNT heterodimer and partic-
ipates in epidermal differentiation. It is also possible that the
effects of TCDD on epidermal differentiation are aberrant due
to inappropriate activation of the AHR, formation of AHR–
ARNT complexes, and disruption of ARNT signaling.

In conclusion, the results of our work demonstrate previ-
ously undescribed regulation of AHR-mediated effects by
EGFR signaling. The effects of TCDD on the expression of
ARNT-regulated genes important to epidermal barrier func-
tion provide new insights into the actions of TCDD as a
chloracnegen. It remains to be studied whether EGFR signal-
ing by the mechanism described here affects the incidence or
severity of dioxin toxicity in vivo, and to elaborate the effects
of TCDD in the skin.

Materials and Methods
Keratinocyte Cell Culture. Neonatal foreskin NHEKs, purchased from Lonza,
were grown in keratinocyte-SFM (Invitrogen). Unless otherwise indicated,
confluent fifth-passage NHEKs were incubated in complete medium for 2 days
before pretreatment with EGF for 24 h. Where multiple treatments are
indicated, all subsequent treatments took place in the continued presence of
the supplement.

Biochemical Analyses. We isolated mRNA by using RNA Stat-60 (Tel-Test).
Real-time PCR was carried out by using iQ SYBR Green Supermix (Bio-Rad) and
the following primers (5	-3	). CYP1A1: CATCCCCCACAGCACAACAAGAGA and
GCAGCAGGATAGCCAGGAAGAGAA; K1: TGTCTGGAGAATGTGCCCCGAACG
and CCGCCGCCACCTCCAGAACCAT; FLG: GACACCCCGGATCCTCTCACC and
AGCTGCCATGTCTCCAAACTAAAC; UGCG: CCTGCGGGAGCGTTGTC and TTGT-
TGAGGTGTAATCGGGTGTAG; and DEGS2: GCGGGTGTACAGGCTG-
GCAAAAGA and ACAAGGGCAGCAGTCCAGAGCACA. Cyclophilin was used as
the reference for sample normalization using primers GCAGAGGGTTAAG-
GCGCAGACTAC and TAAGGTGGGCAGAGAAGGGGTTTT. After verifying that
cyclophilin and target mRNA primers had similar amplifying efficiencies, the
comparative method, using the formula 2�

CT, was used to quantify relative
mRNA levels and carry out statistical analysis (37). All statistical comparisons
were performed by using SigmaStat 3.5 (SPSS).

Protein Assays. ECOD assays were performed as described (13). For immuno-
blot detection of AHR, nuclear extracts were prepared by using NE-PER kit
(Pierce). Proteins (20 �g per lane) were separated by SDS/PAGE through a 7.5%
gel and transferred to PVDF (Millipore) (38). The AHR protein was detected by
using the Ab H211 (Santa Cruz Biotechnology). For detection of p300, whole cell

extracts were prepared by incubating cells in RIPA (0.1% SDS/1% Nonidet P-40/5
mM EDTA/0.5% sodium deoxycholate/150 mM NaCl/50 mM Tris�Cl, pH 7.2/Halt
protease inhibitor mixture; Pierce). Nuclear extracts were prepared by using the
NE-PER kit (Pierce). Samples were separated on a 5% gel, transferred to PVDF
(Millipore), and incubatedwithap300antibody (1 �g/mL) (Upstate). LaminB1Ab
(Santa Cruz Biotechnology) was used to control for sample loading.

EMSA and ChIP Assays. EMSAs were carried out according to a published
method (39). ChIP assays were performed as described in ref. 42, except that
DNA was purified by using Qiaquick DNA purification kit (Qiagen). The
conditions for PCR included an initial 15-min 95 °C incubation, followed by
cycling between 95 °C for 30 s, 61.4 °C for 30 s, and 72 °C for 30 s, and then a
single incubation at 72 °C for 2 min. The PCR primers used were TAAGAGC-
CCCGCCCCGACTCCCT and TAGCTTGCGTGCGCCGGCGACAT, amplifying the
sequence between �1088 and �886 (40), relative to the CYP1A1 transcription
start site. PCR products were analyzed on 1.8% agarose gels. To analyze input
DNA, DNA-protein cross-links were reversed by adding NaCl to 0.45 mM and
heating to 95 °C for 15 min. RNase A was added, then samples were incubated
at 37 °C for 30 min, and purified by using the QIAquick DNA purification kit
(Qiagen). PCR was performed and analyzed by using the above primers and
conditions.

Transcription Assays. Nuclear run-on assays were performed as described in
ref. 10. To create p1A1-1, KpnI-digested pRNH11C (kindly provided by R. N.
Hines; see ref. 41) was cloned into KpnI-digested pCAT3 promoter (Promega)
to create pJSR212; pJSR212 was digested with KpnI and inserted into KpnI-
digested pCAT basic. To create p1A1-2, pJSR212 was digested with ApaI and
SacI. The ends were filled in by using the Klenow fragment of DNA polymer-
ase, and the insert was ligated back into pCAT3 promoter; 2 XRE was gener-
ated by annealing the following oligonucleotides, GCGAGCTCGGGATCCT-
TCTCACGCAACGCCTGGGCATCCTTCTCACGCAACGCCTGGGCACTCGAGCGG
and CCGCTCGAGTGCCCAGGCGTTGCGTGAGAAGGATGCCCAGGCGTT-
GCGTGAGAAGGATCCCGAGCTCGC, which contain 2 consensus XREs, con-
nected by a BamHI site, with SacI and XhoI sites on the ends. The SacI- and
XhoI-digested double-stranded oligonucleotide was ligated into SacI- and XhoI-
digested pCAT3 promoter; p1B1-1 was a kind gift from W. F. Greenlee (42).

Transcriptional Reporter Analysis. Cells were cotransfected with a reporter
construct and the �-gal vector, pCMV10 (kindly provided by C.-S. Hwang, The
Johns Hopkins University). Confluent cells were incubated with DNA and
Lipofectin (Invitrogen) for 12 h, then switched to complete medium for 18 h.
Cells were put into basal medium for 6 h, followed by treatment medium for
24 h. Chloramphenicol acetyltransferase (CAT) activity was measured as de-
scribed (39).

Adenovirus Infections. Fourth-passage cells were grown to a density of
�95%. Adenovirus constructs (Cell Biolabs) were added in complete me-
dium at a multiplicity of infection of 1,000. After 24 h, viruses were
removed and replaced with medium with or without EGF (10 �g/mL). After
an additional 24 h, cells were treated with either 0.1% DMSO or TCDD (10
nM) for 24 h.

Keratinocyte Differentiation. The formation of CEs was quantified by
using published procedures (16). At the concentration used in this study,
�-naphthoflavone (1 �M) has been shown to act as an AHR antagonist (43).

Additional Reagents. TGF� was from Sigma, EGFR Ab LA1 was from Upstate
Tech, ammonium pyrrolidinedithiocarbamate was from Calbiochem, and
SN50 was from Biomol.
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