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Chloracne is commonly observed in people exposed to dioxins, yet
the mechanism of toxicity is not well understood. The pathology of
chloracne is characterized by hyperkeratinization of the inter-
follicular squamous epithelium, hyperproliferation and hyperker-
atinization of hair follicle cells as well as a metaplastic response of
the ductular sebum secreting sebaceous glands. In vitro studies using
normal human epidermal keratinocytes to model interfollicular
human epidermis demonstrate a 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD)-mediated acceleration of differentiation and increase in gene
expression of several prodifferentiation genes, including filaggrin
(FLG). Here, we demonstrated that the TCDD-activated aryl
hydrocarbon receptor (AHR) bound a small fragment of DNA
upstream of the transcriptional start sites of the FLG gene, containing
one of two candidate xenobiotic response elements (XREs). Reporter
assays using the promoter region of FLG containing the two putative
XREs indicated that the increase in this messenger RNA (mRNA) was
due to TCDD-mediated enhanced transcription, which was lost when
both XREs were mutated. As FLG is part of the human epidermal
differentiation complex (EDC) found on chromosome 1, we measured
mRNAs from an additional 18 EDC genes for their regulation by
TCDD. Of these genes, 14 were increased by TCDD. Immunoblot
assays demonstrated that the proteins of FLG as well as that of
another prodifferentiation gene, small proline rich protein 2, were
increased by TCDD. In utero exposure to TCDD accelerated the
formation of the epidermal barrier in the developing mouse fetus by
approximately 1 day. These results indicate that the epidermal
permeability barrier is a functional target of the TCDD-activated
AHR.
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Normal human skin epidermis is composed of highly
organized stratified epithelium. Each of the morphologically
distinct strata, the basal, spinous, granular, and cornified, have
unique functional characteristics. The proliferative basal cell
layer of keratinocytes is found attached to the basement
membrane and gives rise to the polyhedron-shaped cells of the

spinous layer. Keratinocytes continue to migrate outward as they
change to the more differentiated phenotype of the granular
layer, which is visually characterized by cells with keratohyalin-
and profilaggrin-filled granules and lipid-filled lamellar bodies.
The outermost cornified layer is composed of terminally
differentiated anucleated corneocytes held together by tight
and adherens junctions as well as corneodesmosomes. Anchored
to the corneodesmosomes, intracellular structural proteins such
as intermediate filaments provide cellular strength. Together
with extruded extracellular lipids, the stratum corneum and the
nucleated cells of the epidermis provide protection from water
loss, exposure to infectious or chemical agents, and loss of heat.
Eventually, corneocytes are sloughed from the epidermis as they
are replaced with new ones (Proksch er al., 2008).

The synchronized processing of numerous proteins and lipids
is critical to establishing and maintaining an epidermal barrier.
Disruption of this barrier is now understood to be important in the
pathogenesis of multiple skin diseases including contact
dermatitis, ichthyosis vulgaris, psoriasis, and atopic dermatitis
(Proksch et al., 2008). Numerous structural proteins have been
shown to be important to the formation of the epidermal barrier,
many of which are present in the epidermal differentiation
complex (EDC) locus, spanning 1.6 Mb on human 1q21
(Mischke et al., 1996; Volz et al., 1993). Loss-of-function
mutations in one of these proteins, filaggrin (FLG), have been
shown to underlie the skin disease icthyosis vulgaris (Smith ez al.,
2006) and have been associated with atopic dermatitis (Palmer
et al., 2006; Smith et al., 2006). In addition, atopic dermatitis and
psoriasis have shown genetic linkage to the EDC, which contains
nearly 60 genes as possible candidates for disease causation (de
Cid et al., 2009; Palmer et al., 2006; Zhang et al., 2009).

Previously, we and others have demonstrated that the
environmental  contaminant, 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD, dioxin), alters keratinocyte terminal differenti-
ation in vitro (Greenlee et al., 1985; Loertscher et al., 2001;
Sutter et al., 2009). TCDD increases the quantity of cornified
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envelopes in monolayer cultures of normal human keratinocytes;
organotypic cultures of keratinocytes treated with TCDD
develop a cornified layer earlier than controls as well as a thicker
keratinized layer and more compact spinous and granular layers
(Loertscher er al., 2001). Increases in the expression of genes
important to keratinocyte differentiation have been reported in
these two in vitro models. In monolayers of normal keratino-
cytes, we and others have reported TCDD-mediated increases in
FLG messenger RNA (mRNA) (Sutter ez al., 2009) and protein
(Ray and Swanson, 2003), involucrin (IVL) protein (Ray and
Swanson, 2003), as well as the expression of additional mRNAs
of genes involved in terminal differentiation, including sphin-
golipid C4-hydroxylase/delta 4-desaturase (DEGS2), UDP-
glucose ceramide glucosyltransferase (UGCG) (Sutter et al.,
2009), interleukin-1 beta (IL-1B), and plasminogen activator
inhibitor-2 (Sutter et al., 1991). In organotypic cultures, TCDD
causes increased and aberrant expression of FLG, IVL, and
transglutaminase (TGM) proteins (Loertscher et al., 2001).

In utero exposure models demonstrate that skin from fetuses
exposed to TCDD at gestational day 13 have an increase in FLG
and loricrin (LOR) proteins at gestational day 16 (Loertscher
et al., 2002). While the authors did not see any morphological
differences between the skin of the fetuses from the control and
TCDD-treated mice, functional assays were not performed. We
hypothesized that the formation of an epidermal barrier in fetuses
following in utero exposure to TCDD would be accelerated.

The mechanism of regulation of genes involved in epidermal
differentiation by TCDD has not been explored. A decrease in
FLG, DEGS2, and UGCG mRNA in aryl hydrocarbon receptor
(AHR) nuclear translocator (ARNT) null keratinocytes indi-
cates that ARNT is possibly directly regulating the transcrip-
tion of these genes (Geng et al., 2006). As the AHR is one of
the known dimerization partners of ARNT and is activated by
TCDD, we investigated whether the AHR, activated by TCDD,
can increase the transcription of FLG. As FLG is located within
the EDC, we selected 18 other genes found in the EDC to
determine whether their expression was increased by TCDD.
The selection of genes to study was based on their association
with differentiated normal skin (Smiley ez al., 2005) or with the
more differentiated suprabasal cell layer (Radoja et al., 2000).
One of these genes, small proline-rich(SPRR)2A, is decreased
in the ARNT null keratinocytes, similar to FLG (Geng e al.,
2006), indicating that it may be regulated by TCDD as well.

Activation of the epidermal growth factor receptor (EGFR)
pathway in normal human epidermal keratinocytes (NHEKSs)
inhibits TCDD-mediated differentiation and inhibits TCDD-
mediated increases in the mRNAs of FLG, DEGS2, and UGCG
(Sutter et al., 2009), each of which is associated with epidermal
differentiation. EGFR activation decreases AHR transcription
of cytochrome P450 (CYP) 1Al by inhibiting the binding of
the coactivator, p300, to the AHR transcriptional complex
(Sutter et al., 2009). To explore further the interaction of the
AHR and EGFR pathways, we investigated the effect of EGF
on the AHR transcriptional regulation of FLG. In addition,

129

we studied effects of EGF on TCDD-mediated increases in the
genes of the EDC.

The formation of an epidermal barrier is essential for life.
Without a fully functioning barrier, losses of water and heat, as
well as increased exposure to infectious and chemical agents,
have serious detrimental consequences to survival. Agents that
increase epidermal differentiation, such as glucocorticoids
(Aszterbaum et al., 1993), estrogen (Hanley et al., 1996), and
activators of peroxisome proliferator-activated receptor
(PPAR)a (Hanley er al., 1997), PPARS (Jiang et al., 2010),
and liver X receptor (Hanley er al., 1999), accelerate the
formation of the epidermal barrier in utero. As activation of the
AHR caused increases in numerous genes located within the
EDC and in utero TCDD exposure increased fetal FLG and LOR
protein expression in the skin (Loertscher et al., 2002), we
sought to determine whether activation of the AHR by TCDD
would alter the development of the cornified layer and the
formation of the epidermal barrier in utero.

MATERIALS AND METHODS

Chemicals. Dimethyl sulfoxide (DMSO) and alpha-napthoflavone (ANF)
were purchased from Sigma (St Louis, MO).

Keratinocyte cell culture. Neonatal foreskin NHEKs, purchased from
Lonza (Walkersville, MD), were grown in keratinocyte serum-free media
([KSEM] Invitrogen, Carlsbad, CA). Confluent fifth passage NHEKs were
pretreated in basal medium with or without EGF for 24 h. Treatments (with or
without EGF and with or without TCDD) were carried out for 24 h unless
otherwise indicated (Sutter ef al., 1994, 2009).

Quantitative real-time PCR. Total RNA was isolated using RNA Stat-60
(Tel-Test, Friendswood, TX). Quantitative real-time PCR was carried out in an
iCycler (Bio-Rad) with M-MLV RT (Invitrogen), iQ SYBR Green Supermix
(Bio-Rad), and the primers listed in Table 1 (Integrated DNA Technologies,
Coralville, IA), as described in (Sutter er al., 2009). Cyclophilin (PPIA) was
used as the reference for sample normalization. Levels of mRNA (n = 3 + SD)
were plotted relative to DMSO control sample, given a value of one.

Western blots. Protein was isolated by boiling cells in lysis buffer (2%
SDS, 1% beta-mercaptoethanol, Tris-HCI [pH 6.8]) for 10 min. Samples were
separated by sodium dodecyl sulfate—polyacrylamide gel -electrophoresis,
transferred to polyvinylidene difluoride membrane, and incubated with FLG
(Leica, Buffalo Grove, IL) or SPRR2 (Enzo, Plymouth Meeting, PA) antibodies
and species appropriate horseradish peroxidase-conjugated secondary anti-
bodies (Jackson Immunoresearch Laboratories, West Grove, PA). Signals were
visualized by chemiluminescence after incubation with Supersignal West Pico
Chemiluminescent Substrate (Pierce, Rockford, IL) (Sutter et al., 2009) and
quantified by densitometry using ImageJ (National Institutes of Health).

Chromatin immunoprecipitation (ChIP) assays. ChIP assays were
performed as in (Beischlag er al., 2004) except that DNA was purified using
QIAquick DNA Purification Kit (Qiagen). The AHR antibody and normal
rabbit IgG were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Primers used for PCR were 5'-CACCAGTGCTATTGAGAGG-3’ and 5'-
CATATTGGTCCACTACTGTTC-3’, which amplified the sequence from
—1565 to —1368, relative to the FLG transcriptional start site (TSS) at +1.
The conditions for PCR using HotStart Taq DNA Polymerase with Q-Solution
(Qiagen) included an initial 15 min 95°C incubation followed by cycling between
95°C for 30 s, 49°C for 30 s, and 72°C for 30 s and then a single incubation at
72°C for 2 min. PCR products were analyzed on 1.8% agarose gels. To analyze
input DNA, DNA-protein crosslinks were reversed by adding NaCl to 0.45mM
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TABLE 1
Primer Pairs Used in Quantitative Real-Time PCR

Gene Forward primer (5'-3") Reverse complement primer (5'-3")
S100A11 TTGACCGCATGATGAAGAAACTGG GATGGGTGGGCTGTGGAGATGATG
RPTN GAGGCCCCAAACCAGAGAAC AGGGAGATACAGCAGAGGATAGAG
HRNR CCAGCACCAAGAGGAACAAGAAGA GCCGCGGCCTGAAGACTGATG

FLG GACACCCCGGATCCTCTCACC AGCTGCCATGTCTCCAAACTAAAC
FLG2 GTGGGCATGAATCAAACTCTACTC ACTTCGCCTCCCACTGTCTCCT
LCE3E CGAGGGCGGCTGCTTCC GCCCCCGCCTTGCTGAC

LCE3A CCAGCCTCCGCCCAAGTG TCAGCAGCAGCCCGCAGAA

LCE2B TGCGTGTGACCAGGGTTGACTAA TTTGGGGTACACTTGGGAGGACA
LCE2A AGCCCCGATTGTTGTGAGTGTG AGAAAAAGGGGCAGGAGAAGCATC
LCEIC TGTCCCCCAAAGTGTCCCCCTAAG CAGCAGCCACCTCCCCCAGAAC
IVL GGCCACCCAAACATAAATAACCAC CACCTAGCGGACCCGAAATAAGT
SPRRI1A CTGGCCACTGGATACTGAACACC GCACCCGAGCAACAAGAAGA
SPRR2A CCCCACCCTGCCAGTCAAAGTA GCAGTATGGCAGCCTCAGAAAAGA
SPRR2B CCCACCCTGCCAGCCAAAGTA CATGCCCAGGTGAAAGACAGACA
LOR GGCCACCCAAACATAAATAACCAC CACCTAGCGGACCCGAAATAAGT
S100A9 GTGGCTCCTCGGCTTTGACAG GATCTTTTCGCACCAGCTCTTTGA
S100A12 CAAGGCCTGGATGCTAAT AAGGCTGGGTTTTGGTGA

S100A7 AATTACCTCGCCGATGTCTTTGA ATGGCTCTGCTTGTGGTAGTCTGT
PPIA GCAGAGGGTTAAGGCGCAGACTAC TAAGGTGGGCAGAGAAGGGGTTTT

and heating to 95°C for 15 min. RNase A was added and samples were incubated
at 37°C for 30 min, followed by purification using QIAquick DNA Purification
Kit (Qiagen). PCR was preformed and analyzed using the above primers and
conditions.

Luciferase reporter constructs. To generate pGL4.23-1A1 (—815/—1216),
a 402-bp region of genomic DNA containing two minimal and three canonical
xenobiotic response elements (XREs) was amplified using the following primer
sequences: 5'-TATGGTACCGCAGAAGCCACACGCAGACC-3', containing
a Kpn I site, and 5'-TATGAGCTCGGGGGCCACGGAAAGACTC-3’, con-
taining a Sac I site. For the creation of pGL4.23-FLG (—1346/—2058), a 712-bp
region containing two canonical XREs was amplified using the following
primers: 5'-TATGGTACCCTTGGGTCGCTTATCAGTAT-3’, containing a
Kpn Isite, and 5'-TATGAGCTCAAATCTTTGCGTGCTATCC-3’, containing
a Sac I site. PCR amplified fragments were digested with Kpn I and Sac I and
ligated into Kpn I- and Sac I-digested pGL4.23 (Luc2/minP) vector (Promega,
Madison, WI). Mutagenesis of the two XRE regions of FLG was conducted using
the Quick Change II Site Directed Mutagenesis Kit (Agilent Stratagene, Santa
Clara, CA). Briefly, the synthetic oligonucleotide primers, each complementary
to opposite strands of the insert of interest, and containing the desired mutation
are extended during temperature cycling by PfuUltra HF DNA polymerase,
without primer displacement. The following primers were used for mutagenesis:
Ml: 5'-CCTGATGATTAAAATTAATACACTCAAAATCTTAGCACATT-
CC-3’ and 5'-GGAATGTGCTAAGATTTTGAGTGTATTAATTTTAATCA-
TCAGG-3"; M2: 5'-GGTAGTGGAGGATAGCACTCAAAGATTTGAGC-
TCGCTA-3" and 5'-TAGCGAGCTCAAATCTTTGAGTGCTATCCTCCAC-
TACC-3'. The extension of the oligonucleotide primers generated the mutated
M1 and/or M2 XRE sequence. All constructs were verified by DNA sequence
analysis.

Luciferase activity. NHEKs were cultured in 12-well plates and cotrans-
fected with 0.1 pg of Renilla luciferase DNA pGL4.74 (Promega) and 0.9 pg of
the following firefly luciferase plasmids: pGL4.23 (Promega), pGL4.23-1A1,
pGL4.23-FLG, pGL4.23-FLG M1, pGL4.23-FLG M2, or pGL4.23-FLG M1
and M2. Transient transfections of NHEKSs were performed using Lipofectamine
2000 (Invitrogen), according to the manufacturer’s instructions. Briefly, 100 pl of
basal KSFM (Invitrogen) containing DNA and 2.5 pl of Lipofectamine 2000 were
added to the cells for 6 h, after which the media was changed to complete media for
18 h. Pretreatment was carried out for 6 h (+ EGF, 10 ng/ml), followed by
treatment with vehicle control (0.1% DMSO) or TCDD (10nM) for 24 h, + EGF.

Dual luciferase assays (Renilla and firefly) were performed according to the
manufacturer’s instructions (Promega) using a TD 20/20 Luminometer (Turner
Biosystems, Sunnyvale, CA). Firefly luciferase activity was normalized to
Renilla luciferase.

XRE sequence analysis. Gene sequences, 5 kb upstream to 2 kb
downstream of the TSSs, were obtained from NCBI Human Genome Build
37.2 and analyzed for the presence of the XRE core consensus sequence,
5'-GCGTG-3', using Lasergene (DNASTAR, Madison, WI). A specific 5-bp
sequence is expected to be found approximately every 500 bp by chance alone.
In order to increase the likelihood that the core XRE consensus identifies an
actual XRE, a position weight matrix (Quandt et al., 1995) was calculated using
an additional 7 bps upstream and 7 bps downstream from the 5 bp core
consensus site of authenticated XREs. From this position weight matrix, a cut
off matrix similarity score was determined to be 0.8473, the lowest score of the
authenticated XREs (Dere et al., 2011). This approach considers mismatches at
less conserved positions, by giving each nucleotide a score based on its
frequency in authenticated XREs. We calculated matrix similarity scores for
each XRE (5 bp core XRE consensus site plus 7 upstream and 7 downstream
bps) using the described position weight matrix (Dere e al., 2011) and the
matrix similarity equation found in Quandt ez al. (1995).

Skin permeability assay. Time-mated presumed pregnant C5S7BL/J6 mice
(Jackson Laboratories) were fed Harlan Teklad No 216C Certified Global 16%
Protein Rodent Diet (Harlan Teklad, Madison, WI) ad [libitum. Mice were
treated with TCDD (10 pg/kg) or vehicle control in corn oil on embryonic day
(E)12 or E13 by gavage and sacrificed on E15 and E16, respectively (n = 3/
group). The skin permeability assay was carried out according to published
methods using 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal)
as the substrate (Hardman et al., 1998). Fetuses were immersed in X-gal
reaction mix for 18 h before photographs were taken. Digital color photographs
were converted to 8-bit gray scale for densitometric analysis using ImageJ.

Statistical analyses. Statistical analyses were performed using Student’s
t-test with Sidak-Bonferroni correction (p < 0.0253).

RESULTS

Exposure of confluent NHEKs to TCDD (10nM, 24 h) caused
a significant increase in the FLG RNA. TCDD-dependent FLG
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RNA increases were repressed by activation of the EGFR (Fig.
1A and Sutter et al., 2009). Immunoblots demonstrated that the
TCDD-mediated increase in FLG RNA resulted in an increase in
FLG protein. Statistically significant increases were detected after
24 and 72 h of TCDD treatment (10nM). TCDD-mediated
increases in FLG mRNA were decreased to control levels when
NHEKSs were cotreated with the AHR antagonist, ANF (Fig. 1B).
Both the control levels of FLG protein as well as the TCDD-
mediated increased levels were decreased by the presence of
EGF, correlating with the RNA results in Figure 1A (Fig. 1C).

Analysis of the human FLG gene (—5000 to +2000 kb)
revealed two XRE consensus sites (5'-CACGC-3'), one at
—2011 to —2007 and the other at —1402 to —1398, relative to
the transcription start site at +1 (Fig. 2A). ChIP assays
demonstrated that after treatment with TCDD, there was an
increase in the amount of AHR protein bound to the XRE
consensus site found at —1402 to —1398 (Fig. 2B). The XRE
consensus site, located at —2011 to —2007, was not analyzed
by ChIP. To determine whether FLG was transcriptionally
regulated by the AHR, luciferase reporter assays were carried
out in NHEKSs treated with TCDD with or without EGF. The
wild-type FLG reporter construct contains the FLG promoter
with both of the XRE consensus sites. The TCDD-mediated
increase in relative transcriptional activity of the wild-type
FLG promoter (3.2-fold) was similar to that of CYP1A1 (4.6-
fold), a gene well characterized for its regulation by the AHR
(Fig. 2C).

To provide further evidence that FLG is directly regulated by
the AHR, single and double XRE mutants were generated by
site-directed mutagenesis, where only the G in the consensus
sequence is changed to a T (5'-CACTC-3"), in either site (M1
or M2) or both sites (M1 and M2). Mutation of this nucleotide
was chosen based on its effectiveness in inhibiting binding of
the AHR (Shen and Whitlock, 1992; Yao and Denison, 1992).
Similar to results of Figure 2C, there was a transcriptional
increase following treatment with TCDD of 3.2-fold in the
NHEKSs transfected with the wild-type FLG XRE. When both
XREs were mutated, the levels of transcription after TCDD
treatment did not increase above the DMSO control levels
providing strong evidence that FLG is directly regulated by the
AHR. To determine the importance of each of the two different
consensus sites, individual sites were mutated and tested for
transcriptional activation. When the XRE located at —2011 to
—2007 (M1) was mutated, there was a slight decrease in
transcriptional activity indicating that the XRE found at —1402
to —1398 was able to sustain transcriptional activity although
at a slightly lower level than when both sites were functional.
When the XRE located at —1402 to —1398 (M2) was mutated,
no transcriptional activity was lost indicating that the XRE
located at —2011 to —2007 was sufficient to sustain trans-
criptional activity. Therefore, although there was a slight
decrease in transcription when only the XRE located at —1402
to —1398 was present, either site was capable of increasing
transcription in response to treatment by TCDD.
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FIG. 1. Increases in FLG RNA and protein levels by TCDD. (A) NHEKs
were grown to confluence before EGF (10 ng/ml) was added as indicated for 24
h before treatment. RNA was isolated after treatment with either control vehicle
(0.1% DMSO) or TCDD (10nM) for 24 h. Real-time PCR was used to
determine the relative mRNA expression of FLG (y-axis). Levels of mRNA
(mean [n = 3], £ SD) are expressed relative to DMSO control, given a value of
one. The a indicates a significant difference from control samples (i.e., no EGF
and no TCDD), p < 0.0253; the b indicates a significant difference from
samples treated only with TCDD, p < 0.0253. (B) NHEKs were grown to
confluence before basal media was added for 24 h. RNA was isolated after
pretreatment with either control (0.1% DMSO) or ANF (1uM) for 1 h followed
by the indicated treatments for 24 h. The concentration of TCDD was 10nM
and the final concentration of DMSO was 0.2%. (C) NHEKs were treated as
indicated for 24 or 72 h in the presence of ImM calcium chloride. Using
densitometry, the signals generated by immunoblots incubated with FLG
antibody were quantified (mean [# = 3], = SD). The « indicates a significant
difference from control samples at the corresponding time point (i.e., no EGF
and no TCDD), p < 0.0253; the b indicates a significant difference from
samples treated only with TCDD, p < 0.0253.

Activation of the EGFR was previously shown to decrease
the transcription rate of CYP1A1l and CYPIBI1, both AHR-
regulated genes (Sutter er al., 2009). This was replicated in
Figure 2B, where EGF decreased the AHR-mediated transcrip-
tional activity of CYP1A1 by 2.1-fold. To broaden the role of
EGFR in regulating AHR-mediated transcription, we tested the
effects of EGF on AHR-driven FLG transcription. As shown in
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FIG. 2. Transcriptional regulation of FLG by the AHR. (A) Scheme of the
FLG promoter region used in the studies presented in panel (B-D). Fragment
—1346 through —2058 is relative to TSS at +1. Gray boxes indicate the
locations of two consensus XREs (CACGC). Hatched line indicates the
fragment amplified during ChIP analysis using an AHR antibody in (B). M1
and M2 (CACTC) indicate the designations of the two mutant XREs used in
(D). (B) NHEKS treated with either 0.1% DMSO (C) or 10nM TCDD (T) were
subjected to ChIP assay using the AHR antibody or normal IgG for
immunoprecipitation and FLG primers to generate a DNA fragment. (C) and
(D) NHEKSs transfected with the indicated luciferase reporter constructs were
treated as indicated. Levels of luciferase (mean [n = 5], £ SD) are expressed in
units relative to the control (no EGF and no TCDD) for each construct, given
a value of one. The a indicates a significant difference from control samples
(i.e., no EGF and no TCDD), p < 0.0253; the b indicates a significant
difference from samples treated only with TCDD, p < 0.0253.

Figures 2C and 2D, EGF is able to decrease the AHR-mediated
transcription of FLG by 2.5- and 1.9-fold, respectively;
illuminating the possibility that activation of the EGFR
pathway in NHEKs may oppose the transcription of all genes
regulated by the AHR.

As TCDD is known to accelerate keratinocyte differentiation
and FLG is part of the EDC located on chromosome one, 18 other
genes in this complex were examined for their regulation by
TCDD (Fig. 3). TCDD exposure significantly increased mRNA
expression of 14 genes besides FLG (p < 0.0253). These
included repetin (RPTN) (2.1-fold), hornerin (HRNR) (3.6-fold),
FLG (1.5-fold), FLG2 (1.9-fold), late cornified envelope
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(LCE)3E (7.3-fold), LCE3A (36.6-fold), LCE2B (3.0-fold),
LCE2A (2.2-fold), LCE1C (2.0-fold), SPRRIA (2.0-fold),
SPRR2A (11.0-fold), SPRR2B (9.2-fold), S1I00A9 (3.8-fold),
S100A12 (4.6-fold), and S100A7 (8.5-fold). Compared with
TCDD alone, TCDD plus EGF significantly decreased the
following RNA levels, RPTN (4.3-fold), HRNR (16.1-fold), FLG
(10.7-fold), FLG2 (20.0-fold), LCE3E (4.3-fold), LCE3A (1.6-
fold), SPRR1A (1.9-fold), SPRR2A (2.9-fold), SPRR2B (1.6-fold),
S100A9 (3.4-fold), SI00A12 (6.4-fold), and S100A7 (3.2-fold).

Immunoblot assays using a SPRR2 antibody, which detects
both SPRR2A and SPRR2B proteins demonstrated that the
SPRR2 proteins levels corresponded to the mRNA levels, as
SPRR2 protein level was increased (2-fold) by TCDD alone and
this increase was repressed by EGF (3-fold) (Fig. 4). SPRR2 was
chosen for protein analysis due to the fact that SPRR2A and
SPRR2B mRNAs were highly increased by TCDD and there
was an antibody readily available to the protein.

Analysis of DNA sequence 5 kb upstream and 2 kb down-
stream of the TSSs resulted in detection of the core XRE
(5'-GCGTG-3") in each of the genes selected to study (Table
2). Based on a previous analysis of confirmed XRE sequences,
a matrix similarity score of 0.8473 was proposed as the
threshold value of putative 19 bp XREs (7 bp upstream and
7 bp downstream of 5 bp consensus) (Dere et al., 2011). Of the
14 genes with mRNA expression significantly increased by
TCDD, only HRNR, FLG, FLG2, and LCE3E had at least one
XRE with a matrix similarity score >0.8473.

To investigate the effect of TCDD-mediated activation of the
AHR on skin development in utero, pregnant mice were treated
with TCDD (10 pg/kg) on E12 or E13 by gavage and sacrificed
on E15 and E16, respectively. Fetuses were subjected to an
epidermal permeability assay. After submerging fetuses in the
reaction mix containing X-gal, a substrate for endogenous
B-galactosidase, the color of the fetus is assessed. A blue color
indicates that the barrier has not formed, as the X-gal is able to
enter the fetuses, whereas a pink color indicates that the barrier
has formed, as the X-gal is not able to enter the fetuses. As
shown in Figure 5A and quantified in Figure 5B, TCDD
exposure caused a significant acceleration in epidermal barrier
formation in fetuses from mice treated on either E12 or E13
and sacrificed on E15 and E16, respectively. TCDD accelerated
the barrier formation by one day, as the TCDD-treated E15
mice have a similar barrier to the control E16 fetuses.

DISCUSSION

Whether increased FLG expression is associated with
chloracne has not been studied. However, following exposure
of organotypic cultures of human keratinocytes to TCDD,
increased aberrant expression of FLG associates with acceler-
ated differentiation, premature cornification, hyperkeratiniza-
tion, and compacted spinous and granular layers (Loertscher
et al., 2001). The most well-characterized function of FLG in
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FIG. 3. Regulation of genes in EDC on chromosome 1 by TCDD. (A) Scheme of human chromosome 1, indicating 1g21, and the genes associated with the
EDC. (B) NHEKs were grown to confluence and treated as indicated. Quantitative real-time PCR was used to determine the relative mRNA expression of each
indicated gene (y-axis). Levels of mRNA (mean [n = 3], + SD) are expressed in units relative to the DMSO control, given a value of one. The a indicates that the
value from treatment with TCDD is significantly different from the DMSO control, p < 0.0253; the b indicates that the value from cotreatment with TCDD and

EGEF is significantly different from TCDD alone, p < 0.0253.

the differentiating keratinocyte is to aggregate keratin into
filaments, which stabilize a network of structural proteins. When
degraded, FLG provides a source of free hygroscopic amino
acids needed to produce pyrrolidone carboxylic acid and trans-
urocanic acid, important components of the natural moisturizing
factor produced in the cornified layer of skin (Sandilands er al.,
2009). Premature over expression of FLG in vitro causes
a collapse of the keratin and vimentin intermediate filaments
networks, a disruption of the nuclear envelope, a loss of cell-cell
adhesion, and an increase in cell cycle arrest (Dale ez al., 1997,

Presland er al., 2001), each a feature of terminal differentiation.
Transgenic mice prematurely expressing human FLG demon-
strate accelerated barrier recovery following an acute barrier
disruption (Presland er al., 2004). These in vitro and in vivo
effects of over expressed FLG in keratinocyte differentiation
support a potential role for FLG in TCDD-mediated acceleration
of differentiation and barrier formation reported previously and
here, respectively. Whether premature expression of FLG is
associated with or contributes to the deleterious skin effects
found in chloracne is an interesting, yet unanswered, question.
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TABLE 2
SPRR2 B ) = XRE Sequence Analysis
Increased by  Increases by TCDD  XRE relative
ACTB — Gene TCDD* decreased by EGF* to TSS” MSS¢
S100A11 + — —4210 0.7773
60 - —3053 0.7881
B 'f‘ 872 0.8121
b
E c 40 - 1 —524 0.6862
i = B —513 0.7904
i T i +20 0.7755
o5 i +49 0.7837
z +1040 0.7514
0 RPTN + + —4676 0.7226
TCDD - + - + —2397 0.7476
HRNR + + —4415 0.8432
EGF B B . * —4411 0.8745¢
FIG. 4. Repression of TCDD-mediated increases in SPRR2 protein by —4407 0.8600"
EGF. Upper panel, representative immunoblot of SPRR2 detected in protein —4403 0.8409
isolated from NHEKSs after the indicated treatment. Expression of B-actin —617 0.7448
(ACTB) was used as the loading control. Lower panel, levels of SPRR2 protein +1089 0.8077
are expressed in densitometric units after normalizing with B-actin (mean [n = FLG + + —2018 0~8105d
3] + SD). The « indicates that the value from treatment with TCDD is —1409 0.8747
significantly different from the DMSO control, p < 0.0253; the b indicates that ~ FLG2 + + —4115 0.7 828d
the value from co-treatment with TCDD and EGF is significantly different from —3271 0.8595
TCDD alone, p < 0.0253. 41908 0.7567
+1964 0.7887
FLG joins an increasingly diverse list of genes transcription- LCEE + + —4853 0.8298 ”
lly regulated by the AHR. Some of th include th 1SS 080
ally regg ?te y the . Some of these genes include the | -g3a + _ 276 0.8303
metabolizing enzymes CYP1A1, CYP1A2,and CYP1B1 aswell Lcg2B + _ +15 0.8260
as more recently discovered AHR-regulated genes such as +387 0.7413
ABCG2 (Tompkins et al., 2010), AHRR (Baba et al., 2001), LCE2A + - —2229 0.7532
HES! (Thomsen ef al., 2004), and Slug (Ikuta and Kawajiri, | o\ .\ —iggg 8;322
2006), Computational sequence analysis of 19 of the genes four}d _487 07942
in the EDC demonstrated that the position weight matrix +524 0.8307
described in Dere er al. (2011) would have predicted the +1716 0.8103
functional XRE found at —1409 of FLG, as it had a matrix +1758 0.7313
P LCEIA - - —2026 0.7381
similarity score of 0.8747 greater than the threshold cut off of i 0.8465
0.8473. However, the matrix similarity score of the XRE of FLG 1430 0:77 a3
found at —2018 (0.8105) was below the threshold, despite +1742 0.7759
evidence that it was transcriptionally responsive to treatment +1781 0.7580
with TCDD. This suggests that the position weight matrix for IVL - - —3210 0.7623
XRE similarity may be improved with additional experimental SPRRIA + + 7;;?2 8232
analysis, such as reported here for FLG. HRNR, FLG2, and 1486 0:7997
LCE3E are the other mRNAs most likely to be transcriptionally +1775 0.7579
regulated by the AHR as their matrix similarity scores were SPRR2A + + —4623 0.7845
above the published threshold and EGF inhibited their TCDD- —2260 0.7761
mediated mRNA increases. Increases in some of the other SPRR2B + B _Jgi(z); 8'3332
mRNAs copld poss%bly. be.: regulated transcriptionally by AHR 2369 07877
despite having matrix similarity scores below the threshold cut +819 0.7886
off, as was the case with the FLG XRE found at —2018. LOR - - +934 0.7532
Biological experimentation will provide necessary evidence for $10049 +;§Z; 8352
.. . . [ . .- 100A + + _ 7
ranscriptional regulation, which will impr he predictabili
transc pt onal regu ation, which will improve the predictability S100A12 + + 4900 0.7668
of mat.nx similarity scores. . . . . 4768 0.8023
While FLG plays an important role in keratinocyte differenti- —4711 0.7329
ation, the action of TCDD in the skin likely involves the concerted —4600 0.7660

effects of multiple genes. Increased expression of FLG, as well as
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TABLE 2—Continued
Increases by TCDD  XRE relative

Increased by

Gene TCDD* decreased by EGF* to TSS? MSS*
—3503 0.7627

—3457 0.7918

—2033 0.8057

—1231 0.8423

+263 0.7623

+388 0.7427

+444 0.8023

S100A7 + + —3875 0.7801
—2662 0.8126

—1351 0.7769

+1074 0.7412

“RNA levels shown in Figure 3

PLocation of the 5’ nucleotide of the 19 analyzed (5'-GCGTG-3’ plus seven
flanking bases) relative to the TSS.

“Matrix similarity score using reported position weight matrix and
conservation indices (Dere et al., 2011).

4> threshold value (0.8437) determined in Dere ez al. (2011).

that of many of the other genes of the EDC studied here, is
associated with human skin diseases such as psoriasis and/or
atopic dermatitis, indicating that the increased expression of these
genes by TCDD may cause deleterious effects. Premature
expression of FLG in the spinous layer of cells instead of the
granular or lower cornified layer is reported in skin samples from
patients with psoriasis (Guttman-Yassky et al., 2009). Psoriatic

A Control TCDD
(@ § &
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=
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FIG. 5. Acceleration of in utero epidermal barrier formation in C57BL/J6
mice by TCDD. (A) Representative photograph taken following X-gal skin
permeability assay of fetuses from time-mated mice treated by gavage with
either vehicle control or TCDD (10 pg/kg) in corn oil at E12 or 13 and
sacrificed on E15 or 16, respectively. (B) Quantification of skin permeability in
fetuses by densitometry. The a indicates that the value from treatment with
TCDD is significantly different from the DMSO control of the corresponding
gestational day, p < 0.0253.
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samples have increased expression of IVL, S100A2, S100A7,
S100A8, S100A9, S100A11, S100A12, S100A14, SPRRIA,
SPRR1B, SPRR2A, SPRR2D, SPRR3, LCE3A, and LCE3E
(Bergboer et al., 2011; Bowcock et al., 2001; Guttman-Yassky
et al.,2009). S100A2, S1I00A7, S100A9, and S100A12 are also
elevated in samples of atopic dermatitis (Glaser et al., 2009;
Guttman-Yassky et al., 2009). SPRRs, which are calcium
binding proteins cross-linked in the cornified envelope, are often
increased under stress producing conditions such as inflamma-
tion or tissue remodeling (Demetris et al., 2008) and protect
against reactive oxygen species during wound healing (Vermeij
and Backendorf, 2010). Secreted S100A7 protein leads to
increases in immune responses, which likely contributes to the
increased inflammation seen in psoriasis and atopic dermatitis
(Wolf et al., 2010). We studied the expression of nine of the
genes associated with psoriasis and/or atopic dermatitis, of which
seven, FLG, S100A7, S100A9, S100A12, SPRR2A, LCE3A,
and LCE3E, were increased by TCDD, whereas two, ST00A11
and IVL, were not. Taken together, a number of genes that
TCDD increased are associated with the diseases psoriasis and/or
atopic dermatitis, which are characterized by abnormal skin
phenotypes, increased inflammation, and a compromised epider-
mal barrier. Increases in these genes of the EDC by TCDD may
contribute to the hyperkeratosis, a thickening of the cornified and
granular epidermal layers, observed in the interfollicular skin of
humans with chloracne as well as to the atopic dermatitis
and inflammation observed in the skin of mice expressing
constitutively active AHR (Tauchi ef al., 2005).

The regulation of epidermal barrier formation in utero is
complex. In mice, a barrier initiates dorsally at gestational day
16, spreads ventrally, and is completed by gestational day 18
(Hardman et al., 1998). Several transcription factors are essen-
tial in establishing a prenatal epidermal barrier in mice includ-
ing distal-less homeobox 3 (Morasso et al., 1996), Kruppel-like
factor 4 (Segre et al., 1999), GATA-binding protein 3 (GATA3)
(de Guzman Strong et al., 2006), and ARNT (Geng et al.,
2006; Takagi et al., 2003). Our results demonstrating that
TCDD accelerated mouse epidermal barrier formation by
approximately 1 day correspond well to the report of detectable
FLG protein expression on gestational day 16, approximately
1 day before expression is normally detected, following
a similar in utero exposure to TCDD beginning on gestational
day 13 (Loertscher et al., 2002). AHR null mice were used to
investigate the role of the AHR in regulating the in utero
increase in FLG expression by TCDD. Unexpectedly, in the
absence of the AHR, FLG protein expression in the vehicle-
treated mice was even more pronounced than in the wild-type
mice treated with TCDD (Loertscher ef al., 2002). Thus, these
results of Loertscher ef al. (2002) indicate that loss-of-function
studies of the AHR using AHR null mice may not be able to
validate the AHR dependency of the gain-of-function actions
of TCDD in the developing epidermis, even though the effects
of TCDD are generally believed to be mediated by the AHR.
While the longer term deleterious effects of in utero accelerated



136

epidermal barrier formation by TCDD are unknown, our
studies demonstrate that TCDD can dramatically alter the
epidermal permeability function of the skin during mouse
development.

Although we show here that activation of the AHR in utero
is able to accelerate epidermal barrier formation, we know that
the AHR is not essential to epidermal barrier formation as AHR
knock-out mice survive, albeit with dermatological lesions
characterized by epidermal hyperplasia, hyperkeratosis, fibro-
sis, and anagenic hair follicles (Fernandez-Salguero er al.,
1997). This is in contrast to skin-specific ARNT null mice,
which die shortly after birth due to excessive loss of water
because of a dysfunctional epidermal barrier. Therefore, with
respect to barrier formation, the AHR is not an essential
dimerization partner of ARNT, yet activation of the AHR
modulates the expression of a number of genes in the EDC.

It is clear now that the AHR transcriptionally regulates
a number of genes besides its well-characterized metabolizing
and detoxifying enzyme targets. However, there is still little
understanding of how the transcriptional regulation of any of
these target genes manifests in toxicity in the skin or in other
target organs. Because increases in many of the EDC genes are
associated with abnormal epidermal barrier formation, our
findings warrant further investigation into the transcriptional
regulation of these genes and the resulting aberrant epidermal
protein expression which may be contributing to the etiology of
chloracne or other skin conditions related to exposure to
exogenous AHR ligands.
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