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ABSTRACT

Terminal differentiation can be induced in cultured basal cells by either
increasing the Cai1* level in the medium from 0.05 to 1.4 mM or by

exposure to the tumor promoter 12-O-terradecanoylphorbol-13-acetate
(TPA). If ( 'a2* and TPA act by a common mechanism, then a common

pattern of protein synthesis and/or phosphorylation would be expected.
Computer-assisted analysis of radioactively labeled polypeptides sepa
rated by two-dimensional-polyacrylamide gel electrophoresis was utilized

to study protein synthesis and phosphorylation. Within l h of increasing
the Ca2* level in the medium, the synthesis of 57 polypeptides was altered

by 2-fold or more. Similarly, exposure to TPA for l h affected the

synthesis of 106 polypeptides. Sixteen polypeptides were affected by
both ( 'a:+ and TPA; the synthesis of nine was increased and seven was

decreased, with changes in the same direction for both effectors. By 4 h,
the synthesis of 32 polypeptides was similarly modulated by both Ca2*

and TPA. Only one polypeptide which was increased at 1 h was still
elevated at 4 h. These results suggest that a common dynamic program
of protein synthesis, likely to be related to terminal keratinocyte differ
entiation, is induced by both ( Â¡r* and TPA. Overall phosphorylation of

epidermal proteins was increased after 30 min of TPA treatment, but was
not increased by Ã‡a2*at this time. Keratin polypeptides were heavily
phosphorylated in low Ca2* medium, but the level or pattern of phospho
rylation of these proteins was not altered by either Ca2* or TPA. Although

phosphorylation of a minor polypeptide (pi 5.ÃŒ/M,45,000) was increased
2-3-fold by both Ã‡a2*and TPA, most of the specific protein phosphoryl
ation changes induced in keratinocytes by Ca2* and TPA appear to be

unique. Thus, if protein phosphorylation is an early signal for epidermal
differentiation by each effector, only a single apparent common substrate
is involved and multiple kinases are activated. Alternatively, substrate
specificity of a single kinase may be differentially altered by each effector.

INTRODUCTION

Mouse skin was the first experimental model used to deline
ate the multistage nature of chemical carcinogenesis (1). The
first stage, initiation, is induced by a low dose of carcinogen
that causes no tumors unless followed by promotion. The
second stage, promotion, is accomplished by repeated applica
tion of certain noncarcinogenic liypcrplast ic agents to the skin
of initiated mice. Phorbol esters, in particular TPA2 are potent

tumor promoters for initiated mouse skin and induce a variety
of biochemical changes in epidermal cells. These include
marked alterations in cell growth and keratinization, stimula
tion of DNA, RNA, and protein synthesis, and increased phos-
pholipid and polyamine metabolism. Most notably, phorbol
ester tumor promoters are potent inducers of terminal differ
entiation of mouse epidermal cells in vivo and in vitro (2).

In a recently proposed model of carcinogenesis, the resistance
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of initiated cells to TPA-induced terminal differentiation gives
them a selective growth advantage over normal cells (2, 3).
Consistent with this model, TPA induces terminal squamous
differentiation in a subpopulation of cultured normal mouse
epidermal keratinocytes (2) and nearly the entire population of
human keratinocytes (4, 5). Transformed malignant human
keratinocytes and the putative initiated mouse keratinocytes
were less sensitive to TPA-induced differentiation (6, 7).

Extracellular calcium (Ca2*) is a critical regulator of the

growth and differentiation of normal mouse epidermal cells in
culture (8). When cultured in media containing low Ca2+ con
centrations (0.02-0.1 HIM) epidermal cells proliferate rapidly,
grow indefinitely as a monolayer, and display morphological,
biochemical, and immunologie-ai properties of basal cells (9).
When medium Ca2+ levels are increased (1.2-1.8 HIM), cell

proliferation decreases, cells begin to enlarge, stratify and cor-
nify (produce rigid cross-linked envelopes) and then slough
from the culture dishes as mature keratinocytes (8, 10). The
mechanism by which Ca2* triggers this program of epidermal

differentiation is not clearly defined. However the induction of
keratinocyte differentiation is enhanced by concomitant treat
ment with TPA, and cell lines resistant to TPA-induced differ
entiation show cross-resistance to Ca2+-induced differentiation
(11-13). In addition, structure-activity relationship studies have
indicated that receptor binding of phorbol esters is required for
induction of epidermal differentiation, suggesting that the phor
bol ester receptor (protein kinase C) may be a regulator of
keratinocyte differentiation 13). These considerations have led
to the proposal that Ca2+and TPA both work through activation

of protein kinase C (13). Recent studies have demonstrated that
the induction of differentiation by increasing extracellular Ca2*

leads to the rapid and sustained increase in phosphatidylinositol
turnover and generation of diacylglycerol, a known endogenous
activator of protein kinase C.3

If Ca2* and TPA induce epidermal differentiation via a com

mon pathway involving protein kinase C, then one would expect
certain common patterns of cellular protein synthesis and/or
phosphorylation with these two effectors. In order to investigate
this possibility we have initiated a study of the qualitative and
quantitative modulation of protein synthesis and phosphoryla
tion during Ca2*- and TPA-induced differentiation of mouse
epidermal cells using computer-assisted 2D-PAGE.

MATERIALS AND METHODS

CellCulture Conditions.Epidermal cellswereprepared from newborn
BALB/c mice as previously described (9, 14) and plated at 4 x 10*
cells/60-mm dish. Cultures were grown under reduced C'a'*conditions
in Eagle's minimal essential medium containing nonessential amino
acids and 8% Chelex resin-treated fetal bovine serum (8). This culture
condition selects for the basal cell population (10). Cells were grown
for 8 days in 0.05 HIMCa2* medium (low Ca2*) and then either

continued in that medium, treated with TPA (0.1 Mg/ml)or switched

1S. Jaken and S. H. Yuspa, submitted for publication.
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POLYPEPTIDES DURING MOUSE EPIDERMAL DIFFERENTIATION

to 1.4 mM Ca2+ medium (high Ca2+). Cells were treated for 1, 4, or 24
h with either high Ca2+or TPA or both. TPA treatment was continuous
and for the 1-and 4-h time points TPA was added to the labeling

medium.
Labeling of Cellular Protein. HC-Amino acid mixtures (Cat. No.

10147; ICN Pharmaceuticals, Irvine, CA) in aqueous solutions contain
ing 2% ethanol were lyophilized to dryness immediately prior to use,
and redissolved in amino acid free, serum free Eagle's minimum essen

tial medium to a final specific activity of 40 ^Ci/ml. Cultures were
labeled for 4 h (except for the 1-h treatment and then labeling was
performed for only 1 h) and washed twice with 5 ml of chilled (4Â°C)

phosphate buffered saline, pH 7.2. Cells were gently scraped off with a
rubber policeman, transferred into 15-ml screw-capped centrifuge tubes,
and pelleted by gentle centrifugation (600 x g) for 5 min.

Labeling of proteins with 32PO4was performed for 30 min by adding
200 fid 32PO4/ml (New England Nuclear, Boston, MA) to the appro

priate phosphate free, serum free medium. After labeling, cells were
gently scraped from dishes and cell suspensions centrifugea at 600 x g
for 5 min. Supernatants were discarded, cells resuspended in 1 ml of
chilled 10 mM Tris-HCl buffer, pH 7.2, containing 0.2 mM phenyl-
methylsulfonyl fluoride as a protease inhibitor and sonicated on ice for
three bursts of 10 s at 60-s intervals using a Kontes Micro Ultrasonic
cell disruptor at maximum power. Sonicates were centrifuged at
100,000 x g for 30 min in a Beckman Airfuge and separated into
cytosolic (supernatant) and paniculate (pellet) fractions.

Solubilization of Proteins. Whole cells, lyophilized cytosolic, and
particulate fractions were resuspended in 200 n\ of O'Farrell's lysis

buffer A (15) containing 0.2% sodium dodecyl sulfate and sonicated on

ice. Sonicated samples were saturated (9.5 M) with solid urea (Ultra-
pure; Schwarz Mann, Spring Valley, NY), and centrifuged at 300,000
x g for 10 min in a Beckman II. 100 ultracentrifuge. Supernatants
were stored at â€”20"Cprior to electrophoresis. Duplicate 10-/il aliquots

of each supernatant containing 200 pg of bovine serum albumin as
carrier were precipitated with cold 10% TCA. TCA precipitates were
kept at 0Â°Cfor 60 min after which they were collected on GF-C filters,

washed three times with 2.5% aqueous TCA, washed three times with
70% aqueous ethanol, dried, and the radioactivity (carbon-14 and
phosphorus-32) was counted in Aquasol (New England Nuclear).

Two-Dimensional Electrophoresis. 2D-PAGE was performed as de
scribed by O'Farrell (15) with modifications (16, 17). For each experi

ment, first-dimension isoelectric focusing gels were loaded with equal
amounts of acid-precipitable radioactivity (carbon-14, 300,000 dp in.
phosphorus-32,10,000 dpm), representing 5-1 O^g of protein. Ampho-
lytes (LKB Instruments, Rockville, MD) were used at concentrations
of 1.6%, pH range 5-8, and at 0.4%, pH range 3.5-10. Isoelectric
focusing was performed in 2- x 160-mm glass tubes for 16 h at 750 V.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis in the sec
ond dimension was performed using 0.75-mm thick 10% polyacryl-
amide gels. Proteins were detected either by direct autoradiography
(carbon-14) or fluorography (phosphorus-32) (18) of dried gels using
Kodak SB-5 film. Computer-assisted analysis of films was performed
as previously described (16, 17).

Western Blot Analysis. Polypeptides were transferred from 20-
PAGE gels to 0.45-fim nitrocellulose membranes (Schleicher and
Schuell, Keene, NH) using a Trans-Blot apparatus (Hoefer Scientific
Instruments, San Francisco, CA) at 60 V and 0.2 amps at 4"( using a

5.0 6.0 7.0

- 93

Fig. 1. 2D-PAGE separation of 14C-labeled polypeptides from mouse epidermal cells cultured in low Ca2* (A), high Ca2* (B), TPA (Q, or high Ca2* plus TPA (D).
Epidermal cells grown for 8 days in 0.05 mM Ca2* medium were either continued in that medium, treated with TPA (0.1 *ig/ml) or switched to 1.4 mM Ca2+. Cells
were labeled for 4 h with a mixture of 15 "C-labeled amino acids added to the appropriate amino acid free, serum free medium (30 fiCi/ml). After harvest cells were
solubilized in O'FarreH's lysis buffer A (9.5 M urea, 5% 2-mercaptoethanol, 2% NP-40, and 2% ampholytes) and TCA-precipitable radioactivity was determined in
an aliquot of each fraction. See "Materials and Methods" for the running and processing of gels. Abscissa, pH range; ordinate, molecular weight x 10~3.
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transfer buffer containing 20 mM Tris-HCl, 150 mM glycine, and 20%
(v/v) methanol (19). After transfer overnight the nitrocellulose paper
was treated with TBS for 10 min at room temperature with gentle
shaking and then placed in I IBS for 30 min at room temperature. The
nitrocellulose was incubated in TBS containing 1% gelatin and broad
spectrum antimouse keratin rabbit antiserum (20) at a dilution of
1:2000 for 2 h at room temperature. The nitrocellulose was washed
twice with TTBS for 10 min at room temperature and incubated in
TBS containing 1% gelatin and peroxidase-conjugated goat antirabbit
IgG (Bio-Rad Laboratories, Richmond, CA) for l h at room tempera
ture. The antibody was used at a 1:2000 dilution. The paper was washed
twice with TTBS, each time for 10 min at room temperature with
gentle shaking. For development, the paper was immersed in 60 ml of
chilled (4Â°C)development solution [50 ml TBS containing 0.05% 4-

chloro-1-naphthol (Bio-Rad), 0.03% hydrogen peroxide, and 10 ml
methanol]. Development was stopped when red-purple spots appeared
on the paper. Nitrocellulose sheets were photographed, washed twice
with TTBS for 30 min each, and then incubated with a rabbit antiserum
specific for the M, 60,000 mouse basal cell keratin (diluted 1:1000).
Sheets were exposed to second antibody and developed as above.

RESULTS

Mouse epidermal cells were cultured in the presence of low
Ca2+ (0.05 HIM)and then either switched to high Ca2+ (1.4 mM)

or treated with TPA (0.01 or 0.1 /tg/ml) for 1, 4, or 24 h. 20-
PAGE analysis of total cellular polypeptides from epidermal
cells grown in the presence of either low Ca2+ (mainly basal
cells) or high Ca2+ (mainly maturing keratinocytes) revealed

only quantitative polypeptide differences. Approximately 800-
1000 MC-labeled polypeptides were readily visible on 2D-PAGE
gels over the pH range 4.9-7.3 and molecular weight range of
m, 15,000-120,000 (Fig. 1). The pattern of polypeptide synthe
sis 1-4 h after TPA treatment in low Ca2+ medium was com

pared to the pattern of untreated cells or those switched from
low to high Ca2* medium. Quantitative comparison of 500-800

of the most abundantly expressed proteins revealed that TPA
treatment affected the synthesis of 106 (23% of the total de
tected) polypeptides by 2-fold or more within l h compared to
untreated low Ca2+ controls; 1.4 HIMCa2+ resulted in a 2-fold

or more change in 57 (10.2%) polypeptides compared to un
treated low Ca2+ controls (Table 1). Of the polypeptides mod
ulated, the rate of synthesis of 16 were altered by both Ca2+ and
TPA; nine were up-regulated and seven were down-regulated,
with changes in the same direction for both differentiating
agents. One polypeptide (polypeptide 421; pi 5.4/A/r 85,000)
was increased (5-6-fold) by both Ca2+ and TPA (Table 2).

Table 1 Quantitative polypeptide differences following I, 4, or 24-h treatment of
epidermal basal cells with Ca2* or TPA

TreatmentLow
Ca2* vs. highCa2*Low

Ca2* vs. low Ca2*

+TPALow

Ca2* vj. high Ca2*

+TPALow

Ca2* + TPA vs.

high
Ca2* + TPAÃ•Ãœ*N

r4N

riI4N

TI
r4Ih56157(10.2)'

8(1.4)468

106 (23.0)
11(2.3)505

109(21.0)
15(3.0)558

108(19.4)
14 (2.5)4h832

85(10.2)
6(0.7)722

126(17.5)
19(2.6)672

153(22.8)
20(3.0)856

87(10.2)
5 (0.6)24h526

105 (20.0)
16(3.0)704

121 (17.2)
14(2.0)465

83 (17.8)
7(1.5)442

122(27.6)
23 (5.2)

The results of 2D-PAGE analysis at 4 h after treatment with
TPA or switch to high Ca2+ media were similar to those found

at l h (Table 1). To aid in comparison the data have been
illustrated as scatter plots as shown in Fig. 2. In all calculations
the intensity (or quantity) of each polypeptide is expressed
(normalized) as a percentage of total measured radioactivity (%
dpm) of all the polypeptide spots on each gel. Overly saturated
spots and polypeptides at concentrations less than 0.01 % of the
total radioactivity on each autoradiogram were excluded from

Table 2 Common quantitative protein changes induced following I, 4, or 24-h
treatment with TPA or Co2*

" N, number of polypeptide spots compared.
* r:, number of polypeptides differing by 2-fold or greater (either increasing or

decreasing).
' Percentage of polypeptides changing.
d r4, number of polypeptides differing by 4-fold or greater.

TreatmentPolypeptide1

h146'1952683253464214654705255766987077908658669134h7624925631831932432633238841142646447052754654756356457070681582083887988398010131017103210951257126524

h293341569761923992110012811293136814141422Pi5.005.105.505.505.505.407.205.906.105.205.105.005.606.205.306.306.306.005.206.005.255.105.705.955.504.905.207.055.907.006.407.156.757.106.157.105.957.206.506.505.005.006.206.305.006.005.505.105.206.305.406.306.005.107.005.304.905.605.005.00M,10096939190858584727066665850504613093938989888888868585848472727272727266585454484444434342403231898870604644403534252424Low

Ã‡a2*0.014*0.0480.0560.0440.0300.0150.1180.0650.0390.0940.1200.0960.0820.1050.0800.0720.0480.0270.0270.0320.0430.1090.0510.0180.0210.0300.0550.0290.0420.0230.1780.0240.0280.0240.0160.0670.2720.0480.0700.0170.0700.3250.0490.0160.1840.1000.0520.1850.0260.0450.0330.4130.0380.1540.2140.0840.0640.0460.0260.025HighÃ‡a2*0.1690.0990.1770.0920.2220.0690.2220.1220.0890.0490.0560.0430.0200.0550.0200.0310.0220.0990.0660.0620.0930.2540.0240.0340.0460.1300.1160.0560.1840.0480.0410.1580.0540.0500.0390.1610.1210.1120.0330.0480.0330.0630.0150.0330.0570.0490.0250.0470.0680.0920.0850.1510.0960.0630.4890.1570.1810.0890.0530.051Low
Ã‡a2*

+TPA0.2480.1330.1020.1360.1900.0940.2430.1510.1200.0300.0640.0470.0400.0380.0220.0380.0190.2750.1300.0960.1210.3300.0230.0670.1110.1810.1650.0590.1110.0900.0620.0550.0690.1350.0350.1520.1240.1110.0290.0730.0290.0500.0220.0460.0450.0270.0240.0280.1040.1310.0850.1240.0760.0751.1900.2250.2350.1550.1460.132

Â°Computer-assigned polypeptide spot number.
b Polypeptide spot intensity (expressed as percentage of total dpm/gel).
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POLVPEPTIDES DURING MOUSE EPIDERMAL DIFFERENTIATION

LOWCa**

vs
LOW Ca2* PLUS TPA2 ' - HIGH Ca

.
LOWCa2*

vs
(- HIGH Ca2* PLUS TPA

i
_ LOWCa1*

vs
- LOWCa2*

bt ~ 2-7 2-5 2-3 2-1

POLYPEPTIDE SPOT INTENSITY (% TOTAL DPM)
Fig. 2. Quantitative comparison of polypeptides after treatment with TPA or switch to high Ca2* media. In each plot, individual spot intensities have been

expressed (normalized) as a percentage of the total integrated density from each gel and plotted in a painvise density comparison. Each panel is divided into two
regions to illustrate groups of polypeptides. undergoing quantitative changes of varying magnitude during treatment. Polypeptides lying along the center diagonal in
the lightly shaded areas represent polypeptides whose intensities remain unchanged following TPA treatment or switch to high Ca2* media. Polypeptides lying outside
in the unshaded areas exhibit changes of at least 2-fold (either increasing or decreasing) during treatment, bt, below threshold of detection; +, singly matched
polypeptide spots; â€¢>,spots matched to two or more spots in the other gel.

calculations. In each panel of Fig. 2 individual polypeptides are
plotted on the X axis according to their percentage of total
integrated density from the first autoradiogram and on the Y
axis according to their integrated density from the second
autoradiogram. Those polypeptides which are synthesized at
the same rate in both samples will fall on the center diagonal
with a C.E. of 1.00. This type of plot is useful because it displays
both deviation from 1 (hence modulation during treatment) and
intensity of each polypeptide spot. A summary of these pairwise
comparisons is given in Table 1. To validate the reproducibility
and accuracy of the quantitation of individual polypeptide
changes, two gels originating from different dishes of control
mouse epidermal cells, one untreated and the other treated only

with solvent, were prepared, electrophoresed, and compared. A
very tight clustering of polypeptide intensities along the center
diagonal was observed. Of the 745 polypeptides compared, only
four (0.5%) varied greater than 4-fold and 59 (7.9%) varied
greater than 2-fold. Many of these polypeptides were located in
areas of the two-dimensional gels where the greatest experi
mental variations occur, i.e., high molecular weight and basic
regions. Greater scattering of polypeptide intensities was noted
following treatment with TPA or switch to high Ca2+. In the 4-
h samples, TPA-treated cells showed a change of 2-fold or more
in the synthesis of 126 (17.5%) polypeptides while 85 polypep
tides were affected with Ca2+ alone. Of these, 32 polypeptides
were similarly modulated by both TPA and Ca2+. The synthesis
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Fig. 3. Computer-drawn 2D-PAGE map illustrating common polypeptide
changes affected by treatment of mouse basal cells with either TPA or switch to
high Ca2* medium. Top left, contour map of "C-labeled polypeptides expressed

in basal epidermal cells; top right, polypeptides affected I h after treatment with
TPA or switch to high Ca2*; bottom left, polypeptides affected after 4-h treatment;

bottom right, polypeptides affected following a 24 h treatment with TPA or switchto high ( a ' ' medium. Arrows, direction of change as a result of either treatment
with TPA or switch to high Ca2* medium.

of 20 polypeptides increased and 12 decreased after either Ca2+

or TPA treatment (Table 2). Only one polypeptide (polypeptide
470; pi 5.90/A/r 84,000) which was elevated at l h was still
elevated at 4 h. In addition to the common polypeptide changes
induced by both Ca2"1"and TPA, numerous changes specific to
either Ca2+ or TPA treatment were noted. In particular, switch
to high Ca2+ results in increases in synthesis of a group of
polypeptides at pi 5.0 and molecular weight ranges of 24,000-
40,000. This area of the 2D-PAGE gels is characteristic of the
tropomyosins (16).

After 24 h TPA treatment, 121 (17.2%) of the polypeptides
underwent quantitative changes of at least 2-fold (Table 1) of
which 12 were in common with Ca2+ (Table 2).

Global Distribution of Commonly Modulated Polypeptides.
The quantitative polypeptide changes which were observed to
occur following either TPA treatment or switch to high Ca2+

occurred at all pH and molecular weight regions. Fig. 3 illus
trates a composite map of the more abundantly expressed
polypeptides in mouse epidermal cells and those polypeptides
exhibiting common significant modulation 1, 4, and 24 h after
either TPA treatment or switch to high Ca2+.

2D-PAGE Analysis of Protein Phosphorylation after Treat
ment with Ca2* or TPA. To study common early changes in
protein phosphorylation, 32P-labeled polypeptides were com
pared 30 min after TPA treatment or switch to 1.4 IHM Ca2*
(Fig. 4). Prior to 2D-PAGE, cells were fractionated into crude
paniculate and cytosolic preparations. Overall phosphorylation
was increased by TPA treatment but not by switch to high Ca2+

(data not shown). No new or unique phosphorylated polypep
tides were observed after addition of TPA to the medium, but
phosphorus-32 labeling was differentially enhanced in some
peptides. Keratin polypeptides, present only in the paniculate
preparations, were heavily phosphorylated in low Ca2+ medium,

but the level or pattern was not altered significantly by switch
to high Ca2+ or TPA treatment. Identification of polypeptides

as keratin was performed by sequential immunoblot analysis
using a broad spectrum anti-mouse keratin rabbit serum fol
lowed by a M, 60,000 specific keratin antibody (Fig. 5) (20).
Following addition of TPA, the phosphorylation of five panic

ulate phosphoproteins was specifically increased (Fig. 4C). The
phosphorylation of a relatively acidic (pi 4.7/A/r 38,000) poly
peptide and two A/r 30,000 polypeptides with pi values of 5.8
and 6.0 (which may represent the same polypeptide with differ
ent degrees of phosphorylation) was increased 5- and 2-3-fold,
respectively by TPA treatment. The phosphorylation of two M,
66,000 polypeptides was unaffected by Ca2* (Fig. 4B) but in

creased in paniculate fractions following addition of TPA (Fig.
4C). The degree of increased phosphorylation of these polypep
tides is probably an underestimation, since increases in the level
of phosphorylation of a group of M, 66,000 polypeptides at pi
values of 5.50,5.60, and 5.65 were also observed in the cytosolic
fraction (data not shown). The two M, 66,000 and the two M,
30,000 phosphoproteins were observed in both paniculate and
cytosolic fractions. Switch to high Ca2+ medium resulted in the
phosphorylation of two sets of "doublets" of polypeptides with

pi values of 4.85 and 4.90/A/r 89,000 and pi values of 4.70 and
4.80/Mr 38,000, respectively (Fig. 4B). These doublets were not
seen in the low Ca2+ control (Fig. 4A) and the expression of

these doublets was not affected by additional TPA treatment
(Fig. 4D) although TPA increased phosphorylation of the poly
peptide with pi 4.10/M, 38,000. One minor phosphoprotein
(pi 5.1/A/r 45,000) was increased 2-3-fold by both TPA and
Ca2+ (Fig. 4, B and Q. Since only a 30-min time point was
examined to assess possible early events related to signal trans-
duct ion, later changes of protein phosphorylations which may
accompany terminal differentiation induced by both agents
cannot be assessed.

DISCUSSION

Our purpose for undertaking these investigations was to
determine whether Ca2+ and TPA treatment, both inducers of

terminal differentiation in mouse epidermal cells, caused a
common spectrum of cellular protein changes. Moreover, we
wanted to examine the temporal relationship of these protein
changes with the induction of the differentiation program in
mouse keratinocytes by these agents. Computer-assisted anal
ysis of I4C- and 32PO4-labeled polypeptides following treatment

of cultured mouse epidermal basal cells with either TPA or
switch to high Ca2+ medium revealed quantitative differences

in protein synthesis and phosphorylation relative to the un
treated low Ca2+ basal cell populations. Analysis of between
800 and 1000 l4C-labeled polypeptides revealed that character

istic modulations of the synthesis of 16 common proteins in
cultured mouse basal epidermal cells occur as early as 1 h
following treatment with TPA or switch to high Ca2+. Within
4 h after TPA or high Ca2+, 15 of these polypeptides had

returned to normal levels while 31 additional proteins exhibited
quantitative modulation during differentiation. Polypeptide
470 (pi 5.9/M 84,000) was increased 2-3-fold within 1 h and
remained elevated after 4 h (Table 2). A general up-regulation
of polypeptide synthesis was noted both after 1- and 4-h treat
ments with TPA and Ca2+.

Neither the identity nor the biological function of any of
these commonly modulated polypeptides is known. Character
istic protein modifications in mouse epidermal cells following
treatment of cells either in culture (21-24) or following in vivo
topical application (25-27) of TPA and related phorbol-esters
to mouse skin have been reponed previously. Most studies,
however, have analyzed changes in the expression of polypep
tides as a result of prolonged exposure to TPA (24 h) or have
focused on the analysis of keratin-related polypeptides since
these proteins are the most abundant proteins in the epidermis.
Our studies have focused on early changes. Using immunoblot
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Fig. 4. 2D-PAGE separation of paniculate-associated 32P-labeled polypeptides from mouse epidermal cells cultured in low Ca2* (A), high Ca2* (B), TPA (O, and
high Ca2* plus TPA (fl). Labeling of proteins for 30 min was accomplished by adding 200 Â¿iCi32PO4/ml to the appropriate phosphate free, serum free medium. Cells
were harvested, samples processed, and 2D-PAGE was performed as described. Dried gels were subjected to fluorography at -70Â°C for 7 days and analyzed as
described for carbon-14 gels. Arrows, polypeptides differentially phosphorylated in response to Ca2* and TPA treatment.

60 kDa
Fig. 5. Western immunoblot analysis of

keratin polypeptides from mouse epidermal
cells using broad spectrum anti-mouse keratin
rabbit serum and antibody specific for \l,
60.000 keratin.

analysis we have shown that keratin polypeptides, present only
in the particulate fraction, were heavily phosphorylated in low
Ca2+ medium, but neither the level nor the pattern of phospho-

rylation was significantly altered immediately following a
switch to high Ca2+ or TPA treatment (30 min). Cabrai et al.

have previously studied the induction of synthesis of specific
proteins by TPA in cultured mouse epidermal cells by 20-
PAGE analysis (21). TPA stimulated the synthesis of five
proteins with maximal induction-occurring 6 h after treatment.

Whether three of these proteins, polypeptides b (Mr 35,000
MW), d (A/r 55,000), or e (M, 70,000) may correspond to
polypeptides 1257, 820, and 547 in the present study is not
known. Differences in experimental conditions (i.e., differences
in 2D-PAGE protocols) makes comparisons very difficult
among all previous reports of this type. The computerized 20-
PAGE system can serve to standardize changes from experi
ment to experiment and analyze a much greater number of
proteins.

I

Phorbol ester tumor promoters, in particular TPA, produce
a variety of biological, physiological, and biochemical changes
in vivo and in vitro (28, 29). In mouse and human epidermal
cells TPA is a potent inducer of terminal differentiation. How
ever, this induction is part of a heterogeneous response in which
a subpopulation of the basal epidermal cells is stimulated to
proliferate while another is induced to differentiate. This dif
ferential response to TPA treatment has been proposed as a
mechanism of tumor promotion by TPA and related phorbol
ester derivatives (2, 3). Therefore the polypeptide changes ob
served following treatment of basal epidermal cells with TPA
is a summation of the protein changes as a result of cell
proliferation and the induction of differentiation. Extracellular
Ca2+, on the other hand, functions mainly as an inducer of

differentiation in basal epidermal cells (8), and the changes
observed following switch to high Ca2* reflect protein changes
associated with Ca2*-induced differentiation. Treatment of
basal epidermal cells with TPA or switch to high Ca2+ medium
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results in a programmed series of biochemical and morpholog
ical changes resulting in terminal differentiation of basal cells
and, after a delay of 12-24 h for TPA and 72-96 h for Ca2+,

the sloughing of mature keratinocytes from the culture dishes
into the medium. In the present experiment protein changes
were studied only in adherent cell populations which in the case
of TPA treatment for 24 h or longer reflects mainly the popu
lation stimulated to proliferate (2). The decreased concordance
of protein changes after 24 h when TPA (low Ca2+) and high
Ã‡a2*groups are compared, relative to the high concordance at

1 and 4 h, probably results from a loss of the differentiating
population in the TPA treated cultures (Table 2). This expla
nation is also likely to account for the large differences observed
in the TPA treated low and high Ca2+cultures after 24 h (Table

1). Such a difference is expected since the proliferative popu
lation would be retained in the low Ca2+ cultures exposed to
TPA while the high Ca2+ plus TPA cultures would be largely

differentiated cells. Combined exposure greatly enhances the
differentiation response (30), but the differentiated cells do not
slough as rapidly in the high Ca2+ medium.

At least two sets of coordinately modulated protein changes
were observed during TPA- and Ca2+-induced differentiation.

One set of 16 protein changes occurred within 1 h. Of these,
15 returned to constitutive levels within 4 h after treatment.
These proteins could possibly comprise a group of common
regulator proteins. The later changes observed in 32 additional
proteins 4 h after TPA and Ca2+ treatment may represent the

common expression of differentiation-related proteins. In
cluded in this later group may be proteins involved in the
induction of transglutaminase activity and cornification of kera-
tinocyte cells (31), migration of cells from basal layer (32, 33),
and increased synthesis of the histidine-rich protein fÃlaggrin
(34, 35).

On the molecular level, structure-activity studies have indi
cated the critical importance of receptor binding of TPA for
these differentiation-related responses. Protein kinase C, the
major phorbol ester receptor has recently been isolated and
characterized (36, 37). Protein kinase C requires Ca2+ for

activation and TPA also activates this enzyme (38). The com
monality of early changes (1 h) in protein synthesis following
treatment of basal epidermal cells with TPA or switch to high
Ca2+ medium suggest that both TPA and Ca2+ induce terminal

differentiation via a commonly pathway, perhaps via protein
kinase C. Ca2+ has been shown to stimulate phosphatidylino-

sitol metabolism and release diacylglycerol in cultured kerati
nocytes (39).4 Castagna et al. have shown in human platelets

that a protein with a molecular weight of 40,000 serves as a
preferred substrate for protein kinase C in vitro (38). Whether
this M, 40,000 protein corresponds to the pi 4.7/A/r 38,000
phosphoprotein observed to be preferentially enhanced follow
ing TPA treatment or which appeared as a doublet after switch
to high Ca2+ of mouse basal epidermal cells (Fig. 4) remains to

be established by future antibody studies. It is clear from the
phosphorylation studies that < ;r " and TPA, in addition to a

common effect, each induce unique changes in keratinocyte
protein phosphorylation. Thus, the activation of a single species
of protein kinase C as a singular mechanism of action by both
effectors seems unlikely.

We have shown that treatment of mouse epidermal basal
cells with carcinogens results in keratinocyte colonies which
can proliferate in high Ca2+ medium. Cell lines derived from

these colonies are resistant to the induction of terminal differ
entiation by both Ca2+ and TPA (7, 11, 40). Furthermore we

4S. Jaken and S. H. Yuspa, submitted for publication.

have derived cell lines from mouse papillomas which are sen
sitive to Ca2+ as a differentiation signal but resistant to TPA

(13). These cell lines will therefore provide the appropriate
source for future studies to discriminate nonspecific protein
changes from differentiation (TPA and/or Ca2+ induced) spe

cific changes. Furthermore, the presence of only a single class
of TPA receptors in some cell lines (41) may help clarify the
role of protein kinase C in the induction of epidermal differ
entiation.
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