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Increased Epidermal Transglutaminase Activity following 2,3,7,8-Tetrachlorodibenzo-p-dioxin:
In Vivo and in Vitro Studies with Mouse Skin. PUHVEL, S. M., ERTL, D. C., AND LYNBERG,
C. A. (1984). Toxicol. Appl. Pharmacol. 73, 42-47. In previous studies it has been shown that
topical treatment of hairless mice with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, dioxin) induces
hyperproliferation and hyperkeratinization in the epidermis of hairless mice. The present in-
vestigation demonstrated that such TCDD-induced morphological changes in skin in vivo are
accompanied by increased levels in activity of epidermal transglutaminase (ETG), the enzyme
associated with terminal epidermal differentiation. Exposure of mouse epidermal cells in tissue
culture to 107 M TCDD also resulted in a significant increase in ETG activity, despite the fact
that morphologically these cultures (grown at 0.07 mM ionic calcium concentrations) exhibited
no signs of terminal differentiation. Thus one mechanism of action of TCDD in inducing cutaneous
changes appears to relate to the stimulation of increased ETG levels.

In humans one of the first signs of expo-
sure to 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) is the development of a skin con-
dition known as chloracne (Moore, 1978).
This syndrome involves hyperkeratinization
of ductal epithelium of cutaneous sebaceous
follicles, resulting in comedo formation which
may or may not proceed to pustular and cystic
chloracne. Experimental chloracne has been
induced in skin of hairless mice by topical
application of TCDD (Puhvel et al., 1982;
Knutson and Poland, 1982). Even though fol-
licular involvement in mouse skin is insig-
nificant, the hyperproliferative, hyperkeratin-
izing changes induced in interfollicular epi-
dermis are sufficiently well defined to permit
the use of this animal model to monitor
TCDD-induced enzymatic changes in skin.
In this report we investigated the effect of
TCDD on epidermal transglutaminase (ETG)
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activity first in skin of hairless mice in vivo
following topical application of TCDD. Then,
to verify our observations in a more defined
system, changes in ETG activity of mouse epi-
dermal cells in tissue cultures were monitored
following addition of TCDD to culture media.

METHODS

Chemicals. 2,3,7,8-Tetrachlorodibenzo-p-dioxin was
obtained from KOR, Incorporated (Boston, Mass.), and
putrescine dihydrochloride, 2,3-*H(N) (sp. act. 38.9 Ci/
mmol) was obtained from New England Nuclear (Boston,
Mass). Tissue culture Medium 199, calcium depleted Me-
dium 199, fetal bovine serum (FBS), and antibiotic-an-
timycotic mixture were obtained from Grand Island Bio-
logical Co. (Grand Island, N.Y.); putrescine dihydrochlo-
ride, casein, dithiothreitol (DTT), and Trizma base were
from Sigma Chemicals (St. Louis, Mo.); dimethylcasein
was from Accurate Chemical and Scientific (Hicks-
ville, N.Y ).

In Vivo Studies

Animals. HRS/J strain of hairless female mice were
obtained from the Jackson Laboratories (Bar Harbor,
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Maine). Animals were 10 to 11 weeks old at the beginning
of the experiment. They were fed Wayne Lablox (Universal
Feeds, Inc., Colton, Calif.) laboratory chow ad libitum
and were housed four to a cage in disposable plastic cages
inside a Biohazard safety containment box (Class III Glove
box) for the duration of the experiments.

Treatment. Three times a week for 4 weeks animals
were treated topically with 0.1 ug of TCDD dissolved in
0.1 ml of acetone. Control animals received 0.1 ml of
acetone alone. Groups of four mice were killed by cervical
dislocation at 7, 14, 21, and 28 days after the beginning
of treatment. Skins were removed by dissection, and the
epidermis was separated from dermis by first immersing
the skins in a 55°C waterbath, followed by immersion in
ice water. Following this treatment, the epidermis was
scraped from the dermis with a scalpel, while maintaining
the skins at 4°C. Epidermal samples were homogenized
with a Polytron homogenizer, and the tissue cytosol was
separated by centrifugation at 30,000g for 30 min. Su-
pernatant fractions were used for the transglutaminase
assays.

Transglutaminase assay of epidermal homogenates. The
methods described by De Young and Ballaron (1982) were
used. Briefly, 0.1 ml of tissue supernatant fractions was
added to 0.5 ml of assay mixture containing 0.05 M Tris
buffer (pH 8.1), 0.01 M CaCly, 0.05 M DTT, 0.6 mg di-
methylcasein, and 0.37 uCi of [*H]putrescine. Mixtures
were incubated at 37°C for 60 min, and the reaction was
stopped by adding 0.6 ml of 10% trichloroacetic acid (TCA)
and 5 ml of 5% TCA containing 0.1% unlabeled putrescine.
After 30 min at room temperature, incubation mixtures
were filtered on 25-mm Whatman GF/A filter discs. Discs
were washed once with 10 ml 5% TCA containing 0.1%
unlabeled putrescine and twice with 10 ml 100% ethanol.
After drying, the discs were placed in Aquasol II (New
England Nuclear) and the radioactivity was counted. Sol-
uble proteins in the supernatant fractions were quantified
by the Bio-Rad protein assay with bovine serum albumin
as standard (Bradford, 1976).

In Vitro Studies

Tissue culture. Basal keratinocyte cultures from neonatal
BALB/c mice were established following the methods de-
scribed by Marcelo et al. (1978). Basal keratinocytes were
separated by discontinuous Ficoll gradient centrifugation,
and 1.5 X 108 cells were inoculated per 30-mm-diameter
culture dish. Cultures were grown in parallel in the fol-
lowing media: one-third of the cells were plated in Medium
199 supplemented with antibiotics and 0% FBS; the re-
mainder were plated in calcium-depleted Medium 199
supplemented with antibiotics and 10% FBS (5% chelated,
5% normal). The final ionic concentrations of calcium in
these media were 1.2 and 0.07 mM, respectively.

TCDD treatment. On the third day of culture, TCDD
dissolved in dimethylsulfoxide (DMSO) was added in a
final concentration of 107° M to half the low calcium
cultures. The remainder of the low calcium cultures re-

ceived DMSO alone in a final concentration of 0.1%. The
medium was changed every other day and fresh TCDD
and DMSO were added at every medium change.

Cells were harvested from four dishes of each of the
three media on Days 3, 5, 7, 10, and 12 by scraping the
plates with rubber spatula and collecting all cells (i.e.,
attached as well as free floating), by centrifugation. Cell
pellets were washed twice in buffer and stored frozen at
—60°C until used for the transglutaminase assay.

Transglutaminase assay of cell pellets. Cell lysates ob-
tained by thawing and freezing cell pellets three to four
times were used for the transglutaminase assay recom-
mended by S. H. Yuspa and U. Lichti (personal com-
munication). This procedure was an adaptation of the
method described by Ogawa and Goldsmith (1976). Cells
were pelleted in a buffer containing 50 mm Tris (pH 7.5),
2.5 mm DTT, 0.13 M NaCl, 0.83 mM EDTA, and 8.3
mM CaCl,. The reaction mixture consisted of 100 ul of
cell lysate, 20 ul of casein (20 mg/ml), 10 ul of
[*H]putrescine (5 pCi), and 20 ul of buffer. The mixture
was incubated at 37°C for 10 min. Following incubation
50 ul of the mixtures was spotted on filter paper discs
(Whatman 3MM) and immediately precipitated by im-
mersion in 10% ice cold trichloroacetic acid (TCA) plus
0.1% putrescine. The precipitates were washed in four
separate 30-min washes of 5% TCA plus 0.1% putrescine,
then immersed in 100% ethanol, and dried. The radio-
activity of the precipitates on the filter paper discs was
counted in a Beckman LS-7500 liquid scintillation counter.
Results were corrected for background radioactivity found
in lysate-free parallel assays. Soluble proteins in the cell
lysates were determined by the Bio-Rad protein assay.

To monitor the effect of 10~ M TCDD on epidermal
cell proliferation, cell counts were performed at regular
intervals in cultures grown in low calcium medium, with
or without the presence of TCDD in the medium. The
effect of TCDD on terminal differentiation of epidermal
cells in culture was investigated by transferring cultures
grown in low calctum medium (with and without the
presence of 10~° M TCDD) to high calcium medium on
the seventh day of culture, and monitoring the morphology
of the cultures and the rate of comified cell envelope
formation at 24 hr to 5 days after the change to the 1.2
mM Ca®* medium. Cornified envelope counts were per-
formed according to the methods described by Yuspa ef
al. (1982) with insolubility in 2% SDS and 20 mM DTT
at 90°C for 5 min as the criterion for defining cornified
envelopes.

RESULTS
In Vivo Studies

Hairless HRS/J mice treated topically with
TCDD developed the same pattern of well-
defined cutaneous changes which have been
described in detail elsewhere (Puhvel ef al,
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1982). Essentially, epidermal hyperplasia ac-
companied by involution of sebaceous glands,
hyperkeratinization of the epidermis, and ke-
ratinization of dermal cysts are the hallmarks
of hairless mouse “chloracne.”

These gross morphologic changes were ac-
companied by significant elevations in epi-
dermal transglutaminase activity. By the end
of the second week of treatment, the epidermal
transglutaminase (ETG) levels were more than
sixfold the baseline levels, or the levels in the
skin of acetone-treated mice (Fig. 1). By the
end of the third week of treatment, ETG levels
had decreased from the initial peak but still
remained at more than twice the baseline levels
at the termination of the experiment at 4
weeks.

To test for the possibility that TCDD pres-
ent in the treated mouse skins was carried into
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FiG. 1. Epidermal transglutaminase activity in skin of
hairless mice treated with TCDD (® —— @) and in con-
trols (O ), expressed as cpm incorporated during
30 min of incubation/mg of epidermal cytosol protein.
See Methods for details.
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the ETG assay and exerted a direct activating
effect on the enzyme in the epidermal cytosol
preparation, 0.2 ng of TCDD was added di-
rectly to the ETG assay mixture and the effect
monitored. No changes in radioactivity of the
resulting precipitates was observed.

In Vitro Studies

The ionic concentration of calcium in the
medium has been well established as a regu-
lator of mouse epidermal cell terminal differ-
entiation in in vitro tissues cultures (Hennings
et al., 1980) and our results were in line with
this finding. In low calcium medium, mouse
keratinocytes did not undergo terminal dif-
ferentiation but continued to proliferate as
basal cells in monolayers (Fig. 2A). Addition
of 107° M TCDD did not change this pattern
of growth at least in so far as could be deter-
mined by light microscopy (Fig. 2B). Nor did
addition of TCDD have any effect on the rate
of cell proliferation as measured by compar-
ison of total cell counts of cultures, 24, 48,
72, and 96 hr after the addition of TCDD or
DMSO to the low calcium medium. Total
protein content (measured to the twelfth day)
was similar in cultures grown with or without
TCDD. Cells grown in high calcium medium
started to stratify and differentiate 72 hr after
plating (Fig. 2C).

ETG activity in the TCDD-treated cells in
low calcium medium gradually increased over
the 12-day period of growth, so that on the
twelfth day ETG levels in the TCDD-treated,
undifferentiated cells were almost identical to
levels in the fully differentiating cells grown
in high calcium medium (Fig. 3). ETG levels
in the undifferentiating cells grown in low cal-
cium medium without the addition of TCDD
also increased slightly over the 12-day incu-
bation period, but remained at about half the
level of activity in the previously described
cultures.

That this was a genuine increase of ETG
production by the cells, rather than an acti-
vation of ETG activity already present in the
cells, was shown by the fact that 10~° M TCDD
added directly to the transglutaminase assay
did not have any effect on the results.
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FIG. 2. Neonatal mouse epidermal cell cultures (A) in
0.07 mM Ca?* medium; (B) in 0.07 mM Ca?* and 10~°
M TCDD; and (C) in 1.2 mM Ca?* medium at 7 days
after plating. Note that TCDD did not affect cell culture
morphology in the low calcium medium.

Changing keratinocyte cultures from low
calcium to high calcium medium on Day 7,
at a time when it had been established that
ETG activity was high in the TCDD-treated,
undifferentiated cells, indicated that terminal
differentiation was not the same in TCDD-
treated cells as in control cells grown in low
calcium medium without the presence of
TCDD. The cornified envelope count was
consistently slightly higher in the TCDD-

treated cells (0.7%) than in the control cells
(0.3%), but it remained much lower than the
counts of cornified envelopes in cells grown
in high Ca?* medium from the beginning (12
to 14%). Morphologically, terminal differen-
tiation and cell death were delayed in the
TCDD-treated cultures, in a manner similar
to what has been reported for retinoic acid-
treated cultures by Yuspa et al. (1981)
(Fig. 4).

DISCUSSION

The changes induced in human skin by
TCDD exposure are among the more observ-
able and well-defined biological effects of this
potent man-made toxin. In the hairless mouse
model, topical application of minute amounts
of TCDD induces a distinct hyperproliferative,
hyperkeratinizing response (Puhvel et al. 1982;
Knutson and Poland, 1982). Epidermal trans-
glutaminase is considered a marker enzyme
for terminal epidermal differentiation (Gold-
smith and Martin, 1975; Buxman and Wuep-
per, 1976). This soluble, calcium-dependent
enzyme which catalyses the formation of co-
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FIG. 3. Epidermal transglutaminase activity in cultures
grown in 1.2 mM Ca** (@ —— @), in cultures grown in
0.07 mM Ca®* plus 10° M TCDD (O—— O), and in
0.07 mM Ca?* without TCDD (A —— A).
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F1G. 4. llustration of the delay in terminal differentiation
of mouse epidermal cell cultures following treatment with
10~ M TCDD. Parallel cultures were first grown in 0.07
mM Ca®* for 7 days in the presence (A) and without the
presence of 107° M TCDD (B). Cultures were then switched
to 1.2 mM Ca?* (without TCDD). Terminal differentiation
and cell death were delayed in the TCDD-treated cultures
(A) compared to controls (B). The photograph was taken
5 days after transfer to 1.2 mM Ca?* medium.

valent crosslinks, involving e (y-gluytamyl-ly-
sine) dipeptide bonds, is thought to be involved
in the conversion of soluble structural protein
beneath the plasma membranes of epidermal
cells, to insoluble, high-molecular-weight pro-
teins which form the cornified cell envelopes
of differentiated keratinocytes.

Levels of transglutaminase activity in vivo
in mouse ear epidermis are affected by agents
which alter epidermal differentiation, such as
anthralin, retinoic acid, and fluocinolone ace-
tonide (DeYoung and Ballaron, 1982). In the
present in vivo studies, a significant increase
of this enzyme activity was demonstrated fol-
lowing changes in cutaneous differentiation
after TCDD application. One possible com-
plication in interpreting results of in vivo ex-
periments which involve analyses of crude

epidermal extracts is that during the dermal-
epidermal separation procedure, dermal
transglutaminases may theoretically contam-
inate the epidermal preparations. Substances
applied topically to the skin, particularly those
which induce an inflammatory cutaneous re-
sponse, may affect the dermal as well as epi-
dermal transglutaminase levels. Previous
studiesby DeYoungand Ballaron (1982)which
investigated this problem suggested that their
results were not affected by inflammatory
changes. In the present paper, in vitro tissue
culture studies were used to confirm the in
vivo observations in a system which was free
of dermal components.

The observation that mouse epidermal ker-
atinocytes in low Ca** medium have lower
levels of transglutaminase activity than dif-
ferentiating keratinocytes in high Ca?* me-
dium has been established previously by Hen-
nings et al. (1981). Our finding that TCDD
increases unexpressed transglutaminase activ-
ity in the nondifferentiating cells in low Ca?*
medium confirms our in vivo observations
about the increase of this enzyme by TCDD
in epidermal cells.

Very similar effects on transglutaminase in-
duction by epidermal basal cells in vitro have
been demonstrated by the addition of retinoic
acid (Yuspa ef al., 1981) or 12-O-tetradeca-
noylphorbol-13-acetate and other tumor pro-
motors (Yuspa et al., 1980) to low calcium
mouse epidermal tissue cultures. In those
studies as in the present experiments, it ap-
peared that the effect was one of induction
rather than activation of enzyme activity, since
addition of the chemical (in this case 10™° M
TCDD) directly to the enzyme assay had no
effect on the results. In the studies by Yuspa
et al. (1980, 1981) retinoic acid had a different
effect on terminal differentiation of the cell
cultures after transfer to high calcium (1.2 mM)
medium. Normaily, when epidermal basal
cells are transferred to high calcium medium
after being cultured in low calcium medium
for 5 to 7 days, terminal differentiation ac-
companied by cell death occurs within 2 to 5
days after transfer. In cells grown in the pres-
ence of retinoic acid (at 107% M concentration),
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this pattern of terminal differentiation was
significantly delayed. Phorbol esters did not
affect the rate of terminal differentiation. In
the present study, TCDD also delayed ter-
minal differentiation of the cultures, despite
the fact that insoluble cell envelope counts
appeared to be higher in the TCDD-treated
transferred cultures than in the untreated con-
trols.

Knutson and Poland (1982) have suggested
that cutaneous sensitivity to TCDD in mice
is associated with the gene for hairlessness,
and that hr/hr (hairless) animals have a more
acute cutaneous response to TCDD than do
the hr/+ (haired) counterparts, In the present
studies, epidermal cell cultures were estab-
lished with BALB/c hr/+ (haired) neonatal
mice as tissue donors. Interestingly, such cells
in culture responded to TCDD exposure. It
could be that the effects of TCDD on epider-
mal cell cultures would be even more striking
in epidermal cultures from hr/hr (hairless) skin
donors.
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