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2,3,7,8-Tetrachlorodibenzo-p-dioxin Alters the Differentiation
attern of Human Keratinocytes in Organotypic Culture.
oertscher, J. A., Sattler, C. A., and Allen-Hoffmann, B. L. (2001).
oxicol. Appl. Pharmacol. 175, 121–129.

Human exposure to the environmental toxin 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD) produces a severe skin pathology
known as chloracne. In these studies we employed a three-dimen-
sional, organotypic model system to study the effects of TCDD on
human skin. This model uses the spontaneously immortalized
human keratinocyte cell line NIKS and recapitulates both the
three-dimensional microenvironment and epithelial–mesenchymal
interactions found in intact human skin. Treatment of the orga-
notypic cultures with TCDD causes alterations in the pattern of
keratinocyte terminal differentiation. Analysis at both the light
and electron microscope levels reveals a fully differentiated cor-
nified layer in TCDD-treated organotypic cultures at earlier time
points than observed in vehicle (dimethyl sulfoxide)-treated con-
trols. Furthermore, TCDD-treated organotypic cultures exhibit
aberrant distribution of several differentiation-specific protein
markers. Basal cells in TCDD- and DMSO-treated organotypic
cultures show no differences in proliferation as measured by quan-
tification of 5-bromo-2*-deoxyuridine (BrdU)-positive nuclei. No
aberrant BrdU uptake was detected outside of the basal layer.
Neither TUNEL labeling nor immunohistochemical staining with
an antibody to active caspase-3 revealed increased apoptosis in
TCDD-treated organotypic cultures relative to controls. These
data clearly indicate that TCDD modulates homeostasis in a
model of human stratifying epithelium independent of changes in
proliferation and apoptosis, exclusively by impacting keratinocyte
terminal differentiation. This TCDD-induced effect on differenti-
ation-specific proteins results in profound changes in the tissue
architecture. © 2001 Academic Press

Key Words: TCDD; keratinocytes; organotypic culture; NIKS.

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is one conge
ner of a family of halogenated aromatic hydrocarbons kn
as dioxins (reviewed in Safe, 1990; Van den Berget al., 1998)
Dioxins are ubiquitous environmental toxins whose chem
stability and lipophilicity make them highly persistent in
environment and in biological systems. Human exposu
121
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TCDD produces an array of clinical manifestations. Chlora
a hyperkeratotic skin disorder, is the most consistently
served pathology in exposed humans. Visual examinatio
children and adolescents exposed to relatively high leve
TCDD after a 1976 accident at a chemical plant near Se
Italy, has provided a detailed description of chloracne (Ber
et al., 1998; Caputoet al., 1988). Clinical observations fro
the Seveso accident coupled with other studies, includin
aminations of exposed pesticide plant workers (Moses
Prioleau, 1985), have led physicians to conclude that derm
pathology is the most reliable indicator of TCDD exposur
humans (reviewed in Dunigan, 1984). To date, histolog
examination of TCDD-exposed human skin has been lim
and no examination of differentiation-specific proteins
been performed.

Skin is a continually renewing tissue that acts as one o
body’s primary defense systems against environmental
and often comes into contact with a wide spectrum of tox
Skin is composed of two layers, the dermis and the epide
The dermis, whose primary cellular components are fi
blasts, forms the foundation upon which the epidermis
Dermal fibroblasts, the primary cellular component of
dermis, exist in a sea of extracellular matrix. These m
components not only physically support the overlying la
but are also involved in biochemical signaling pathways
viewed in Clark and Brugge, 1995). In addition to secre
matrix components, fibroblasts also secrete a spectru
growth factors, which act on the overlying epidermis (Ma
Szabowski and Fusenig, 1996; Smolaet al., 1993). The ep
dermis is a stratified squamous epithelium composed prim
of keratinocytes. Keratinocytes within the epidermis are o
nized into four layers based upon morphological and bioch
ical properties: the basal, spinous, granular, and cornified
ers (reviewed in Eckertet al., 1997). The basal layer rests a
the dermis and is in direct contact with the specialized e
cellular matrix proteins of the basement membrane. B
keratinocytes have the ability to replicate and are the sour
all suprabasal keratinocytes within the epidermis. As b
cells divide, certain daughter cells lose contact with the b
ment membrane. These cells assume a suprabasal positi
0041-008X/01 $35.00
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122 LOERTSCHER, SATTLER, AND ALLEN-HOFFMANN
continue movement upward through the layers of the epide
until they enucleate and are sloughed from the surface o
skin, a process known as terminal differentiation. The di
entiation process in keratinocytes is accompanied by a p
of characteristic changes in gene expression; a numb
proteins serve as markers of terminal differentiation. Undi
entiated basal keratinocytes express the keratins K5 and
while differentiating cells express K1 and K10. Other prot
that are expressed in a specific pattern during keratin
terminal differentiation include precursors of the cornified
velope such as involucrin, filaggrin, pancornulin, cornifin, l
crin, and elafin, as well as the cross-linking enzyme epide
transglutaminase (Morley and Lane, 1994; Simon, 1994; S
ert and Marekov, 1995).

Historically, the effect of TCDD on keratinocytes has b
studiedin vitro using a monolayer culturing system (reviewe
eigh, 1994). Although several laboratories have previousl
orted on the cellular responses of normal human or m
eratinocytes to TCDDin vitro, little evidence has been availa

to link these observations to the specific pathology observ
human skin. Traditional monolayer culturing techniques, w
allowing for the elucidation of many of the biochemical
molecular mechanisms relating to TCDD toxicity, are unab
answer complex questions pertaining to the biology of tis
exposed to TCDD. The three-dimensional structure produc
the organotypic culturing system allows for examination of ti
morphology and differentiation characteristicsin vitro. Further-
more, keratinocytes cultivated in organotypic culture are grow
the presence of fibroblasts, providing the opportunity to ex
the role of epithelial–mesenchymal interactions in TCDD-indu
dermatopathology.

Our studies introduce a novel system for examination o
effects of TCDD on human skin. Using an organotypic co
ture system containing primary human fibroblasts and a
diploid, immortalized human keratinocyte cell line, NI
(Allen-Hoffmann, 2000), we show that TCDD causes an
tered differentiation pattern, but no change in 5-bromo9-
deoxyuridine (BrdU) uptake or markers of apoptosis. T
model is a powerful tool that will be essential in future stud
not only to elucidate the mechanism by which TCDD ca
accelerated differentiation, but also as a model syste
evaluate the effects of xenobiotics on human skin.

MATERIALS AND METHODS

Cell treatments. TCDD (Wellington Laboratories, Guelph, Ontario, C
ada) was prepared in dimethyl sulfoxide (DMSO) such that the final co
tration of DMSO in the treatment medium did not exceed 0.1%. The
concentration of TCDD in the culturing medium was 1028 M. Solvent control
included 0.1% DMSO.

Organotypic culture. Modification in the three-dimensional organoty
culture (Parenteauet al., 1992) of keratinocytes has been previously descr
(Allen-Hoffmann, 2000). Briefly, a dermal equivalent was formed by mi
75,000 normal human neonatal fibroblasts with type 1 collagen (Organ
esis, Canton, MA) in Ham’s F-12 supplemented with 10% Fetal Clon
is
he
-
rn
of

r-
14,
s
te
-

-
al
n-

n

e-
ne

in
e

o
es
in
e

in
re
d

e
l-
r-

l-

s
,
s
to

n-
l

d

n-
II

(HyClone, Logan, UT) and 100 units penicillin and 100mg/ml streptomycin
(P/S). The gel was allowed to contract before 300,000 NIKS cells were p
onto the collagen base. After 2 h, plating media was added and culture
treated in the media with either TCDD or DMSO. Plating media is a mix
of Ham’s F-12:Dulbecco’s modified Eagle’s medium (3:1, 1.88 mM calc
supplemented with 0.2% Fetal Clone II, 0.4mg/ml hydrocortisone, 8.4 ng/m
cholera toxin, 5 mg/ml insulin, 24 mg/ml adenine, and P/S. On day 4, cu
were lifted to the air interface with sterile cotton pads and switche
cornification media. Cornification media is a mixture of Ham’s F-12:Dul
co’s modified Eagle’s medium (3:1, 1.88 mM calcium) supplemented
2.0% Fetal Clone II, 0.4mg/ml hydrocortisone, 8.4 ng/ml cholera toxin

g/ml insulin, 24 mg/ml adenine, and P/S. Cultures were retreated a
edia change. For proliferation assays, BrdU (Sigma, St. Louis, MO
dded to culture media at a final concentration of 10mM for 8 h prior to

harvesting.
At 8 days postplating, cultures were either cryopreserved or fixed

paraffin embedded. Paraffin-embedded samples were fixed overnight
paraformaldehyde phosphate-buffered saline, pH 7.2 (PBS), embed
paraffin, and sectioned by the Pathology Department Histology Labo
(University of Wisconsin–Madison, Madison, WI). For cryopreserved sam
tissue was fixed for 2 h with 1% paraformaldehyde/PBS and stored in 2
sucrose/PBS overnight at 4°C in preparation for freezing. The tissue wa
frozen in OCT media in liquid-chilled isopentane stored at220°C and
mounted on charged glass slides. Some paraffin-embedded section
stained with hematoxylin and eosin for evaluation of culture morpho
Stained sections were viewed and video images were captured us
Olympus IX-70 microscope.

Electron microscopy. Fixed organotypic cultures were washed three ti
with 0.1 M cacodylate buffer, pH 7.4. Under a dissecting microscope, a s
was used to detach the polyester mesh supporting the organotypic cultu
the plastic insert. The organotypic culture was cut with a scalpel into ap
imately 2 mm 3 4 mm pieces, which were stored overnight in 0.1
cacodylate buffer, pH 7.4 buffer. Following postfixation with 1% osm
tetroxide at 4°C, the organotypic cultures were washed four times, 15
each, with 0.1 M maleic acid, pH 6.5, beforeen blocstaining with 2% aqueou
uranyl acetate for 1 h. After washing with distilled water, organotypic cul
were dehydrated with increasing concentrations of ethanol, 100% prop
oxide, and infiltrated with 1:1 propylene oxide:Eponate overnight. Organo
cultures were embedded in fresh Eponate in flat embedding molds and o
so they could be sectioned perpendicularly on a Reichert Ultracut E3 ul
crotome equipped with a diamond knife. Thin sections were stained with
citrate and examined in a Hitachi H-7000 electron microscope (Hitachi
Jose, CA) operated at 75 kV.

Immunohistochemical analysis of organotypic cultures.Primary anti
bodies used were anti-transglutaminase-1 and anti-filaggrin (Biomedical
nologies Inc., Stoughton, MA), anti-keratin-1 (Novo Castra, Newcastle
Tyne, UK), anti-involucrin (Sheibani, 1994), and anti-active caspase-3 (R
D Systems, Minneapolis, MN). For filaggrin and keratin-1 immunohistoch
istry, paraffin-embedded organotypic cultures were serially sectioned (5mm),
mounted on glass slides, and deparaffinized in xylene followed by an e
series. For transglutaminase-1 and involucrin immunohistochemistry, cry
served samples were sectioned, mounted on glass slides, and fixed for 5
ice-cold acetone. Sections to be stained with keratin-1 and filaggrin
microwaved in 10 mM sodium citrate, pH 6.0, for 3.5 min to promote an
exposure. All sections were washed with PBS and blocked with 3% n
goat serum (Sigma) in PBS. Sections were incubated with primary ant
(1:100 anti-transglutaminase-1 for 1 h at37°C; 1:25 anti-filaggrin for 1 h at
room temperature; 1:20 anti-keratin-1 for 1 h at room temperature; 1:100
anti-involucrin for 1 h at room temperature; and 1:50 anti-active casp
overnight at 4°C). Sections were then incubated with secondary antibo
1:500 dilution of Alexa 594-conjugated goat anti-rabbit IgG (for involu
and active caspase-3), or Alexa 488-conjugated goat anti-mouse IgG (
others) (Molecular Probes, Eugene OR). All sections were counterstaine
5 mg/ml Hoechst 33258. Samples were viewed with an IX-70 inverted
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123EFFECT OF TCDD ON KERATINOCYTES IN ORGANOTYPIC CULTURE
rescence microscope (Olympus) equipped with FITC (4706 20 nm), Hoechs
(525 6 20 nm), and Texas Red (3606 20 nm) band-pass filters.

BrdU-labeled cultures were sectioned (5mm), deparaffinized, and microwav
n 10 mM sodium citrate, pH 6.0, for antigen exposure. Sections were rin
BS and peroxidase-quenched with 1:9 30% H2O2:MeOH for 10 min. Section

were then treated with 2 N HCl for 20 min. After blocking with 5% normal go
serum/PBS, sections were incubated with anti-BrdU antibody (Becton Dick
San Jose, CA) for 3 h atroom temperature. A biotinylated horse anti-mouse
was used, followed by the Vectastain Elite ABC reagent kit (Vector Laborat
Burlingame, CA). Bound enzyme-linked biotin was detected with 3,39-diamino-
benzidine tetrahydrochloride (Sigma) and 0.003% H2O2/TBS.

In situ 3* end labeling of organotypic cultures. Free 39 ends of DNA
were detected in sections of organotypic cultures (5mm) using the APOPTAG
FluoresceinIn Situ Apoptosis Detection kit (Intergen, Purchase, NY). Sec
were deparaffinized and protein digested with 20mg/ml proteinase K for 15 mi
in water. Terminal deoxynucleotidal transferase (TdT) in sample buffer
applied. Samples were covered with plastic coverslips and incubated for 1 h at
37°C. Slides were placed in 37°C stop buffer for 30 min. Antidigoxin fluor
applied in block buffer. Samples were covered with plastic coverslips and
bated 1 h at37°C. Samples were counterstained with Hoechst 33258. Se

ere viewed with an IX-70 inverted fluorescence microscope (Olympus) equ
ith FITC (4706 20 nm) and Hoechst (5256 20 nm) band-pass filters.

RESULTS

TCDD Causes Accelerated Onset of Terminal Differentia
in Organotypic Culture

Organotypic coculture of human keratinocytes and de
fibroblasts provides a powerfulin vitro system in which t
nvestigate TCDD-induced dermatopathology. Unlike mo
ayer culture of keratinocytes, which has traditionally b
mployed to explore the effects of TCDD on human s
rganotypic culture recapitulates the three-dimensional t
icroenvironment of skin and accounts for epithelial–me

hymal interactions. Studies in both humans and rodents
ndicated involvement of the dermis in the TCDD-indu
ermatopathology, chloracne (Caputoet al., 1988; Moses an
rioleau, 1985; Panteleyevet al., 1997; Poland and Knutso
982). For example, in addition to epidermal hyperplasia,

ollicle abnormalities and dermal cyst formation are cited
allmarks of chloracne. Therefore, any critical examinatio

he effects of TCDD on skin should account for both der
nd epidermal compartments. The system described her
ides a novel method to explore the impact of TCDD
tratified squamous epithelium, which reveals the full spec
f the effects of TCDD on human skin.
Organotypic cultures of keratinocytes treated with TCDD

he medium showed changes in morphology and differenti
haracteristics as compared to vehicle controls. At 8
ostplating, TCDD-treated organotypic cultures possess
ell-developed cornified layer that was absent in time-mat
ontrols (Fig. 1). This effect was also observed in organo
ultures of primary human keratinocytes (data not sho
erifying that NIKS cells in organotypic culture responded
CDD in a manner identical to that observed in primary hu
eratinocytes. Analysis of TCDD-treated cultures using e
ron microscopy at 11 days postplating revealed defin
in
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igns of accelerated differentiation (Fig. 2). In the immedia
uprabasal layers of control samples, keratinocytes were
eginning to flatten, whereas these same cells in TCDD-tr
ultures displayed the flattened appearance of more m
eratinocytes. Furthermore, TCDD-treated samples exhib
ayer of keratinized tissue far more extensive than that
erved in vehicle control cultures. Measurements taken
he electron micrographs showed that the ratio of the thick
f the keratinized to nonkeratinized layers was substan
reater in the TCDD-treated cultures (Table 1). This incre
atio can be attributed to both an increase in the amou
eratinized material and a flattening of the nonkeratin
pinous layer in the TCDD-treated cultures. These obs
ions are important not only because the organotypic cultu
ystem provides a model in which the effect of TCDD on
an be studiedin vitro, but also because the effect produce

the model resembles the hyperkeratotic characteristics of c
acne in intact human skin.

TCDD Causes Aberrant Expression of Differentiation-
Specific Protein Markers

In addition to observing gross morphological changes in
TCDD-treated organotypic cultures, we also assessed wh

FIG. 1. TCDD causes early onset of terminal differentiation in kerat
cytes in organotypic culture. NIKS cells were grown in organotypic cultu
the presence of (A) DMSO or (B) TCDD for 8 days. Cultures were then fi
paraffin embedded, sectioned, and stained with hematoxylin and eosin
inal magnification 4003.
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124 LOERTSCHER, SATTLER, AND ALLEN-HOFFMANN
the cultures displayed any abnormalities in expression o
ferentiation-specific protein markers (Fig. 3). Organotypic
tures of both primary human keratinocytes and NIKS c
faithfully support patterns of differentiation marker expres
nearly identical to those of intact skin (Clotfelter and All
Hoffmann, unpublished observations). TCDD-treated and

FIG. 2. Morphological changes are visible at the electron microsc
CDD-treated organotypic cultures at 11 days postplating show increa

samples. Dark line indicates keratinized layer. Original magnification 153

TABLE 1
Ratio of Thickness of the Keratinized Layer to Nonkeratin-

zed Layers of Organotypic Cultures as Measured by Electron
icroscopy

Day 8 Day 11

DMSO 0.206 0.03 0.576 0.18
TCDD 0.286 0.06 1.6 6 0.28
if-
l-
s
n

e-

hicle control rafts were harvested 8 days postseeding
immunohistochemistry was performed to examine the ex
sion and spatial distribution of filaggrin, involucrin, transg
taminase-1, and keratin 1 (Fig. 3). All markers examined w
present in both TCDD-treated and control cultures. Howe
the pattern of differentiation marker expression was aberra
TCDD-treated cultures. The expression pattern of filaggrin
intermediate filament-associated protein, was most dra
cally altered by TCDD treatment (Figs. 3A and 3B). Con
samples exhibited characteristically punctate, but evenly
tributed, staining in the granular layer. In contrast, filag
expression was evident in cellular layers more proximal to
basal layer in TCDD-treated samples than in control sam
Furthermore, filaggrin expression in TCDD-treated sam
was patchy within the granular layer, with areas of very br
staining and areas of very faint staining, as opposed to the

level. Electron micrographs of (A) DMSO-treated organotypic culture
keratinization and flattening of the spinous and granular layers in TCeated
opy
sed
00.
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125EFFECT OF TCDD ON KERATINOCYTES IN ORGANOTYPIC CULTURE
distribution observed in control sections. These two obse
tions suggest that TCDD interferes with the regulation of
the temporal and spatial expression of filaggrin. The expre
pattern of involucrin, a protein component of the corni
envelope, was altered in a manner similar to that observed
filaggrin. Involucrin expression was evident in many b
keratinocytes in TCDD-treated cultures, a phenomenon n
observed in control cultures, where involucrin is found onl
suprabasal cells (Figs. 3C and 3D). The more basal–pro
expression of filaggrin and involucrin proteins in TCD
treated samples, like the morphological changes observ
the electron microscope level, indicates a compression o
spinous layer due to TCDD treatment. Additionally, irreg
distribution of the membrane-associated differentiation ma
transglutaminase-1 was found in some TCDD-treated cul
(Figs. 3E and 3F). Instead of staining in a crisp, contigu
ring at the cell membrane, as in control samples, the sta
pattern of transglutaminase-1 in TCDD-treated cultures
somewhat irregular and disrupted at the cell membrane.
atin 1 expression appeared unaltered by TCDD treatment
3G and 3H). The overall enhanced differentiation is consi
with the initial histological observation that TCDD-trea
organotypic cultures produce a cornified layer earlier
controls.

TCDD Does Not Cause a Change in BrdU Uptake
in Keratinocytes in Organotypic Culture

Tissue homeostasis in skin relies on the balance am
differentiation, proliferation, and death. In order to as
whether the accelerated differentiation we observed in TC
treated organotypic cultures was the result of an increase
rate of proliferation or apoptosis, we performed BrdU up
experiments,in situ DNA 39 end labeling, and immunohist
hemical analysis for active caspase-3. We first soug
etermine whether the accelerated differentiation obse
ould be attributed to changes in proliferation. At 8 d
ostplating, TCDD-treated and control organotypic cult
ere given 10mg/ml BrdU in the media 8 h prior to harvesting

After harvesting, cultures were paraffin embedded, sectio
and stained with an anti-BrdU antibody. The number of Br
positive nuclei was calculated as a percentage of the
number of nuclei. The number of BrdU-positive nuclei ran
from 4 to 15% but was not significantly different betwe
TCDD-treated and control groups (Fig. 4). At test analysis o
the difference in percentage of BrdU-positive nuclei betw
treatment and control groups gave ap value of 0.92 at a 95%
confidence level.

TCDD Does Not Induce Apoptosis in Keratinocytes
in Organotypic Culture

Apotosis is known to be involved in the modulation of b
health and disease states in the skin and its appendag
viewed in Haake and Polakowska, 1993; Raskin, 1997),
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cating that keratinocytes are fully equipped to initiate an
ptotic cascade in response to a variety of endogenous
exogenous stimuli. Biochemical analysis of keratinocytes
verified their ability to express functional caspases, the
teases responsible for regulating and executing the or
breakdown of cellular structures observed during apop
(Weil et al., 1999). Some researchers have suggested
keratinocyte terminal differentiation is a specialized form
apoptosis, however, recent studies have indicated that th
events are distinct instead of being interdependent (Ganda
et al., 1999; Mitraet al., 1997; Weilet al., 1999).

In situ DNA fragments were detected using TUNEL lab
ing. Sections from both treatment and control groups,
vested 8 days postplating, were prepared according t
manufacturer’s protocol. Cycloheximide-treated positive
trols displayed numerous positive nuclei in the basal, imm
ately suprabasal, and cornified layers. Those nuclei detec
positive by 39 DNA end-labeling also displayed morphologi
haracteristics of apoptosis, seen by Hoechst countersta
n contrast, both TCDD-treated and vehicle controls show
egligible amount of labeled cells in all cell layers except
ornified layer (Fig. 5). Immunohistochemical analysis
ctive caspase-3 showed very faint staining in the spinou
ranular layers, with no increased staining in TCDD-tre
ultures (Fig. 6). We therefore conclude that TCDD treatm
oes not aberrantly induce apoptosis in keratinocytes. T
ata strongly suggest that accelerated differentiation obs

n TCDD-treated organotypic cultures is due to a change
ifferentiation-specific pathway, which does not overlap w
poptotic pathways.

DISCUSSION

We found that TCDD treatment of organotypic cultu
containing epidermal and dermal compartments alters the
tern of keratinocyte terminal differentiation. No change
BrdU uptake or markers of apoptosis were observed. T
ment of a three-dimensional organotypic culturing system
ing NIKS keratinocytes and dermal fibroblasts definitiv
showed that TCDD causes premature flattening and corn
tion of suprabasal keratinocytes. All protein markers of dif
entiation examined were present in TCDD-treated organo
cultures, as seen by immunohistochemistry, but were expr
in cellular layers more proximal to the basement memb
compared to vehicle controls. No difference in BrdU upt
was observed between treatment and control organotypi
tures. Both TUNEL analysis and immunohistochemical de
tion of active caspase-3 expression revealed no increa
apoptosis in TCDD-treated organotypic cultures compare
control cultures. We obtained similar results in monola
cultures of keratinocytes (Loertscheret al., 2001). We there
fore conclude that TCDD causes accelerated differentiati
keratinocytes by a mechanism that is independent of apo
and proliferative pathways.
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126 LOERTSCHER, SATTLER, AND ALLEN-HOFFMANN
Our studies sought to elucidate the mechanism by w
TCDD causes chloracne, a human skin pathology, thr
examination of the cell biological effects of TCDD on or
notypic cultures containing both the primary epidermal
dermal cells found in human skin. Although the skin patho
caused by exposure of humans to TCDD has been well
acterized, elucidation of the mechanism by which TC
causes chloracne has been hindered by several factors.
fails to produce chloracne in most laboratory species. Th
fore, animal studies have been primarily limited to the hair
(hr/hr) mouse, which does display a chloracne pheno
(reviewed in Panteleyevet al., 1998). Furthermore, a survey
23 cell lines failed to identify a cell line of epithelial origin th
could be used as a model to study TCDD-induced patho
(Knutson and Poland, 1980). All epithelial cell lines exami
displayed no changes in morphology, viability, or growth u

FIG. 3. Localization of differentiation markers is aberrant in TCD
treated organotypic cultures. Organotypic cultures were treated with D
(A, C, E, and G) or TCDD (B, D, F, and H). Eight days postplating, cult
were fixed, sectioned, and stained with filaggrin (A and B), involucrin (C
D), transglutaminase-1 (E and F), or keratin 1(G and H). (C, D, E, F) Ori
magnification 3003. (A, B, G, H) Original magnification 4003.
h
h
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y
ar-

DD
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exposure to TCDD, leaving researchers without an adequin
vitro system in which to study TCDD-generated patholog
Subsequent studies using primary human keratinocytes
tured in monolayer have been performed with equivocal re
(Greenleeet al., 1985; Hudsonet al., 1986; Milstone an

aVigne, 1984; Osborne and Greenlee, 1985), most l
eflecting the possible interplay between epidermis and de
tudies using cocultures of keratinocytes and dermal fi
lasts in the absence of TCDD have clearly demonst
utually inductive growth factor production by these two

ypes. Mutual growth factor induction in cocultures impa
roliferation in both fibroblasts and keratinocytes and m

ates epithelial architecture and protein expression (M
zabowskiet al., 1999, 2000; Smolaet al., 1993). These resu
learly illustrate the vital role of epithelial–mesenchymal
eractions in the maintenance of tissue homeostasis an
hasize the importance of accounting for this relationship w
xploring the impact of an exogenous agent on a tissue.
The aryl hydrocarbon receptor (AhR) signal transduc

athway is thought to mediate the toxic effects of TCDD
ther polycyclic aromatic hydrocarbons (Poland and Glo
980). The AhR, a ligand-activated transcription factor,
ember of the basic helix–loop–helix per-arnt-sim (bH
AS) family of transcription factors (reviewed in Hankins
995; Schmidt and Bradfield, 1996). Although the fundame
hR-dependent mechanism by which TCDD induces g
xpression is well understood, it is not known how TC
auses pathologies such as chloracne. The expression
attery of toxicologically significant genes, including cy

O
s
d
al

FIG. 4. Basal cell proliferation as measured by BrdU uptake is
affected by TCDD treatment. Organotypic cultures were treated for 8 day
DMSO (white bars) or TCDD (gray bars) and exposed to 10mg/ml BrdU on
he day of harvest. BrdU-positive basal cells were counted. Three dif
xperiments with standard error are depicted.
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chrome P450 1A1 (CYP1A1), cytochrome P450 1B1, gl
thioneS-transferase, and NADPH quinione oxidoreductas
nduced by TCDD via AhR (Prough, 1996); however it

FIG. 5. TCDD does not induce nucleosomal fragmentation in keratin
(A and D), TCDD (B and E), or 30mg/ml cycloheximide as a positive cont
ultures and the fluorescent label was visualized (A–C). Sections were
-
is
unknown if induction of these genes is causally linked
TCDD-generated pathologies. Genes independent of det
cation pathways, such as plasminogen activator inhibit

tes in organotypic culture. Organotypic cultures were treated for 8 days w
(C and F).In situ DNA 39 end-labeling was performed on sectioned organo
unterstained with Hoechst to visualize the nuclei (D–F).
ocy
rol
co
d for 8 days
araffin

to visu
FIG. 6. TCDD does not induce protein expression of active caspase-3 in keratinocytes in organotypic culture. Organotypic cultures were treate
with DMSO (A and D), TCDD (B and E), or 5mg/ml cycloheximide as a positive control (C and F). Eight days postplating, cultures were fixed, p
embedded, and sectioned. Sections were stained using an antibody against active caspase-3 (A–C). Sections were counterstained with Hoechstalize the
nuclei (D–F).
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interleukin-1b (Sutteret al., 1991), and transforming grow
actor-a (Choi et al., 1991), have been identified as be
TCDD responsive, suggesting that AhR may have physio
ical roles outside of xenobiotic metabolism (Dohret al., 1994)
Furthermore, many members of the bHLH superfamily
known to be involved in growth and differentiation, leading
speculation that the AhR/Arnt dimer may play a role in s
differentiation. For example, Id-1, a HLH protein that lack
basic DNA-binding domain, functions as a negative regu
of bHLH proteins. Id-1 overexpression in keratinocytes le
to decreased differentiation and an enhanced lifespan in c
(Alani et al., 1999).

The role that the AhR plays in the TCDD-induced chan
n organotypic cultures of human keratinocytes remains
nown. Research conducted in our laboratory has shown
YP1A1 mRNA expression can be induced in an AhR-de
ent manner in the absence of a xenobiotic, simply by alte

he adhesive characteristics of the cells. For example, su
ion of keratinocytes in a semisolid medium (Green, 1
esults in induction of CYP1A1 in the absence of a xenob
Sadek and Allen-Hoffmann, 1994). Suspension, a mani
ion that ablates both cell–cell and cell–substratum contac

technique used to mimic the process of keratinocyte d
ntiation in which basal cells must modify their adhe
haracteristics in order to migrate upward. Suspension trig
variety of changes in gene expression parallel to the ch

eristic changes in gene expression observed during ker
yte differentiation. The novel observation that genes cl
ally associated with xenobiotic-metabolizing enzymes ca
nduced in the absence of a xenobiotic simply by modify
ellular adhesive characteristics is critical because it stro
uggests a role for AhR/Arnt signal transduction in not o
etoxification but also normal physiological pathways. T
ual role for AhR signal transduction in skin was origina
roposed by Poland and Glover soon after AhR was iden
s the mediator of TCDD toxicity (Poland and Glover, 19

t is tempting to speculate that AhR, like other bHLH-P
amily members, plays a role in formation or maintenance
hree-dimensional tissue structure in skin. For example
rosophilaprotein trachealess regulates the transcription o
GF family homolog called breathless. Both trachealess
reathless are required for complete formation of severa

helial tube structures, including the trachea, salivary d
nd filzkoper (Glazer and Shilo, 1991; Isaac and And
996; Wilket al., 1996). Based on the results of our studies
peculate that the AhR regulates genes involved in squa
ifferentiation, resulting in a tissue that possesses high te
trength and promotes barrier function.
In conclusion, we have shown that TCDD exerts effect

eratinocytes in organotypic culture by altering the differe
tion program of these cells without changing apoptoti
roliferative pathways. We have introduced a three-dim
ional system for the culture of a normal human keratino
ell line (NIKS), which can be used to assess the effects
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xenobiotic agent, TCDD. Further experimentation using
system will allow us to determine whether the acceler
differentiation observed upon TCDD treatment is depende
AhR in the dermal or epidermal compartments of the mode
addition to providing a model system in which to investig
the cellular and molecular biological basis of the patholog
effects of TCDD, this organotypic culture model system in
duces a general system for analyzing the effects of xenob
on skin.
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