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ABSTRACT

Treatment of mouse skin with a single dose of the phorbol ester tumor
promoter 12-0-tetradecanoylphorbol-13-acetate (TPA) causes dramatic
alterations in the biosynthesis of specific epidermal keratins. TPA was
applied either topically to the skin of mice or added to the culture medium
of skin expiants maintained in vitro. Twenty-four h after exposure, skin
samples were pulse labeled with |35S]methionine, and epidermal proteins
were extracted and resolved by two-dimensional gel electrophoresis. In
whole animals, TPA caused a marked decrease in the biosynthesis of the
M, 67,000 (basic) and 59,000 (acidic) keratins, specific markers for
suprabasal differentiation in the epidermis. In addition, the synthesis of
an acidic keratin of V/,48,000 and a basic keratin of M, 62,000 was also
decreased. Concomitantly, TPA caused an increase in the synthesis of a
basic keratin of M, 60,000 and acidic keratins of M, 52,000 and 49,000,
markers for proliferating cells and primary epidermal cell cultures. The
normal pattern of keratin synthesis observed in expiants from normal
skin was similar to that observed in skin samples from animals treated
with TPA, except that synthesis of the M, 67,000 basic keratin subunit
was maintained. The addition of TPA to culture medium containing the
skin expiants resulted in a dose-dependent decrease in the synthesis of
this keratin. Furthermore, resulting patterns of keratinization were iden
tical to epidermis treated with TPA in vivo. These results suggest that a
single acute exposure to TPA alters normal differentiation of mouse
epidermal cells in vivo while causing a pronounced basal cell hyperpro-
liferation. This response can be reproduced following TPA exposure to
skin expiants in culture, suggesting that the changes in keratinization
observed are independent of the animal. Specific keratins modulated
during TPA-induced hyperplasia may serve as marker proteins for aber
rant epidermal cell growth and differentiation leading to the development
of neoplasia.

INTRODUCTION

Mouse epidermis is a stratified squamous epithelium com
posed predominately of keratinocytes. These cells undergo a
process of terminal differentiation as they migrate from the
basal layer outward, ultimately forming the stratum corneum.
Throughout differentiation, keratinocytes produce keratins, a
family of highly water-insoluble proteins, which assemble to
form intermediate tonofilaments. Keratins serve structural and
organizational functions within the cell cytoplasm (1). Recently,
it has been demonstrated that the specific keratin composition
of epidermal cells varies and is dependent on stage of differen
tiation, nutritional state, and underlying disease processes (2).
At least 9 distinct keratins have been characterized in mouse
epidermis (Refs. 3 and 4; Footnote 3). These consist of both
acidic and basic subunits ranging in molecular weight from
48,000 to 67,000. The expression of individual keratin subunits
has recently been characterized as a function of epidermal
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differentiation (5-8). Basal cells produce only a few keratins,
usually consisting of at least one acidic subunit and one basic
subunit of lower relative molecular weight. As these cells mature
and ascend to form suprabasal spinous and granular cells, they
express higher-molecular-weight acidic and basic keratin sub-
units that serve as markers for the differentiation process (2,
9). In some diseases affecting epidermal growth, such as pso
riasis, and in epidermal carcinogenesis, the normal pattern of
keratinization is disrupted, presumably reflecting changes in
epidermal cell populations and phenotypic differentiation (10-
12).

The phorbol ester TPA4 is one of the most potent tumor-

promoting agents tested in the multistage mouse skin carcino
genesis system (13, 14). Following topical application of TPA
to mouse skin, several morphological and biochemical changes
are observed. These include inflammation and hyperplasia with
associated alterations in epidermal cell growth rates, and DNA,
RNA, and protein biosynthesis (15-18). In addition, prolifera
tion of basal cells is observed, along with alterations in the
normal rate of cell maturation (18, 19). Some of these changes
in epidermal cell growth and differentiation may be related to
the process of tumor promotion.

We have recently identified and characterized the complete
pattern of keratin expression in mouse epidermis and in primary
mouse keratinocyte cultures using two-dimensional gel analysis
coupled with protein immunoblotting using specific antikeratin
antibodies.3 In the present studies, we examined the effects of

TPA on keratin expression in epidermis to determine whether
this promoter alters the synthesis of specific keratin markers of
epidermal differentiation and proliferation. In addition, we
analyzed the changes in keratin expression that occur in the
epidermis of skin exposed to TPA in expiant culture. Our
results demonstrate that keratinization that occurs during epi
dermal hyperplasia induced by the single topical application of
TPA is distinct from keratinization in normal epidermis. Hy
perplasia is accompanied by the expression of specific keratin
proteins that are markers for undifferentiated, proliferating
keratinocytes. This pattern of keratin synthesis was also ob
served in epidermal cells exposed to TPA in organ culture.
Cellular mechanisms which control the expression of these
keratins may be important in understanding the biology of
epidermal hyperproliferative diseases and tumor promotion.

MATERIALS AND METHODS

Female CD-I mice, 8 to 10 wk of age, were supplied by Charles
River Breeding Laboratories (Wilmington, MA). TPA was obtained
from Sigma Chemical Co. (St. Louis, MO). [35S]Methionine (1000 Ci/

mmol) was purchased from New England Nuclear (Cambridge, MA).
Ampholines for two-dimensional gels were from LK.B, Sweden. Rabbit
anti-keratin antiserum (K2) was generously donated by Dr. Stuart

' The abbreviations used are: TPA, 12-O-tetradecanoylphorbol-13-acetate;
SDS, sodium dodecyl sulfate; IEF, isoelectric focusing; NEPHGE, nonequilib-
riuni pH gradient electrophoresis; DMSO, dimethyl sulfoxide.
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Yuspa (National Cancer Institute). Biotinylated goat anti-rabbit IgG
antiserum and avidin-peroxidase detection kits were purchased from
Vector Labs (Burlingame, CA). Tissue culture medium and newborn
calf serum were obtained from Gibco (Grand Island, NY).

Topical Treatment, Extraction, and Radiolabeling of Mouse Epider
mis. For the preparation of radiolabeled keratins, mouse skin was pulse
labeled with [35S]methionine as previously described (20). Briefly, the

dorsal skins of mice (4 mice/treatment group) were shaved with animal
clippers 24 h prior to treatment. TPA (10 jig, 17 nmol) dissolved in
acetone (0.2 ml) was applied directly to the shaved area. Control mice
received 0.2 ml of acetone alone. After 24 h, animals were sacrificed,
and a chemical depilatory (Neet, Whitehall, NY) was then applied to
the shaved areas for 3 min, and the remaining hair was removed by
washing the skin under cold water. Denuded skin was quickly excised,
and the subcutaneous adipose tissue was removed with a scalpel. The
skin was then cut into 2 sections (approximately 3 cm2 each) and floated

in 3.5-cm plastic tissue culture dishes dermal side down in 2 ml of
incubation medium consisting of Dulbecco's modified Eagle's medium,

without methionine, supplemented with 5% newborn calf serum and
100 nCi/ml [35S]methionine. The preparation was then incubated at
37Â°Cin a humidified COi incubator. After 4 h, pure epidermis was

collected as previously described (20). The epidermal samples were then
immediately solubilized in 0.5 ml of a lysis buffer consisting of 9.5 M
urea, 2% (w/v) Nonidet P-40, 5% 2-mercaptoethanol, 1.6% ampholines
(pH range, 5-8), and 0.4% ampholines (pH range, 3.5-10). The result
ing lysate was sonicated on ice for 30 s and then stored at -70Â°Cuntil

use. Before electrophoresis, samples were thawed and centrifugea for 5
min at 12,000 x g. Only clear supernatant fractions were used for gel
electrophoresis.

Treatment of Whole Mouse Skin Expiants. For the preparation of
skin expiants, mice were sacrificed, shaved, and depilated. Areas of
dorsal skin (3 cm2) were then removed and placed in 6-cm plastic tissue

culture dishes under aseptic conditions. Skin expiants were maintained
by floating skin sections dermal side down in Dulbecco's modified
Eagle's medium supplemented with 10% fetal calf serum plus penicillin

(100 units/ml) and streptomycin (100 Mg/ml). TPA (0.3 to 10 /Â¿g/ml)
or DMSO (control) was added directly to the organ culture medium.
After 24 h, the skin fragments were radiolabeled with [35S]methionine,

and the purified epidermis was collected as indicated above.
Polyacrylamide Gel Electrophoresis. One-dimensional discontinuous

SDS-polyacrylamide slab gel electrophoresis was performed according
to the method of Laemmli (21). The separating gels consisted of 10%
polyacrylamide. Two-dimensional gel electrophoresis with IEF (pH 4-
7) in the first dimension was performed using a modification of the
method of O'Farrell (22) as previously described (20). In order to

resolve more basic proteins, epidermal extracts were also separated on
NEPHGE gels (pH 3.5-10) in the first dimension according to the
method of O'Farrell et al. (23). The gels were routinely stained with
Coomassie Brilliant Blue R-250 (Sigma). Radioactive proteins were
visualized by autoradiography using EnHance (New England Nuclear).
Dried gels were exposed to Kodak XAR-5 film at -70Â°C. Gels for

protein staining contained 100 to 200 Mg of protein, and for autora
diography, 1 in 5 x 10" cpm of radiolabeled proteins. Peptide mapping

of radiolabeled keratins was performed by the method of Cleveland et
al. (24) as previously described.3

Protein Immunoblotting. Proteins (15 Â¿ig)separated by SDS-gel elec
trophoresis were transferred electrophoretically to nitrocellulose sheets
according to the method of Towbin et al. (25). Keratins were visualized
by the double antibody-peroxidase staining method (26) using the anti-
keratin antibodies as the primary antibodies and peroxidase-conjugated
goat anti-rabbit IgG as the secondary antibody.

HistolÃ³gica!Studies. Excised skin from mice treated topically or skin
treated in organ culture was fixed in 10% buffered formalin. The tissues
were then embedded in paraffin and processed for light microscopy
with hematoxylin and eosin staining (Tissue Techniques, Morristown,
NJ).

RESULTS

HistolÃ³gica!Changes Induced by TPA Exposure to Intact Skin
and Skin Expiants Maintained in Organ Culture. Normal adult

mouse epidermis consists of a thin layer of epithelial cells two
to three cell layers thick located above the dermis (Fig. I A).
Stratum corneum and granular layers are very thin, and the
bulk of the epidermis consists of a mixture of basal cells layered
on the basement membrane and suprabasal cells above these.
Twenty-four h following a single topical application of TPA

(10 /Â¿g,17 nmol) to mouse skin, several characteristic changes
in the tissue were observed. These included inflammation, hy-
peremia, and epidermal thickening. This inflammatory re
sponse was characterized by a leukocytic infiltration, epidermal
cell enlargement, and tissue edema (Fig. Mi). Similar responses
to TPA have been reported previously (18, 27, 28).

Organ cultures were prepared to study the effects of TPA
exposure on skin ex vivo. In preliminary experiments, we found
that expiants could be maintained in culture without significant
loss of tissue integrity for at least 3 days.3 Fig. 1C shows a

section of untreated skin after 24 h in culture with DMSO
(control). With the exception of a slight increase in the thick
ness of the epidermis, tissue architecture appeared normal.
Incubation of skin expiants with TPA (10 Mg/ml) for 24 h
induced a slight thickening of the epidermal layer in comparison
to control expiants (Fig. ID). Interestingly, some TPA-treated
expiants displayed an increased number of follicular cells in the
dermal areas of the expiants (not shown). These foci of rapidly
proliferating cells were also observed in expiants of untreated
skin, but were less pronounced. This enhanced epithelial cell
growth in the dermal side of the skin may be due to the methods
used to expose the expiants to TPA. Under our conditions,
TPA penetrates the dermis before reaching the interfollicular
epidermal cells.

One-Dimensional Gel Analysis of Keratin Synthesis in Control
and TPA-treated Epidermis. In order to determine if the epider
mal hyperplasia observed in TPA-treated epidermis was asso
ciated with altered keratin production, we examined protein
biosynthesis by pulse labeling the epidermis with radioactive
methionine. Lysates of epidermis prepared from pulse-labeled
skin were first separated by one-dimensional discontinuous
SDS-polyacrylamide gels, electroblotted onto nitrocellulose pa
per, and probed with an antikeratin antibody against suprabasal
keratins (K2; see Ref. 29). Following visualization of the kera
tins, immunoblots were exposed to film, and radiolabeled pro
tein bands were compared to keratin staining patterns on the
immunoblots. Fig. 2 shows that several keratin bands were
readily detected in extracts from control and TPA-treated epi
dermis (Fig. 2, Lanes A and B) and that these patterns appeared
identical. Keratin staining of M, 67,000, 65,000, 62,000,
60,000, and 59,000 bands was detected in both TPA and control
skin. These keratins have previously been identified in supra-
basal cells and stratum corneum (4, 8). In contrast, autoradi-
ographs of newly synthesized proteins from these samples re
vealed several differences between control and TPA-treated
epidermis (Fig. 2, Lanes A' and B'). TPA treatment caused a

marked decrease in the expression of the M, 67,000 and 62,000
bands, while the M, 60,000, 55,000, and 50,000 bands were
increased (Fig. 2). These results demonstrate that, although
similar keratins were extracted from both TPA-treated and
control skin, rates of de novo keratin biosynthesis were greatly
altered following TPA treatment.

Two-Dimensional Gel Analysis of Keratin Expression in
Mouse Epidermis following Application of TPA to Intact Skin.
Keratins are a complex family of proteins in the molecular
weight range of 40,000 to 70,000. Because of subunit charge
heterogeneity, they are best resolved by two-dimensional gel
electrophoresis (2). Radiolabeled protein extracts from control
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CONTROL T PA

Fig. 1. HistolÃ³gica! sections of CD-I
mouse skin. Animals or skin expiants were
treated with TPA as described in "Materials
and Methods." Skin sections were then fixed

in 10% buffered formalin and processed for
histology. A, skin section from control animal;
B. skin section from animal 24 h after topical
treatment with TPA. H & E, x 256. C, normal
skin maintained in expiant culture conditions
for 24 h; D, skin expiants treated in culture
with TPA for 24 h. H & E, x 190.
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Fig. 2. SDS-polyacrylamide gel analysis of mouse epidermal proteins from
control and TPA-treated skin. Protein extracts (15 jig/lane) from [3!S)methionine-
labeled mouse epidermis obtained from control skin (Lanes A and A') and skin
treated with TPA (17 nmol, 24 h; Lanes B and B') were separated in 8.5% SDS-

polyacrylamide gels. Proteins were then transferred to nitrocellulose paper and
either autoradiographed to localize newly synthesized proteins (Lanes A' and B')
or stained with antikeratin antibodies (Lanes A and B) using the immunoperox-
idase technique, as described in "Materials and Methods." In Lanes A and B, the

suprabasal keratins were identified using K2 polyclonal antibodies (1:50,000
primary dilution). Note that, while total keratin content is similar between control
and TPA-treated epidermis, there are marked differences in the synthesis of
specific keratins (arrowheads).

and TPA-treated epidermis were separated by this procedure
using either NEPHGE or IEF in the first dimension, followed
by SDS gel electrophoresis in the second dimension. A number
of individual proteins were visualized in each gel following
staining with Coomassie blue or autoradiography (Figs. 3 and
4). We have previously identified those keratins present in the
gels (numbered protein spots) using immunoblot techniques
with antikeratin antibodies.3 Coomassie-stained two-dimen

sional gel profiles of control epidermis were found to contain
M, 67,000, 62,000, and 60,000 major basic keratins with a M,
65,000 minor complex (Fig. 3/4). Acidic keratins, best resolved
on IEF gels, included M, 59,000, 54,000, 49,000, and 48,000
complexes (pi ~ 5.0 to 5.5; Fig. 4A). All of these keratins were
also observed in Coomassie-stained gels from TPA-treated ep
idermis (Figs. 35 and 4B). However, some additional keratins
were noted in these gels. In Fig. 3/f, the NEPHGE separation
of the basic keratins shows that the M, 60,000 basic keratin
extended further into the basic range (arrows) than in the
control gels. In addition, in IEF gels (Fig. 4B), a pair of M,
52,000 keratins was observed that was not identified in the
control Coomassie-stained gel (compare to Fig. 4A). IEF gels
of TPA-treated epidermis also contained three poorly resolved
protein streaks (Fig. 4, open arrows), representing keratin sub-
unit complexes incompletely dissociated by the urea lysis buffer
(30). These complexes were consistently observed in gels from
TPA-treated epidermis and were found to react with antikeratin
antibodies in immunoblot experiments (not shown).

Since keratins form stable, highly cross-linked, and long-
lived intermediate filaments in epidermal cells, the extraction
of a heterogeneous mixture of epidermal cells, both dead and
viable, followed by simple protein detection by staining would
not reveal subtle changes in the pattern of protein biosynthesis
that may have been induced in viable cells subsequent to TPA
exposure. Therefore, we used radiolabeling of newly synthesized
proteins to examine alterations in protein expression in the
viable cell layers of the epidermis (20). Figs. 3C and 4C show
the patterns of newly synthesized keratins extracted from mouse
epidermis. All of the keratins, previously identified by Coomas
sie staining with the exception of the basic M, 65,000 species,
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<- NEPHGE

Fig. 3. Two-dimensional gel profiles of ep
idermal proteins from control and TPA-
treated mouse skin. Samples of |"S]methio-
nine-labeled extracts from control and TI'A
treated mouse epidermis (containing SxlO'
cpm of labeled protein) were resolved on two-
dimensional gels using NEPHGE in the first
dimension followed by 10% SDS-polyacryl-
amide gel electrophoresis in the second dimen
sion. Basic polypeptides appear on the left side
of the gels. Proteins were identified either by
staining with Coomassie blue (A and B) or by
autoradiography (C and /) ). Keratins are iden
tified by their molecular weights (xlO~3).

Brackets around the numbers indicate a
marked decrease in protein synthesis. A and C,
proteins from control mouse epidermis: B and
D, proteins from mouse epidermis after treat
ment with TPA ( 17 nmol) for 24 h. Arrowheads
in B and l> indicate the basic isovariants of the
M, 60,000 basic keratin that were induced by
TPA. Open arrow in D points to unresolved
keratin heterodimer complexes.
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Fig. 4. Two-dimensional gel profiles of acidic proteins from control and TPA-
treated mouse epidermis. Samples from [39S]methionine-labeled extracts (contain
ing 5 x 10* cpm of labeled protein) were analyzed by two-dimensional gel
electrophoresis using IEF in the first dimension, followed by SDS-polyacrylamide
gel electrophoresis in the second dimension. The most acidic keratins appear on
the right side of the gels. Gels were either stained with Coomassie blue (. 1and ÃŸ)
or fluorographed to localize radiolabeled keratins (C and I)). Keratins are iden
tified by their apparent molecular weights (xlO~3). Brackets around the numbers

indicate a decrease in the expression of that keratin, a, major actin polypeptide
as reference marker (M, 43,000; pi ~ 5.4). Open arrows indicate incompletely
resolved keratin heterodimer complexes induced by TPA.

were synthesized in control skin. In addition the acidic keratin
of M, 52,000, not seen in Coomassie-stained gels (Fig. 4A), was
identified in the autoradiograph of the labeled keratins (Fig.
4Q.

In contrast to the minor differences in keratin expression
between control and TPA-treated epidermis detected using the
Coomassie-staining techniques, we observed dramatic altera
tions in keratin biosynthesis following autoradiography of these
gels (Figs. 3 and 4, C and D). The most striking change seen in
the TPA-treated samples was the large decrease in synthesis of
the A/r 67,000 (basic) and 59,000 (acidic) keratins (compare
Figs 3Ã„and 3D; 4B and 4D). In addition, NEPHGE gels of
newly synthesized proteins revealed a decrease in the M, 62,000
(basic) keratin, with a concomitant increase in the M, 60,000

(basic) subunit (Fig. 3D). As in the Coomassie-stained gels, this
latter keratin was also found to contain additional isovariants
which extended into the basic region of the gels (pi > 8.0; Fig.
3D, arrows). Peptide mapping of these new spots revealed that
they were similar to the basic M, 60,000 keratin and thus likely
represented posttranslational modifications of this keratin (not
shown).

The pattern of expression of newly synthesized acidic keratins
observed following TPA treatment is shown in Fig. 4D. In
addition to the large decrease in the M, 59,000 (acidic) keratin,
we noted changes in several other keratin species. Synthesis of
a M, 48,000 acidic keratin, readily visualized by Coomassie
staining (Fig. 4Ã„),was completely abolished, while increased
expression of the M, 54,000, 52,000, and 49,000 keratins was
observed. Fig. 4D also reveals several unresolved keratin com
plexes that appear as streaks in these gels (open arrows). Taken
together, these data demonstrate that at least some of the
keratins in these complexes are newly synthesized.

Keratin Expression in Epidermal Expiant Cultures. Fig. 5, A
to D, shows the patterns of newly synthesized proteins in whole
mouse skin expiant cultures in the presence and absence of
TPA (10 /ig/ml). In control expiants several alterations in the
normal pattern of keratin expression were observed (Fig. 5, A
and B). After 24 h in culture, the synthesis of a differentiation-
specific A/r 67,000 basic suprabasal keratin was retained, but
the synthesis of the M, 62,000 basic keratin decreased. In
addition, the synthesis of M, 60,000 basic group increased, once
again accompanied by the appearance of additional keratin
subunits in the more basic region of the gel (Fig. 5A).

In the IEF gels of control skin expiants, the decreased expres
sion of the differentiation-specific A/r 59,000 acidic suprabasal
keratin and of the M, 48,000 acidic keratin was accompanied
by increased synthesis of M, 52,000 and 49,000 acidic keratins
(Fig. 5li). Thus, it appears that, when skin is maintained under
tissue culture conditions, some of the alterations in keratin
expression similar to those observed following TPA treatment
of skin in vivo occur. The addition of TPA to skin cultures
produced additional changes in keratin biosynthesis in the
epidermal samples. Specifically, the synthesis of the M, 67,000
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Fig. 5. Two-dimensional gel profiles of proteins synthesized by control and
TPA-treated mouse epidermis maintained in expiant culture for 24 h. Dorsal skin
expiants from CD-I mice were placed in tissue culture for 24 h in normal growth
medium or in growth medium supplemented with TPA as described in "Materials
and Methods." Samples were then pulse labeled with [35S]methionine, and epi
dermal extracts (containing S x 10s cpm of labeled protein) separated on two-

dimensional gels. Either NEPHGE (. I and C) or IEF (B and D) was used in the
first dimension, followed by SDS-polyacrylamide gel electrophoresis in the second
dimension. Keratins are identified by their molecular weights (X10~3). Brackets

around the number indicate a decrease in the expression of this keratin subunit.
I and B, gels of epidermal proteins from control skin expiants; C and D, gels of

epidermal proteins from skin expiants exposed to TPA.

basic keratin, the principal marker of differentiating suprabasal
keratinocytes, decreased in comparison to controls (Fig. 5C).
Furthermore, increases in the synthesis of the M, 60,000 basic
keratin (Fig. 5C) and the M, 52,000 and 49,000 acidic keratins
(Fig. 5D) were apparent. These data demonstrate that TPA
enhances the alterations in epidermal keratin biosynthesis that
are initiated by maintaining skin samples in organ culture.

DISCUSSION

Normal adult mouse epidermis is known to contain at least
9 distinct keratins (Refs. 3, 4, and 8; Footnote 3). Each of these
proteins, which range in molecular weight from 40,000 to
67,000, consists of several subunits of similar molecular weight,
but varying isoelectric point, presumably reflecting differences
in protein phosphorylation (2, 31). The keratins are subdivided
into two general subfamilies based upon their apparent charge,
an acidic (type 1, pis < 5.5), and a basic (Type 2, pis > 7.0)
group (Fig. 6, top). The expression of individual subunits within
each group has been well correlated with changes in differentia
tion of keratinocytes (4, 6, 8. 9). Thus, less-differentiated kera
tinocytes express only a few subunits, including the basic Mr
60,000 keratin and the acidic M, 54,000 and 52,000 keratins.
During the formation of the stratum corneum, additional
higher-molecular-weight keratins (Mr 67,000 basic and 59,000
acidic) are sequentially expressed, and these can serve as mark
ers for the differentiation process (9). At the final stages of
differentiation (cornification), keratins also undergo further
posttranslational modifications, including limited proteolysis.
This results in the production of additional minor keratins (M,
65,000,63,000 basic) that are detectable in the stratum corneum
and serve as markers for this layer in the epidermis (4).

Previous studies in our laboratory have analyzed the effects
of TPA treatment on the newly synthesized proteins in mouse
epidermis in an attempt to correlate changes in protein expres
sion with tumor promotion (20, 32). We have shown that the
production of several proteins in the molecular weight range of
the keratins was altered following TPA treatment of mouse

â€¢â€¢â€¢â€¢

CONTROL 40

67>â€”

62.60â€”|
1â€¢

Jfc mKH***â€¢â€¢Â»â€¢
^^^^Â»Â¡^â€¢â€¢â€¢â€¢^â€¢â€¢B

â€¢â€¢HMi^MMMMITPA_^MAA^ AftF"54KOOX.49-[48]

â€”40
Fig. 6. Schematic representation of the alterations in keratin expression

induced in the mouse epidermis following the application of the tumor promoter
TPA. Mouse epidermal keratin subunits are arranged according to their isoelectric
positions after two-dimensional gel electrophoresis. Individual keratins are num
bered according to their apparent molecular weights (xlO~3) Top, pattern of
labeled keratins from untreated mouse epidermis (CD-I); bottom, pattern of
labeled keratins in mouse epidermis that has been treated with TPA. Note that
there are decreased expression of the differentiation-specific keratins (open arrows;
M, 67,000, 59,000, and 48,000) and an increased expression of proliferation-
specific keratins (solid arrows; M, 60,000, 52,000, and 49,000). hd, unresolved
keratin heterodimer complexes observed in gels of TPA-treated epidermal pro
teins as described in "Results."

epidermis. Similar studies by Nelson et al. (33) also reported
changes in the pattern of acidic proteins induced by tumor
promoters and other nonpromoting hyperplasiogenic agents in
both acute and chronic treatment protocols. Following a single
exposure of mouse skin to TPA, they observed decreased
expression of an acidic keratin (M, 62,000) and an increase in
the amount of another acidic keratin (M, 52,000), as determined
by Coomassie staining. Some of these changes were also ob
served in mouse epidermal papillomas and carcinomas (34). In
a separate report, Schweizer and Winter (35) found that TPA-
induced epidermal hyperplasia was accompanied by pro
nounced changes in the charge properties of various acidic
keratins. These investigators suggested that this was related to
disturbances in the normal degree of keratin phosphorylation.
Studies by Toftgard et al. (36) using complementary DNA
probes for a limited number of mouse epidermal keratins
showed that the transcript levels of the differentiation-related
epidermal keratins (M, 67,000 and 59,000) were rapidly de
creased following TPA treatment, whereas transcripts of kera
tins related to proliferating epidermal cells (Mr 60,000, 55,000,
and 50,000) were generally increased. All of these studies were
limited to observations of only a few of the keratin subunits
resent in mouse epidermis, and the identification of keratins

in some studies was occasionally only indirect.
In this paper we have extended these findings by examining

changes in expression of each of the keratins of types 1 and 2
following TPA treatment of mouse skin both in vivo and in
explant cultures. Some of the changes, in particular, the accu-
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inulation of new keratins, could be detected by the relatively
insensitive method of Coomassie staining in two-dimensional
gels. However, it should be stressed that changes in the biosyn
thesis of keratins normally present in the epidermis can only
be accomplished in pulse-labeling studies. This is due to the
long-lived nature of these intermediate filament proteins which
form stable structural elements that remain relatively intact
after terminal differentiation of the keratinocyte. A summary
of the major changes in keratin expression induced by TPA is
presented in Table 1 and is diagrammed in Fig. 6. The most
striking aberration in the normal pattern of keratin biosynthesis
induced by TPA was the marked diminution of the M, 67,000
(basic) and 59,000 (acidic) differentiation-specific keratins (Fig.
6, bottom, open arrows). These keratins have been shown to
mark the suprabasal keratinocytes as they undergo maturation
prior to terminal differentiation and are rarely identified in the
basal cell compartment of the epidermis (4, 8).

In addition to the decreases in the biosynthesis of keratins
associated with differentiation, we observed marked increases
in the expression of those keratins associated with proliferating,
undifferentiated, basal cells in TPA-treated skin (Fig. 6, bottom,
solid arrows). These include the basic M, 60,000 keratin, which
displayed additional isoelectric variants that extended into the
basic portion of the gels, and the acidic M, 54,000, 52,000, and
49,000 keratins. We have previously shown that these keratins
are also produced in growing primary mouse epidermal cell
cultures maintained in low calcium conditions.3 The increased

expression of some of these keratins was also observed by
Toftgard et al. (36). These proteins are also likely to be related
to similar human epidermal keratin subunits [Keratin No. 6,
basic; Nos. 14 and 16, acidic, according to the nomenclature of
Moll et al. (2)] that have repeatedly been identified in prolifer-
ative skin disorders and epidermal tumors such as psoriasis
(12) and squamous cell carcinomas (11, 37). In all of these
studies, the normal two-dimensional pattern of epidermal ker
atins was altered, and increases in these proliferative markers
were observed.

Two-dimensional gels of TPA-treated epidermal proteins
also consistently displayed three streaks of poorly resolved
protein complexes that were focused approximately midway
between the acidic and basic keratin groups (see Figs. 3D and
4, B and D). These proteins, which react with antikeratin
antibodies, have previously been described by Franke et al. (30)

Table 1 Summary of the changes in expression of mouse epidermal keratin
markers following TPA treatment

Coomassie Autoradiography
staining + TPA

treatment in TPA treatment TPA treatment
vivo in vivo in vitro

Keratin" Control TPA Control TPA Control TPA

Type 2, basic
67*

62
60*

Type 1, acidic
59*

54
52"
49"

48
" Keratins are identified by molecular weights (x 10 ' I. Note that changes

found by autoradiography of newly synthesized proteins were not necessarily
detected in Coomassie-stained gels.

b Differentiation marker keratins (suprabasal cells).
c +++, increase of major keratin: ++, major keratin; +, minor keratin; +/â€”.

trace amount; â€”,absent.
"' Proliferation marker keratins (basal cells).

as heterodimer complexes composed of acidic and basic keratins
that were incompletely dissociated by 9.5 M urea prior to gel
electrophoresis. We observed these heterodimer complexes
(Fig. 6, hd) repeatedly in mitogenically stimulated epidermal
samples, both in vivo and in proliferating keratinocyte cultures
in vitro. These complexes have also been reported previously in
TPA-treated epidermis (20, 35) and in two-dimensional pat
terns of keratins expressed in human epidermal hyperprolifer-
ative disorders (11, 12, 37). Taken together, these data suggest
that the appearance of heterodimer complexes is an additional
marker for epidermal proliferation. Further studies are required
to understand the biochemical mechanisms involved in the
assembly of keratin subunits into urea stable complexes and
their potential role in epidermal cell growth.

Two-dimensional gel analysis of epidermal proteins collected
from whole skin expiants maintained in culture for 24 h with
and without TPA treatment also showed alterations in the
expression of the various keratin markers. Culture medium,
supplemented with 10% fetal calf serum, contains a number of
mitogenic factors, and these may be responsible for the altera
tions in keratin subunit expression in untreated explants. TPA
augmented the changes in keratin biosynthesis. These data
indicate that all of the alterations in keratin expression induced
by TPA in vivo could be observed in skin expiants treated in
vitro. Thus they were independent of the animal. It should be
further noted that the changes in keratin expression in the skin
expiants occurred in the absence of the pronounced inflamma
tory reaction that typically follows TPA treatment in vivo. Thus,
the alterations in keratin expression in the epidermis are also
independent of this process.

A question arises as to the mechanism of TPA-induced
changes in epidermal growth and keratinization. Several inves
tigators (36, 38-40) have suggested that TPA accelerates the
maturation of suprabasal keratinocytes. This would lead to
terminal differentiation with a concomitant loss of mRNA
transcripts for the M, 67,000 and 59,000 keratins and an
increase in cornified cells. Basal cells would then proliferate,
resulting in hyperplasia. This has been supported by previous
studies which have suggested that there is a rapid loss of basal
cells into the suprabasal compartment and an increase in the
thickness of the stratum corneum following TPA treatment to
mouse skin in vivo (18, 19). However, ultrastructural studies by
Raick et al. (41) failed to observe any increase in the number
of cornified cells in TPA-treated skin. We also did not observe
any TPA-induced increase in the production of stratum cor-
neum-associated keratins such as the M, 65,000 and 63,000
basic subunits. As an alternative hypothesis, it is possible that
TPA has a direct effect on differentiating keratinocytes, result
ing in altered keratin gene transcription. Thus, TPA could
cause a transient "dedifferentiation" of suprabasal keratinocytes

reversibly inhibiting expression of protein markers associated
with differentiation. Cells would then revert to a pattern of
keratin expression typical of basal cells. Along with these
changes, basal cell proliferation would continue. This view is
supported by Raick et al. (41), who described enlargement and
"reactivation" of suprabasal keratinocytes which occurred 12

to 24 h after a single application of TPA. This is also supported
by the recent finding that transcription of the differentiation-
specific keratin genes was rapidly decreased (within 4 h) follow
ing TPA treatment (36). These results would not be expected if
suprabasal cells were stimulated to differentiate, but are more
consistent with phenotypic dedifferentiation. Additional studies
are required to precisely define the specific cell populations
involved in the proliferative and differentiated responses ob-
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served following TPA treatment of mouse skin and their re
spective roles in the process of tumor promotion.
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