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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
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TCDD produces an array of clinical manifestations. Chloracn
a hyperkeratotic skin disorder, is the most consistently o
served pathology in exposed humans. Visual examination
children and adolescents exposed to relatively high levels
TCDD after a 1976 accident at a chemical plant near Seve:
Italy, has provided a detailed description of chloracne (Bertaz
et al, 1998; Caputcet al, 1988). Clinical observations from
the Seveso accident coupled with other studies, including ¢
aminations of exposed pesticide plant workers (Moses a
Prioleau, 1985), have led physicians to conclude that derma
pathology is the most reliable indicator of TCDD exposure i
humans (reviewed in Dunigan, 1984). To date, histologic
examination of TCDD-exposed human skin has been limite
and no examination of differentiation-specific proteins he
been performed.

Skin is a continually renewing tissue that acts as one of tl
body’s primary defense systems against environmental ins
and often comes into contact with a wide spectrum of toxin
Skin is composed of two layers, the dermis and the epiderm
The dermis, whose primary cellular components are fibr
blasts, forms the foundation upon which the epidermis lie
Dermal fibroblasts, the primary cellular component of th
dermis, exist in a sea of extracellular matrix. These matr
components not only physically support the overlying layel
but are also involved in biochemical signaling pathways (r¢
viewed in Clark and Brugge, 1995). In addition to secretin
matrix components, fibroblasts also secrete a spectrum
growth factors, which act on the overlying epidermis (Maa:s
Szabowski and Fusenig, 1996; Smelaal., 1993). The epi-
dermis is a stratified squamous epithelium composed primar
of keratinocytes. Keratinocytes within the epidermis are org
nized into four layers based upon morphological and biocher
ical properties: the basal, spinous, granular, and cornified Iz
ers (reviewed in Eckest al,, 1997). The basal layer rests atoy

2,3,7,8-Tetrachlorodibenzo-dioxin (TCDD) is one conge- the dermis and is in direct contact with the specialized extr
ner of a family of halogenated aromatic hydrocarbons knoveellular matrix proteins of the basement membrane. Bas

as dioxins (reviewed in Safe, 1990; Van den Betgl, 1998).

keratinocytes have the ability to replicate and are the source

Dioxins are ubiquitous environmental toxins whose chemicall suprabasal keratinocytes within the epidermis. As bas
stability and lipophilicity make them highly persistent in thesells divide, certain daughter cells lose contact with the bas
environment and in biological systems. Human exposure neent membrane. These cells assume a suprabasal position
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continue movement upward through the layers of the epidernfiiyClone, Logan, UT) and 100 units penicillin and 120/ml streptomycin

until they enucleate and are sloughed from the surface of ﬂl?éS) The gel was allowed to contract before 300,000 NIKS cells were plat
nto the collagen base. After 2 h, plating media was added and cultures w

skin, a process known as terminal differentiation. The dlﬁefr_eated in the media with either TCDD or DMSO. Plating media is a mixtur

entiation process in keratin(_)cytes is accompanied by a pattgfPam's F-12:Dulbecco’s modified Eagle’s medium (3:1, 1.88 mM calcium
of characteristic changes In gene expression; a numbersmﬁplemented with 0.2% Fetal Clone Il, Qu4/ml hydrocortisone, 8.4 ng/ml
proteins serve as markers of terminal differentiation. Undiffegholera toxin, 5 mg/ml insulin, 24 mg/ml adenine, and P/S. On day 4, cultur

entiated basal keratinocytes express the keratins K5 and K#%&re lifted to the air interface with sterile cotton pads and switched t
. . - . cornification media. Cornification media is a mixture of Ham’s F-12:Dulbec
while differentiating cells express K1 and K10. Other proteing. " ified Eagle’s medium (3:1, 1.88 mM calcium) supplemented wit

that are e_xpress_eq in a specific pattern during ker.a}tinocyt_@% Fetal Clone II, 0.4ug/ml hydrocortisone, 8.4 ng/ml cholera toxin, 5
terminal differentiation include precursors of the cornified efing/ml insulin, 24 mg/ml adenine, and P/S. Cultures were retreated at e

velope such as involucrin, filaggrin, pancornulin, cornifin, lorimedia change. For proliferation assays, BrdU (Sigma, St. Louis, MO) w

crin, and elafin, as well as the cross-linking enzyme epidem?épe‘j to culture media at a final concentration of @ for 8 h prior to
- o . harvesting.
tranSg|Utamlnase (Morley and Lane, 1994; Simon, 1994; Stelr{i\At 8 days postplating, cultures were either cryopreserved or fixed al
ert "’jmd Marekov, 1995). ) paraffin embedded. Paraffin-embedded samples were fixed overnight in
Historically, the effect of TCDD on keratinocytes has beeparaformaldehyde phosphate-buffered saline, pH 7.2 (PBS), embeddec

studiedin vitro using a monolayer culturing system (reviewed iparaffin, and sectioned by the Pathology Department Histology Laboratc

Leigh, 1994)_ Although several laboratories have previously I,%,Lniversity of Wisconsin—Madison, Madison, WI). For cryopreserved sample
-tissue was fixed o2 h with 1% paraformaldehyde/PBS and stored in 209
ported on the cellular responses of normal human or muné&:rose/PBS overnight at 4°C in preparation for freezing. The tissue was tt

kergtinocytes to TCD[?’] vitro, little eVid?nce has been availablQ‘r_ozen in OCT media in liquid-chilled isopentane stored -a20°C and
to link these observations to the specific pathology observedniBunted on charged glass slides. Some paraffin-embedded sections \
human skin. Traditional monolayer culturing techniques, whikgained with hematoxylin and eosin for evaluation of culture morpholog

aIIowing for the elucidation of many of the biochemical an&tained sections were viewed and video images were captured using
. . . . | IX-70 mi .
molecular mechanisms relating to TCDD toxicity, are unable 8Y™P!S icroscope

answer complex questions pertaining to the biology of tissue;lectron microscopy. Fixed organotypic cultures were washed three time

. . with 0.1 M cacodylate buffer, pH 7.4. Under a dissecting microscope, a scalj
exposed to TCDD. The three-dimensional structure prOducqujgs used to detach the polyester mesh supporting the organotypic culture fi

the organotypic CUllturing ;y;tem allows fo_r ?Xamination Of tiSSWes piastic insert. The organotypic culture was cut with a scalpel into apprc
morphology and differentiation characteristiosvitro. Further- imately 2 mm x 4 mm pieces, which were stored overnight in 0.1 M

more, keratinocytes cultivated in organotypic culture are grownéacodylate buffer, pH 7.4 buffer. Following postfixation with 1% osmiun

the presence of fibroblasts, providing the opportunity to explgi@roxide at 4°C, the organotypic cultures were washed four times, 15

the role of epithelial-mesenchymal interactions in TCDD-inducéd: h, with 0.1 M maleic acid, pH 6.5, befosa blocstaining with 2% aqueous
p y ":('1 nyl acetate for 1 h. After washing with distilled water, organotypic culture

dermatopathology. were dehydrated with increasing concentrations of ethanol, 100% propyle

Our studies introduce a novel system for examination of thgide, and infiltrated with 1:1 propylene oxide:Eponate overnight. Organotyp
effects of TCDD on human skin. Using an organotypic cocugultures were embedded in fresh Eponate in flat embedding molds and orier

ture system containing primary human fibroblasts and a neg@_they could be sectioned perpendicularly on a Reichert Ultracut E3 ultrar
crotome equipped with a diamond knife. Thin sections were stained with le

diploid, immortalized human keratinocyte cell line, NIKScitrate and examined in a Hitachi H-7000 electron microscope (Hitachi, S:

(Allen-Hoffmann, 2000), we show that TCDD causes an alyse cA) operated at 75 kV.
tered differentiation pattern, but no change in 5-bromo-2 Immunohistochemical analysis of organotypic culturesPrimary anti-

deoxygridine (BrdU) uptake or markers _Of .apoptosis. Thi§>dies used were anti-transglutaminase-1 and anti-filaggrin (Biomedical Te
model is a powerful tool that will be essential in future studiesplogies Inc., Stoughton, MA), anti-keratin-1 (Novo Castra, Newcastle upc

not only to elucidate the mechanism by which TCDD causégne, UK), anti-involucrin (Sheibani, 1994), and anti-active caspase-3 (R a

accelerated differentiation. but also as a model system E{&ystems, Minneapolis, MN). For filaggrin and keratin-1 immunohistochen
luate the effects of ' bioti h Ki istry, paraffin-embedded organotypic cultures were serially sectiongdn(5
evaluate the eliects of xenoblolics on human skin. mounted on glass slides, and deparaffinized in xylene followed by an ethal

series. For transglutaminase-1 and involucrin immunohistochemistry, cryop
served samples were sectioned, mounted on glass slides, and fixed for 5 mi
ice-cold acetone. Sections to be stained with keratin-1 and filaggrin we

) ) ) microwaved in 10 mM sodium citrate, pH 6.0, for 3.5 min to promote antige
Cell treatments. TCDD (Wellington Laboratories, Guelph, Ontario, Can-gyposure. All sections were washed with PBS and blocked with 3% norrr

ada) was prepared in dimethyl sulfoxide (DMSO) such that the final concellsat serum (Sigma) in PBS. Sections were incubated with primary antibo
tration of DMSO in the treatment medium did not exceed 0.1%. The finej_:loo anti-transglutaminase-1rfa h at37°C; 1:25 anti-filaggrin fol h at
concentration of TCDD in the culturing medium was 0. Solvent controls room temperature; 1:20 anti-keratin-1rfd h atroom temperature; 1:1000
included 0.1% DMSO. anti-involucrin fa 1 h atroom temperature; and 1:50 anti-active caspse-
Organotypic culture. Modification in the three-dimensional organotypicovernight at 4°C). Sections were then incubated with secondary antibodie:
culture (Parenteaet al, 1992) of keratinocytes has been previously describett500 dilution of Alexa 594-conjugated goat anti-rabbit IgG (for involucrin
(Allen-Hoffmann, 2000). Briefly, a dermal equivalent was formed by mixingnd active caspase-3), or Alexa 488-conjugated goat anti-mouse 1gG (for
75,000 normal human neonatal fibroblasts with type 1 collagen (Organogethers) (Molecular Probes, Eugene OR). All sections were counterstained w
esis, Canton, MA) in Ham’s F-12 supplemented with 10% Fetal Clone 8 pg/ml Hoechst 33258. Samples were viewed with an IX-70 inverted fluc

MATERIALS AND METHODS
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rescence microscope (Olympus) equipped with FITC (#720 nm), Hoechst A DMSO
(525 = 20 nm), and Texas Red (360 20 nm) band-pass filters.

BrdU-labeled cultures were sectionedy®), deparaffinized, and microwaved
in 10 mM sodium citrate, pH 6.0, for antigen exposure. Sections were rinsed in
PBS and peroxidase-quenched with 1:9 30%@4MeOH for 10 min. Sections
were then treated wit2 N HCI for 20 min. After blocking with 5% normal goat
serum/PBS, sections were incubated with anti-BrdU antibody (Becton Dickinson,
San Jose, CA) fo3 h atroom temperature. A biotinylated horse anti-mouse 1gG
was used, followed by the Vectastain Elite ABC reagent kit (Vector Laboratories,
Burlingame, CA). Bound enzyme-linked biotin was detected with-@i@mino-
benzidine tetrahydrochloride (Sigma) and 0.003%TBS.

In situ 3’ end labeling of organotypic cultures. Free 3 ends of DNA
were detected in sections of organotypic culturegut®) using the APOPTAG
Fluoresceinin Situ Apoptosis Detection kit (Intergen, Purchase, NY). Sections
were deparaffinized and protein digested withu@fiml proteinase K for 15 min
in water. Terminal deoxynucleotidal transferase (TdT) in sample buffer was B TCDD
applied. Samples were covered with plastic coverslips and incubatddaat
37°C. Slides were placed in 37°C stop buffer for 30 min. Antidigoxin fluor was
applied in block buffer. Samples were covered with plastic coverslips and incu-
batel 1 h at37°C. Samples were counterstained with Hoechst 33258. Sections
were viewed with an IX-70 inverted fluorescence microscope (Olympus) equipped
with FITC (470 20 nm) and Hoechst (525 20 nm) band-pass filters.

RESULTS
&" [}
TCDD Causes Accelerated Onset of Terminal Differentiation
in Organotypic Culture

Organotypic coculture of human keratinocytes and dermal

. . . . . . FIG. 1. TCDD causes early onset of terminal differentiation in keratino
fibroblasts prowdes a powerfmh vitro system in which to cytes in organotypic culture. NIKS cells were grown in organotypic culture i

investigate TCDD-induced dermatopathology. Unlike mon@ye presence of (A) DMSO or (B) TCDD for 8 days. Cultures were then fixe
layer culture of keratinocytes, which has traditionally beegaraffin embedded, sectioned, and stained with hematoxylin and eosin. O
employed to explore the effects of TCDD on human skifnal magnification 406.

organotypic culture recapitulates the three-dimensional tissue

microenvironment of skin and accounts for epithelial-mesen-

chymal interactions. Studies in both humans and rodents h&l@ns Of accelerated differentiation (Fig. 2). In the immediate
indicated involvement of the dermis in the TCDD-induceguPrabasal layers of control samples, keratinocytes were o
dermatopathology, chloracne (Capetoal, 1988: Moses and beginning to flatten, whereas these same cells in TCDD-trea
Prioleau, 1985; Panteleyet al, 1997; Poland and Knutson, cultures displayed the flattened appearance of more mat
1982). For example, in addition to epidermal hyperplasia, h&jpratinocytes. Furthermore, TCDD-treated samples exhibites
follicle abnormalities and dermal cyst formation are cited 4&Yer Of keratinized tissue far more extensive than that o
hallmarks of chloracne. Therefore, any critical examination GETVed in vehicle control cultures. Measurements taken frc
the effects of TCDD on skin should account for both derm3l€ €lectron micrographs showed that the ratio of the thickne
and epidermal compartments. The system described here the k_eratmlzed to nonkeratinized layers was s_ub_stantlal
vides a novel method to explore the impact of TCDD ofreater in the TCDD-treated cultures (Table 1). This increas

stratified squamous epithelium, which reveals the full spectrJ@lic can be attributed to both an increase in the amount
of the effects of TCDD on human skin. keratinized material and a flattening of the nonkeratinize

Organotypic cultures of keratinocytes treated with TCDD igPinous layer in the TCDD-treated cultures. These obsen

the medium showed changes in morphology and differentiatifANS aré important not only because the organotypic culturi
tem provides a model in which the effect of TCDD on ski

characteristics as compared to vehicle controls. At 8 day%° IAEeS & :
postplating, TCDD-treated organotypic cultures possessed® be studieth vitro, but also because the effect produced i

well-developed cornified layer that was absent in time-matchi¥ model resembles the hyperkeratotic characteristics of chl
controls (Fig. 1). This effect was also observed in organotypch€ in intact human skin.

cultures of primary human keratinocytes (data not shown])
verifying that NIKS cells in organotypic culture responded to
TCDD in a manner identical to that observed in primary human
keratinocytes. Analysis of TCDD-treated cultures using elec- In addition to observing gross morphological changes in tt
tron microscopy at 11 days postplating revealed definitivBCDD-treated organotypic cultures, we also assessed whet

CDD Causes Aberrant Expression of Differentiation-
Specific Protein Markers
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N

DMSO

TCDD

FIG. 2. Morphological changes are visible at the electron microscopy level. Electron micrographs of (A) DMSO-treated organotypic cultures a
TCDD-treated organotypic cultures at 11 days postplating show increased keratinization and flattening of the spinous and granular layerseatd@€Di
samples. Dark line indicates keratinized layer. Original magnification 1500

the cultures displayed any abnormalities in expression of dificle control rafts were harvested 8 days postseeding a
ferentiation-specific protein markers (Fig. 3). Organotypic cuimmunohistochemistry was performed to examine the expre
tures of both primary human keratinocytes and NIKS cellsion and spatial distribution of filaggrin, involucrin, transglu
faithfully support patterns of differentiation marker expressiotaminase-1, and keratin 1 (Fig. 3). All markers examined we
nearly identical to those of intact skin (Clotfelter and Allenpresent in both TCDD-treated and control cultures. Howeve
Hoffmann, unpublished observations). TCDD-treated and vihe pattern of differentiation marker expression was aberrant

TABLE 1
Ratio of Thickness of the Keratinized Layer to Nonkeratin-
ized Layers of Organotypic Cultures as Measured by Electron
Microscopy

Day 8 Day 11
DMSO 0.20+ 0.03 0.57+0.18
TCDD 0.28+ 0.06 1.6 +0.28

TCDD-treated cultures. The expression pattern of filaggrin, :
intermediate filament-associated protein, was most drams
cally altered by TCDD treatment (Figs. 3A and 3B). Contrc
samples exhibited characteristically punctate, but evenly d
tributed, staining in the granular layer. In contrast, filaggri
expression was evident in cellular layers more proximal to t
basal layer in TCDD-treated samples than in control sample
Furthermore, filaggrin expression in TCDD-treated sample
was patchy within the granular layer, with areas of very brigf
staining and areas of very faint staining, as opposed to the e\
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distribution observed in control sections. These two obserwating that keratinocytes are fully equipped to initiate an ap
tions suggest that TCDD interferes with the regulation of bottitotic cascade in response to a variety of endogenous
the temporal and spatial expression of filaggrin. The expressiexogenous stimuli. Biochemical analysis of keratinocytes h
pattern of involucrin, a protein component of the cornifiederified their ability to express functional caspases, the pr
envelope, was altered in a manner similar to that observed wilases responsible for regulating and executing the orde
filaggrin. Involucrin expression was evident in many bashreakdown of cellular structures observed during apoptos
keratinocytes in TCDD-treated cultures, a phenomenon ney@eil et al, 1999). Some researchers have suggested tl
observed in control cultures, where involucrin is found only ikeratinocyte terminal differentiation is a specialized form ¢
suprabasal cells (Figs. 3C and 3D). The more basal—proxinagloptosis, however, recent studies have indicated that the t
expression of filaggrin and involucrin proteins in TCDD-events are distinct instead of being interdependent (Gandaril
treated samples, like the morphological changes observecetatl, 1999; Mitraet al,, 1997; Weilet al., 1999).

the electron microscope level, indicates a compression of thdn situ DNA fragments were detected using TUNEL label
spinous layer due to TCDD treatment. Additionally, irregulaing. Sections from both treatment and control groups, he
distribution of the membrane-associated differentiation markeested 8 days postplating, were prepared according to f
transglutaminase-1 was found in some TCDD-treated culturesnufacturer’'s protocol. Cycloheximide-treated positive col
(Figs. 3E and 3F). Instead of staining in a crisp, contiguow®ls displayed numerous positive nuclei in the basal, immec
ring at the cell membrane, as in control samples, the stainiatgly suprabasal, and cornified layers. Those nuclei detectec
pattern of transglutaminase-1 in TCDD-treated cultures wpssitive by 3 DNA end-labeling also displayed morphological
somewhat irregular and disrupted at the cell membrane. Keharacteristics of apoptosis, seen by Hoechst counterstaini
atin 1 expression appeared unaltered by TCDD treatment (Figscontrast, both TCDD-treated and vehicle controls showec
3G and 3H). The overall enhanced differentiation is consistemégligible amount of labeled cells in all cell layers except th
with the initial histological observation that TCDD-treatectornified layer (Fig. 5). Immunohistochemical analysis fo
organotypic cultures produce a cornified layer earlier thattive caspase-3 showed very faint staining in the spinous &

controls. granular layers, with no increased staining in TCDD-treate
cultures (Fig. 6). We therefore conclude that TCDD treatme

TCDD Does Not Cause a Change in BrdU Uptake does not aberrantly induce apoptosis in keratinocytes. The
in Keratinocytes in Organotypic Culture data strongly suggest that accelerated differentiation obsen

. . . . in TCDD-treated organotypic cultures is due to a change in
Tissue homeostasis in skin relies on the balance amon L = ) )
. S i . differentiation-specific pathway, which does not overlap wit
differentiation, proliferation, and death. In order to assess

whether the accelerated differentiation we observed in TCDBPOptOt'C pathways.
treated organotypic cultures was the result of an increase in the
rate of proliferation or apoptosis, we performed BrdU uptake

experllmentsm S'Fu DNA 3_end labeling, and |m_munoh|sto We found that TCDD treatment of organotypic culture:
chemical analysis for active caspase-3. We first sought to  ~. . .

. ) i caontaining epidermal and dermal compartments alters the p
determine whether the accelerated differentiation observe . . . L X
tern of keratinocyte terminal differentiation. No changes i

could be attributed to changes in proliferation. At 8 day . |
. . rdU uptake or markers of apoptosis were observed. Tre:
postplating, TCDD-treated and control organotypic cultures . . . )
were given 1Qug/ml BrdU in the meda 8 h prior to harvesting ment of a three-.d|men5|onal organotyp!c culturing Sy.St.em "
' |r¢lwg NIKS keratinocytes and dermal fibroblasts definitivel

()

After harvesting, cultures were paraffin embedded, sectioned’ : o
and stained with an anti-BrdU antibody. The number of BrdU: wed that TCDD causes premature flattening and cornifi

I . ioln of suprabasal keratinocytes. All protein markers of diffel
positive nuclei was calculated as a percentage of the total. .. ) .
%nnanon examined were present in TCDD-treated organotyy

number of nuclei. The number of BrdU-positive nuclei range . . .
o . cultures, as seen by immunohistochemistry, but were expres:
from 4 to 15% but was not significantly different between :
X . in cellular layers more proximal to the basement membral

TCDD-treated and control groups (Fig. 4).tAest analysis of . . .
) . L ; compared to vehicle controls. No difference in BrdU uptak
the difference in percentage of BrdU-positive nuclei between

treatment and control arouns aave aalue of 0.92 at a 95% VoS observed between treatment and control organotypic ¢
confidence level groups gave ' tures. Both TUNEL analysis and immunohistochemical dete

tion of active caspase-3 expression revealed no increase
apoptosis in TCDD-treated organotypic cultures compared
control cultures. We obtained similar results in monolaye
cultures of keratinocytes (Loertscher al., 2001). We there-

Apotosis is known to be involved in the modulation of botliore conclude that TCDD causes accelerated differentiation
health and disease states in the skin and its appendages Kegatinocytes by a mechanism that is independent of apoptc
viewed in Haake and Polakowska, 1993; Raskin, 1997), indind proliferative pathways.

DISCUSSION

TCDD Does Not Induce Apoptosis in Keratinocytes
in Organotypic Culture
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| FIYTA  exposure to TCDD, leaving researchers without an adeduiate
3 vitro system in which to study TCDD-generated pathologie:
Subsequent studies using primary human keratinocytes c
tured in monolayer have been performed with equivocal resu
(Greenleeet al, 1985; Hudsonet al, 1986; Milstone and
LaVigne, 1984; Osborne and Greenlee, 1985), most like
reflecting the possible interplay between epidermis and derr
Studies using cocultures of keratinocytes and dermal fibr
Invelucrin IEATIMTeyil  blasts in the absence of TCDD have clearly demonstrat
mutually inductive growth factor production by these two cel
types. Mutual growth factor induction in cocultures impact
proliferation in both fibroblasts and keratinocytes and mod
lates epithelial architecture and protein expression (Mae
Szabowsket al,, 1999, 2000; Smolat al., 1993). These results
clearly illustrate the vital role of epithelial-mesenchymal in
_ teractions in the maintenance of tissue homeostasis and e
Transglutaminase phasize the importance of accounting for this relationship wh
: exploring the impact of an exogenous agent on a tissue.
The aryl hydrocarbon receptor (AhR) signal transductic
pathway is thought to mediate the toxic effects of TCDD an
other polycyclic aromatic hydrocarbons (Poland and Glove
1980). The AhR, a ligand-activated transcription factor, is
member of the basic helix—loop—helix per-arnt-sim (bHLH
PAS) family of transcription factors (reviewed in Hankinson
1995; Schmidt and Bradfield, 1996). Although the fundament
AhR-dependent mechanism by which TCDD induces gel
expression is well understood, it is not known how TCDI
causes pathologies such as chloracne. The expression
battery of toxicologically significant genes, including cyto:

Keratin 1 Keratin 1

20 -
FIG. 3. Localization of differentiation markers is aberrant in TCDD- D TCDD
treated organotypic cultures. Organotypic cultures were treated with DMSO
(A, C, E, and G) or TCDD (B, D, F, and H). Eight days postplating, cultures ‘[ D DMSO
were fixed, sectioned, and stained with filaggrin (A and B), involucrin (C and 15

D), transglutaminase-1 (E and F), or keratin 1(G and H). (C, D, E, F) Original
magnification 30&. (A, B, G, H) Original magnification 408. |

Our studies sought to elucidate the mechanism by which
TCDD causes chloracne, a human skin pathology, through
examination of the cell biological effects of TCDD on orga-
notypic cultures containing both the primary epidermal and
dermal cells found in human skin. Although the skin pathology
caused by exposure of humans to TCDD has been well char-
acterized, elucidation of the mechanism by which TCDD
causes chloracne has been hindered by several factors. TCDD 0
fails to produce chloracne in most laboratory species. There- Exp 1 Exp 2 Exp 3
fore, animal studies have been primarily limited to the hairless
(hr/hr) mouse, which does display a chloracne phenotype Experiment Number
(reviewed in Panteleyest al, 1998). Furthermore, a survey of
23 cell lines failed to identify a cell line of epithelial origin that F!C- 4. Basal cell proliferation as measured by BrdU uptake is nc

. affected by TCDD treatment. Organotypic cultures were treated for 8 days w
could be used as a model to StUdY TC_DD"nd_uced path‘?"’%so (white bars) or TCDD (gray bars) and exposed taqu@ml BrdU on
(Knutson and Poland, 1980). All epithelial cell lines examine@e day of harvest. BrdU-positive basal cells were counted. Three differe
displayed no changes in morphology, viability, or growth upo#xperiments with standard error are depicted.

% BrdU Positive
[—
H[4
—|—
—|—

HA
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A B
DMSO TCDD Cycloheximide

Cycloheximide

FIG.5. TCDD does not induce nucleosomal fragmentation in keratinocytes in organotypic culture. Organotypic cultures were treated for 8 days with
(A and D), TCDD (B and E), or 3@.g/ml cycloheximide as a positive control (C and F)situ DNA 3’ end-labeling was performed on sectioned organotypi
cultures and the fluorescent label was visualized (A—C). Sections were counterstained with Hoechst to visualize the nuclei (D—F).

chrome P450 1A1 (CYP1Al), cytochrome P450 1B1, glutamnknown if induction of these genes is causally linked t
thione Stransferase, and NADPH quinione oxidoreductase, T8CDD-generated pathologies. Genes independent of detox

induced by TCDD via AhR (Prough, 1996); however it igation pathways, such as plasminogen activator inhibitor

A B

DMSO TCDD Cycloheximide
|
TCDD Cycloheximide

FIG. 6. TCDD does not induce protein expression of active caspase-3 in keratinocytes in organotypic culture. Organotypic cultures were treated fc
with DMSO (A and D), TCDD (B and E), or wg/ml cycloheximide as a positive control (C and F). Eight days postplating, cultures were fixed, par:
embedded, and sectioned. Sections were stained using an antibody against active caspase-3 (A-C). Sections were counterstained with Hdieehtbteto

nuclei (D-F).
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interleukin-18 (Sutteret al, 1991), and transforming growth xenobiotic agent, TCDD. Further experimentation using th
factor« (Choi et al, 1991), have been identified as beingystem will allow us to determine whether the accelerate
TCDD responsive, suggesting that AhR may have physiolodiferentiation observed upon TCDD treatment is dependent
ical roles outside of xenobiotic metabolism (Datral, 1994). AhR in the dermal or epidermal compartments of the model.
Furthermore, many members of the bHLH superfamily aweddition to providing a model system in which to investigat
known to be involved in growth and differentiation, leading téhe cellular and molecular biological basis of the pathologic:
speculation that the AhR/Arnt dimer may play a role in skieffects of TCDD, this organotypic culture model system intrc
differentiation. For example, Id-1, a HLH protein that lacks duces a general system for analyzing the effects of xenobiot
basic DNA-binding domain, functions as a negative regulaton skin.
of bHLH proteins. 1d-1 overexpression in keratinocytes leads
to decreased differentiation and an enhanced lifespan in culture
(Alani et al, 1999). ACKNOWLEDGMENTS

The role that the AhR plays in the TCDD-induced changes
in organotypic cultures of human keratinocytes remains un-We extend our sincere thanks to Nancy Parenteau and Organogenesis fol
known. Research conducted in our laboratory has shown tk&g gift of collagen type-1 used in organotypic cultures. We are grateful fc
CYP1A1 mRNA expression can be induced in an AhR-depeﬁg excellent preparation of histological samples by Toshi Kinoshita. Thanks
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ent manner in the absence of a xenobiotic, sSimply by alterigg i to all members of the Allen-Hoffmann Laboratory, particularly Cath

the adhesive characteristics of the cells. For example, Suspg#rie for technical assistance with the organotypic cultures, and Michs
sion of keratinocytes in a semisolid medium (Green, 197Pickart and Justine Clotfelter for suggestions on immunohistochemical tec
results in induction of CYP1A1 in the absence of a xenobiotfaues.
(Sadek and Allen-Hoffmann, 1994). Suspension, a manipula-
tion that ablates both cell-cell and cell-substratum contacts, is
a technique used to mimic the process of keratinocyte differ-
entiation in which basal cells must modify their adhesiVg,ni r. M. Hasskarl, J.. Grace, M., Herandez, M. C., Israel, M. A., an
characteristics in order to migrate upward. Suspension triggersiunger, K. (1999). Immortalization of primary human keratinocytes by th
a variety of changes in gene expression parallel to the charadelix-loop-helix protein, Id-1Proc. Natl. Acad. Sci. US86, 9637-9641.
teristic changes in gene expression observed during keratiafen-Hoffmann, B. L., Schlosser, S. J., Ivarie, C. A., Sattler, C. A., Meisne
cyte differentiation. The novel observation that genes classit. F., and O’'Connor, S. L. (2000). Normal growth and differentiation in ¢
cally associated with xenobiotic-metabolizing enzymes can pePontaneously immortalized near-diploid human keratinocyte cell lin
induced in the absence of a xenobiotic simply by modifying N'KS: J- Invest. Dermatol114,444-455
cellular adhesive characteristics is critical because it strondi§tazz. P- A., Bernucci, I, Brambilla, G., Consonni, D., and Pesatori, A. (
suggests a role for AhR/Amt signal transduction in not only (st?E:S)A ::ﬁefféﬁiﬁosfﬂzz&n;:rz}éjcrzjoggﬂgszfg:g;;l'ox'n a
detoxification but also normal physiological pathways. This , o _ _ ,
dual role for AhR signal transduction in skin was originallycapmoﬂR" Monti, M., Ermacora, E., Carminati, G., Gelmett, C., Gianott, R
. -7 Gianni, E., and Puccinelli, V. (1988). Cutaneous manifestations of tetr
proposed by Poland and Glover soon after AhR was identifiedthorodibenzap-dioxin in children and adolescents. Follow-up 10 years
as the mediator of TCDD toxicity (Poland and Glover, 1980). after the Seveso, Italy, accidedt. Am. Acad. Dermatoll9, 812—819.
It is tempting to speculate that AhR, like other bHLH-PA&hoi, E. J., Toscano, D. G., Ryan, J. A., Riedel, N., and Toscano, Jr., W.
family members, plays a role in formation or maintenance of a(1991). Dioxin induces transforming growth factor-alpha in human keratir
three-dimensional tissue structure in skin. For example, thedcytes.J. Biol. Chem266,9591-9597.
Drosophilaprotein trachealess regulates the transcription of &fark, E. A., and Brugge J. S. (1995). Integrins and signal transductic
FGF family homolog called breathless. Both trachealess andathways: The road takeScience268, 233-239.
breathless are required for complete formation of several epihr, O., Vogel, C., and Abel, J. (1994). Modulation of growth factor expres
thelial tube structures, including the trachea, salivary ductssion by 2,3,7,8-tetrachlorodibenpeeioxin. Exp. Clin. Immunogenet.1,
and filzkoper (Glazer and Shilo, 1991; Isaac and Andrew, 1427148
1996; Wilket al,, 1996). Based on the results of our studies, V\}gunigan, W. G. (1984). Cutaneous signs of systemic toxicity due to dioxir
speculate that the AhR regulates genes involved in squamoy&'d "é/ated chemicals. Am. Acad. Dermatoll0, 688-700.
differentiation, resulting in a tissue that possesses high tendiféert. R. L., Crish, J. F., and Robinson, N. A. (1997). The epiderm:
strength and promotes barrier function. keratinocyte as a model for the study of gene regulation and cell differe

. tiation. Physiol. Rev77,397—-424.
In conclusion, we have shown that TCDD exerts effects on _ _ , _
Gandarillas, A., Goldsmith, L. A., Gschmeissner, S., Leigh, I. M., and Wat

keratinocytes in organotypic culture by altering the differenti- F. M. (1999). Evidence that apoptosis and terminal differentiation of ep

atior‘ program of these cells WithPUt changing aDODtO_tiC Ol'dermal keratinocytes are distinct processesp. Dermatol 8, 71-79.
proliferative pathways. We have introduced a three_d”‘neal'azer, L., and Shilo, B. Z. (1991). The Drosophila FGF-R homolog i

Siona}l system for th_e culture of a normal human keratinoCyt€expressed in the embryonic tracheal system and appears to be requirec
cell line (NIKS), which can be used to assess the effects of alirected tracheal cell extensioBenes Dev5, 697-705.
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