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I-\ single wave of mitotic actlrlty was observed in a monolayer culture of rat keratinocytes 
immediately after exposure to 12 - O-tetradecanoylphorbol- i3-acetate. A peak for cells in 
prophase. ohserx-ed at 10 min after the exposure. wac followed b?- a peak for metaphase at PO 
min. for anaphase at 2.5 min and telophase at 30 min after the exposure. Thereafter. the m&tic 
activity began to silbside. This transient stimulation of mitotic activity resulted in an increase of 
population density in the monolayer culture. There was neither a stimulation of DT-4 synthesis 
during this period nor a change of the DNA content after the mitotic activity \vas completed. This 
single burst of synchronous mitotic activity which did not require a substantial stimulation of DS.4 
synthesis suggests that the effect wras on the imtiation process of mitosis among a subpopulation 
of cells. presumabl?- cells delayed in the G2 phase of the celi cycle. 2 1987 Academic Press, Inc. 

-4 transient hyperplasia without concomitant stimulation of D?;X synthesis has been reported 

from both normal and dimethylbenzanthracene-initiated mouse epidermis after topical exposure to 

a potent tumor promoter. 12 -O-tetradecanoylphorbol-13-acetate (TP.4) I 1.21. It has been 

suggested to be a response of a subpopulation normaliy arrested at the G2 phase of the cell cycle. 

There is substantial evidence for the existence of a noncycling population in the proliferatire 

compartment of both the epidermis in situ and culture (3-S). Besides postmitotic “maturing” cells, 

there are “resting“ cells lvhich are blocked at different positions in the cell cycle. i.e. GI and GS. at 

the moment but potentially can be recruited into the proliferative pool. Bickenbach and hlackenzie 

(5) demonstrated in the C3H mouse epidermis that TPA stimulates a subpopulation of cells which 

retains incorporated 13H]thymidine for extended periods of time to enter mitosis. and suggested 

that the activation of these slow-cycling cells may play a significant role in tumor 

promotion. Morris et al. (6) also observed a 16-fold increase in mitotic activity among label- 

retaining cells as an early response to topical treatment with TPA in SENCAR mouse 

Xbbreriations: TPX. 12 - O-tetradecanoylphorbol-13-acetate; hIEhl. minimum essential medium . 
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epidermis. It seems conceivable that these “label-retaining” cells are the same cells designated as 

“GP-arrested” or “GP-delayed” cells elsewhere /1.2.3.7.fii 

We have observed an increase in the population density of monolayer cultures of rat 

keratinocytes grown in low-calcium ( 5 0.1 mhl I medium shortly after exposure to TPX. Lowering 

the calcium concentration in growth medium to 50.1 mhl produces a monolayer culture which is 

similar to the proliferative compartment of the epidermis in many respects iY,lOi. To investigate 

the nature of this prompt and transient hyperpiasia induced by TPA. we assayed the dynamics of 

mitotic activity and the rate of DNA synthesis in parallel. The dynamics of this mitotic actirit? 

was monitored by counting the mitotic figures in each phase of the mitotic process separately. 

MATERIALS AND h1ETHODS 

Kemtinocyte Culture and TPA Exposure 
The culture technique used for newborn rat kerarinocytes was as described previously 1101 

with several modifications. The dorsal skins were removed from 1-2 da>- old rats (CF’N strain’! 
and incubated in 0.2.55 crude trypsin iDifco1 in PBS containing 1% glucose for 10 to 12 hours at 
4°C. Epidermis was separated from dermis and the epidermal cells were gently brushed into 
Eagle’s minimum essential medium IhIEM containing 105 fetal calf serum (both from KC 
Biological!. Basal cells were purified by sedimentation in a density gradient generated from 365 
Percoll (Pharmacia Fine Chemicals1 in hIEM by centrifugation at 30K x g for 15 min at 
3°C. Basal cells collected from the lowermost band iDensity: p > 1.0751 were resuspended to 
5 x 10’ cells!‘ml in low-calcium MEhI and plated on glass coverslips (0.2 mL’llx22 mm) or 16 mm 
multiwell plates (0.5 ml:welll. For low-calcium MEhI. the calcium-free hlEhI (KC Biological! v:as 
supplemented with 1.05 Chelex-treated fetal calf serum and the calcium concentration was then 
raised to 50.1 mhl. 

TPA (Sigma) was dissolved in acetone (0.1 mg;ml~ and kept at -2O’C in the dark until 
use. For exposure, the TPA solution was added directly to the culture to a final concentration of 
10 rig/ml. An equivalent amount of acetone 10.016 I- ~-1 was added to the medium of control 
cultures for parallel experiments. 

Selective Staining for Mitotic Figures 
-4 selective staining technique for mitotic figures introduced by Fraser I 11, for paraffin 

sections of various tissues was used for cultured keratinocytes grown on glass coverslips. This 
specific technique was developed to differentiate mitotic cells from resting cells by 
color. Keratinocyte cultures grown on glass coverslips were fixed in modified Bouin solution for 24 
hours. After an overnight rinse with 70% ethanol the cultures were submitted to hydrolysis in 1 N 
HCl at 60°C for 12 min. For the differentiative staining. the cultures were stained for resting cells 
with 0.1% Kernechtrot (Roboz Surgical Instrument Co.) in .!I% aluminum sulfate solution for 7 
min and followed by staining for mitotic cells with lr /‘ aqueous crystal violet (Allied Chemical and 
Dye Co.) for 45 min. Excess dye from each staining was rinsed in an alkaline solution (0.01% 
magnesium carbonate in tap water). After the dehydration with absolute ethanol, the coverslips 
were mounted on slides with Permount (Fisher Scientific Co.). Selective intense blue staining of 
mitotic nuclei from early prophase to late telophase was easily identified against the background of 
resting cells which lightly stained in red. 

I’HlThymidine Incorporation and DIVA AssaT 
DN-4 was assayed by the method of Setaro and Morlel- 1121. hlonolaver cultures were 

labeled with 1 &‘i’rnI of [‘Hlthrmidine for 1 hour. .4fter felt rinses Tvith ice cold PBS. ice cold 6cc 
TCA was added to the cultureh keratinocytes and allowed to stand on ice for 30 min. The TC.4 
precipitate was then incubated with absoiure ethanol containing potassium acetate (9.~ g,li at 
room temperature for 10 min. To remove the lipid components from the preparation completely. 
the cultures were further incubated in absolute ethanol at 60°C for 1.j min. DNA in each culture 
was then extracted with 0.1 N I\;aOH at 60°C for 20 min. Radloactirity in the DSA was counted 
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using a liquid scintillation counter. For the determination of DK-4 content. an aliquot of NaOH 
extracts were dried at 60°C. +4 100 ~1 of diaminobenzoic acid (200 mg’ml1 was added to each dried 
DKA (range O-2 pgl samples. After incubadon at 60°C for 30 min, DKA-diaminobenzoic acid 
adduct was diluted to 2.0 ml with 1 N HCl for fluorometry using fluorescence spectrophotametel 
Model 6.50-30. Perkin-Elmer I. 

RESULTS AND DISXSSION 

The cultures of newborn rat kerstinoc>-tes grown in lo\v-calcium 10.1 mhll )IE>I a1.t 

maintained as a monolayer and reached confiuenc?- by 3 to 4 da>-s (Fig. l-.41. The earliest 

morphological change in TPA-exposed confluent monolayer cultures was an appearance of a 

hea\-ier population density (Fig. 1-R). In a typical experiment. we observed a Ifi’? increase in cell 

number 3 hours after TP.4 exposure: however the roral DK.4 content of the cultures remained the 

same and the activity of DK-4 synthesis was reduced significantly (Table 1~. Increase in 

population density obserl-ed in TPA-exposed culture was a result of a single wave of mitosis which 

occurred immediateI!- after the exposure (Fig. 2 I. 

TPA-induced mitotic activity was prompt and synchronous and did not require substantial 

DX.4 synthesis. A peak in the appearance of cells m prophase was observed as early as 10 min 

after the exposure. This was followed by a peak in metaphase after 20 min. a peak in anaphase 

after 2.5 min and finally a peak in telophase after 30 min (Fig. 21. When the synthesis of DNA 

was investigated during the period of the mitotic stimulation by monitoring the [‘Hlthymidine 

incorporation into cellular DN.4. inhibition, rather than stimulation. of DXA synthesis was 

obserred as early as 40 min after TPA exposure (Fig. 3). 

Figure 1. Phase contrast micrograph of monolayer cultures showing morphological changes upon 
exposure to TPA. 

A, a confluent monolayer culture of rat keratinocptes grown for 3 days in low calcium 
medium. B, 3 hours after the confluent monolayer culture was exposed to 10 ngiml TPA showing 
an increase in population density with larger intercellular space, smaller cell size, and darker 
cytoplasm. In addition to the increase in population density of the monolayer, more cells are 
present in the plane above the monolayer (arrow headsi. 
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Table 1 

Details of Early Mitotic Activity in Monolayer Cultures of Rat Keratinocyte Exposed to TPA 

Exposure 
Time 

Population 
Density 

DNA 
Content 

[3HJThymidine 
Incorporation 

1 hr ND 95.4 f 7.57" 90.7 f 3.36 
3hr 148.0 k 6.89 97.4 f 8.71' 69.5 f 14.40 
5 hr ND 95.0 i 2.41" 48.6 i 6.19 
8hr 133.4 * 11.41 93.8 f 6.35' 31.7 f 2.68 

ND: Not determined. 
Note: Results are expressed as % of control (mean t standard error) assayed m parallel at each 
time point. There were no significant changes in vehicle control cultures exposed to 0.01% acetone 
during the experimental period. 
‘.: No significant changes (p > 0.51. 

Although it is possible that the effect was a result of cell division among normal cycling 

cells resulting in haploid cells, it seems more reasonable to suggest the GP-delayed cells as possible 

candidates for this immediate mitogenic activity. The existence of sufficient G2 cells in normal 
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Figure 2. TPA-induced mitotic activity in monolayer cultures of newborn rat keratinocyte. 
Time course assay for mitotic figures, performed for each phase of the mitotic process 

separately, showing a “sweeping out” pattern from prophase to telophase following TPA- 
exposure. Over 4,000 cells were scored for each time point. 

Figure 3. Effect of TP.L\-exposure on the rate of [3H]thpmidine incorporation into monolayer 
cultures of rat keratinocvtes. 

The rate of DNA synthesisUinvestigated during the period in which TPA stimulates mitosis 
in monolayer cultures as shown in Figure 2, indicates no concomitant stimulation of DNA 
synthesis for this mitotic activity. There is no difference in the rate of c3Hlthymidine incorporation 
mto DNA molecule between control (open circle1 and TPA-exposed (solid circle) cultures up to 30 
min after exposure. Afterwards. the [3Hlthgmidine incorporation rate begin to reduce. Each point 
represents the average value from quadruplicate cultures. 
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epidermis to yield a 453% increase in cell number by one division seems unlikely. However, the 

specific localization of G2 inhibitor in the basal layer has been demonstl,ated by Elgjo et ~2. ifi). The 

mcnolayei, cu!ture containing high popularion of basal cells ma:- have a relatively high 

concentration of G-3 mhibitor. and therefore. a large fraction of ceils delayed at the G-3 phase. 

The mechanism of the earl- mitotic activity induced by TPA-exposure is not known: 

however. it must have reached maximal activity c-ithin 10 min. It has been suggested that most 

of biological effects of TPX are due co protein kinase C activation ’ 19). TPX and diacylgl>-cerol. 

both activators of protein kinase C. are knoxvn to mimic the action of mitogens by rapidly ~within a 

few minute>’ increasing intracellular pH and intracellular mobilization of calcium which are two 

events normally precede cell proliferation I 1-i 1. Recent information suggests that one of the crucial 

eT-ents for the initiation of mitosis is the h!-perphosphorylation of the major structural proteins of 

the nuclear lamina. lamin -4 and C. resu!tinp in breakdown of the nuclear envelope I 1.51. 

Rozengur! e; al. ! 161 have shown that the addition of TPA to quiescent 3T3 cells results in a rapid 

1 within seconds, phosphor>-lation of an SOK cellular protein. This same protein ~:as 

phosphorylateu b>- addition of some mltogenic peptldes. which act through a mechanism of 

enhanced phosphatidylinositol turnover resulting in an increase of cellular level of 

diacylgl>-cerol. Thus it was suggested that a possible role of protein kinase C in mitogenic actirit? 

b>- phosphorylating this fiOK protein. Fluctuation in protein kinase C actiritb- throughout the cell 

cycle has been demonstrated in PIS endoderm cells (171. There is a slow. progressive increase in 

total iso:uble pius particulate1 protein kinnse C acti\-it? through the G9 phase. with a more 

pronounced increase in acti\-ity during mitosis. Since protein kinase C is kno\vn to have a broad 

range of possible endogenous substrates 17:. it i i conceit-able that protein kinase C acti\-ated b> 

TPA ma!- trigger mitosis in GP-delayed cells by inducing phosphorylation of the proteins that 

regulate the process of mitosis uncoupled from the ability to stimulate DN.4 synthesis. 

Morris ef al. 161 were able to differentiate two subclasses of basal cells in mouse epidermis 

based on the early response tn TPA-exposure. The label-retaining basal cells entered mitosis while 

postmitotic “maturing” basal cells migrated more rapidly to the “suprabasal” lagers. Shortly 

after TPA-exposure, we also observed that a large number of cells had migrated to the plane 

above the monolayer (Fig. 1-B). \Ve hare shown in a pl,e\-ious stud?- that the exposure to TPA 

acceder-tes thr rate and commitment. tc# terminal differentiation of “mntu:-inp” basal cells 

( 158. It-hen the monolayer cultures of rat keratinocytrs were exposed to TPX. there was a 
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predominent appearance of histidine-rich protein tfilaggrini-positive cells. which is characteristic of 

-granular. cells in epidermis in situ. These present observations. together with previous reports 

16.lfi1. suggesr that the state of individual basal cell in the maturation process may determine the 

type of response. either entering mitosis or reducing transit time m process of terminal 

differentiation. upon TFA4-exposure. 
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