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ABSTRACT 

Phorbol ester tumor promoters are known to induce inflammation 

in mouse skin, an oxidative burst in phagocytes and DNA single-strand 

breaks (DSSB) in leukocytes. The purpose of this project was to 

investigate the clastogenic effects of tumor promoters in the target 

cell population primary mouse epidermal cells co-incubated with 

leukocytes. A ratio of two-three leukocytes/epidermal cell was used 

for all experiments. 

The alkaline elution technique was employed to measure DSSB. 

Both the complete promoter 12-0-tetradecanoylphorbol-13-acetate (TPA) 

and the second stage promoter mezerein induced DSSB only when co-

incubated with leukocytes. The weak f irst stage promoter 4-0-methyl-

TPA induced significantly fewer DSSB than TPA. The non-promoting 

analogues phorbol and phorbol 12,13-diacetate did not induce measurable 

DSSB. The TPA induced damage was inhibited by catalase but not super

oxide dismutase. These data indicate that tumor promoters act indirectly 

on target cells by stimulating the release of a clastogenic factor from 

leukocytes. 

vi i i  



CHAPTER 1 

INTRODUCTION 

The most commonly accepted theory of the induction of cancer by 

chemical carcinogens separates the process into at least two distinct 

phases, init iation and promotion (Berenblum, 1941, 1975; Boutwell, 

1964). The init iation step consists of a single application of a sub-

carcinogenic dose of a carcinogen to the target t issue. Almost all 

init iators can act as somatic mutagens which bring about permanent 

alterations in the DNA of the target cell(s) (Scribner and Suss, 1978; 

Van Duuren, 1976). The mechanism of tumor promotion is less clear. 

Tumor promotion requires repeated applications of a tumor promoting 

agent, at frequent intervals, after a single treatment of an init iator 

(Scribner and Suss, 1978; Van Duuren, 1976). I f the order of application 

of init iator and promoter are reversed, tumor formation does not occur 

(Berenblum and Haran, 1955). Tumor formation has been shown to occur 

i f  the promoting sequence is started up to a year after init iation, 

indicating an irreversible effect (Berenblum and Shubik, 1949; Van 

Duuren et al., 1975). Tumor formation may also occur in an experimental 

protocol in which a single high dose of a carcinogen is administered 

(Terracini et al., 1960). Tumor promoting agents on the other hand are 

not capable of inducing tumors by themselves (Boutwell, 1974). 

One of the most commonly employed models used to study the 

stages of carcinogenesis is the mouse skin system. There are a number 

1 
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of advantages in using this system: 1) cancer  induction in this tissue 

is rapid and quantitative and can be easily divided into stages of in

it iation and promotion (Yuspa, personal communication); 2) the preneo

plastic changes can be observed without sacrif icing the animal (Yuspa, 

personal communication); 3) enhancers and inhibitors of carcinogenesis 

can be applied to the target tissue without endangering the whole ani

mal (Yuspa, personal communication); 4) host and t issue susceptibil ity 

can be separated by t issue grafting (Yuspa, personal communication); 

5) the availabil ity of epidermal cells in culture has facil itated the 

study of the cellular changes associated with transformation by chemical 

and physical agents (Yuspa, personal communication). 

Primary epidermal cell cultures have a number of advantages over 

whole animal studies. For instance, the variation in chemical exposure 

from cell to cell and biological variation from animal to animal are 

virtually eliminated (Yuspa, Hennings and Scaffiotti, 1976). Also, 

systemic effects are eliminated, and biochemical manipulations and 

evaluations are facil itated (Yuspa, Hennings and Saffiotti, 1976). 

Some of the most potent tumor promoting agents of the epidermis 

come from a group of naturally occurring compounds called phorbol es

ters (Figure 1). Phorbol, the parent alcohol, is inactive as a skin 

tumor promoter (Boutwell, 1974) and i t  is the diesters formed from the 

alcohol at the C-12 and C-13 positions which are the most active (Hecker, 

1971). A long chain fatty acid esterif ied at C-12, and a short chain 

fatty acid esterif ied at C-13 result in the greatest tumor promoting 

activity (Boutwell, 1974) and 12-0-tetradecanoylphorbol-13-acetate 
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FIGURE 1 „ Structures of TPA, 4-0-methyl TPA, phorbol, phorbol 12,13-
diacetate and mezerein. (Slaga, et al., 1982) 
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(TPA) has been shown to be the most potent of the phorbol esters (Hecker, 

1968). Compounds with a combined chain length of 14 to 20 carbons have 

the greatest activity (Diamond, O'Brien and Baird, 1980). The presence 

of the free allylic hydroxyl group at C-20 is essential for high bio

logical activity, while cleavage of the cyclopropane ring decreases 

activity (Diamond et al., 1980), as does methylation of the 4-0 position 

(Hecker, 1978). In addition, the overall configuration of the phorbol 

molecule is crit ical, since changing the C-4 hydroxyl to the alpha posi

t ion dramatically changes the three-dimensional shape of the molecule 

and destroys the tumor promoting activity (Hecker, 1978). Other com

pounds known to have promoting activity are anthralin (Bock and Burns, 

1963; Segal, Katz and Van Durren, 1971), iodoacetic acid (Gwynn and 

Salaman, 1953), phenols (Boutwell and Bosch, 1959), certain fatty acids 

(Arffmann and Glavind, 1971), and some surface active agents (Setala, 

1960). TPA, however, is active at concentrations 100-fold lower than 

anthralin and iodoacetic acid (Boutwell, 1974). 

TPA is active in several biological systems. In skin i t  is 

active in nanomolar concentrations and induces several biochemical 

alterations. A single treatment of TPA stimulates nucleic acid and 

protein synthesis in mouse skin. Maximum rates of RNA synthesis, 

protein synthesis and DNA synthesis are reached at 6, 12 and 18 hours, 

respectively (Baird, Sedgwick and Boutwel!, 1971; Hennings and Boutwell, 

1970). In addition, promoters alter cell membrane (Kubinski, et al., 

1973; Sivak, Ray and Van Durren, 1969) and phospholipid metabolism 

(Rohrschneider, O'Brien and Boutwell, 1972), stimulate phosphorylation 
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of epidermal histones (Raineri, Simsiman and Boutwell, 1973) and alter 

epidermal differentiation (Raick, 1973). TPA also induces inflammation, 

hyperplasia, and an embryonic state in adult skin identif ied by dark 

basal cells (Slaga, et al., 1981a). 

In summary, phorbol ester tumor promoters interact with mem

branes, stimulate and alter genetic expression and eventually increase 

the rate of cell proliferation. It is diff icult to determine which of 

the many effects of the phorbol esters are essential for the tumor 

promotion process. In fact many agents which produce some of the above 

responses are not effective tumor promoters. Canthardin and ethyl 

phenyl propiolate (EPP), hyperplastic agents in skin, are not promoters 

(Slaga, et al., 1982). Mezerein, a non-phorbol but structurally related 

diterpene ester, produces many of the biochemcial effects of TPA, but 

is a very weak tumor promoter (Mufson, et al., 1979). I f init iation is 

followed by two to four treatments of TPA and then repeated applications 

of mezerein, skin tumors develop (Slaga, et al., 1982). This would 

indicate that tumor promotion is a multi-step process. Boutwell (1964) 

was the f irst to suggest that tumor promotion could be broken down into 

at least two steps. The f irst step being the "conversion" of the 

init iated cell into a dormant tumor cell, and the second step being the 

"propagation" of that cell into a grossly visible tumor. 

Further screening of tumor promoting agents has led to the 

identif ication of several "incomplete" tumor promoters, which by them

selves are not effective in promoting tumor formation. Using these 

"incomplete" promoters, Slaga, et al. (1980), observed that when TPA was 
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given twice weekly for two weeks after init iation with dimethyl benzan-

thracene (DMBA), no tumors developed. However, when mezerein was given 

twice weekly after l imited TPA treatment, there was a significant tumor 

response in a dose dependent manner; mezerein by i tself was ineffective. 

When 4-0-methyl-TPA was applied twice weekly for two weeks after ini

tiation with DMBA, followed by mezerein twice weekly for 18 weeks, a 

dose-dependent increase in tumor induction occurred. 4-0-methyl-TPA 

treatment by i tself, and after l imited treatment with TPA, was ineffec

tive. Other compounds found to be effective f irst stage tumor promoters 

are calcium ionophore A 23187 and hydrogen peroxide (Copeland, 1983). 

In addition to mezerein, compounds such as 12-0-retinoylphorbol-13-

acetate (RPA) and 12-0-(2-cis,4-trans,6,8) tetradecatetranoyl phorbol-

13-acetate (Ti8) are active in the second stage of tumor promotion 

(Furstenberger, Sorg and Marks, 1983). 

G. Furstenberger, et al. (1983), found that the change induced 

in mouse epidermis by the init ial two week treatment of TPA was perma

nent for at least two months. He hypothesized that the reversibil ity 

of tumor promotion was probably related to the second stage. This is 

consistent with Boutwell 's theory of "conversion" and "propagation" 

(Boutwell, 1964). 

I f tumor promotion is composed of-at least two steps, then 

inhibitors of the promotion process may be selective for a particular 

stage. In fact, Slaga, et al. (1982), found that they could selectively 

inhibit both stages of tumor promotion. They found that the protease 

inhibitor tosyl phenylalanine chloromethyl ketone (TPCK), acted as a 
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stage I  inhibitor, whereas retinoic acid (RA), a vitamin A derivative, 

was ineffective as a stage I  inhibitor but was a potent inhibitor of 

stage I I promotion. Fluocinolone acetonide (FA), an anti-inflammatory 

steriod, was observed to be a potent inhibitor of both stages, but 

inhibited stage I  to a greater extent. Since the only morphological 

difference between TPA and mezerein treatment is the induction of dark 

basal keratinocytes by TPA, Slaga, et al. (1982), reasoned that inhibi

tion of f irst stage tumor promotion would coincidentally inhibit the 

appearance of dark basal cells. FA and TPCK, potent inhibitors of 

f irst stage promotion were shown to prevent the appearance of these 

dark cells while RA, an inhibitor of second stage promotion, did not. 

TPCK was found to have no effect on TPA or mezerein induced ornithine 

decarboxalase activity, while certain retinoids were found to be inhib

itory (Slaga, et al., 1982). 

While a number of biochemical and morphological changes have 

been observed in response to TPA treatment, an exact mechanism of action 

for TPA has not been determined. I t has been proposed that leukocytes 

may mediate the tumor promotion response (Birnboim, 1983; Emerit and 

Cerutti, 1981; Troll, et al., 1982)(Figure 2). TPA is known to induce 

inflammation and therefore infi ltration of leukocytes into the skin. 

T P A  a l s o  i n d u c e s  a n  " o x i d a t i v e  b u r s t "  i n  p h a g o c y t e s  ( G o l d s t e i n ,  e t  a l . ,  

1979). This "oxidative burst" which can be triggered by a variety of 

stimuli, involves the release of active oxygen species including super

oxide anion, hydrogen peroxide, hydroxyl radical, and possibly singlet 

oxygen (Badwey and Karnovsky, 1980; Klebanoff, 1980). These free 
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FIGURE 2. Model of two stage skin carcinogenesis (Birnboim, 1983). 
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radicals are normally used by the phagocyte to ki l l  foreign microbes 

and possibly tumor cells (Badwey and Karnovsky, 1980; Klebanoff, 1980). 

Active oxygen species may also be toxic to the phagocytic cell (Birn

boim, 1982a). These free radicals are released into the surrounding 

interstit ial space and are free to react with the target cell population. 

The TPA induced "respiratory burst" is thought to be mediated 

through the membrane bound enzyme NADPH oxidase (Birnboim, 1983)(Figure 

3). In response to the appropriate stimulus, NADPH oxidase effects the 

reduction of molecular oxygen to form the free radical superoxide anion 

(Birnboim, 1983). This in turn can be converted spontaneously or enzy-

matically (by superoxide dismutase) to hydrogen peroxide (Brinboim, 

1983). Evidence to support the role of this enzyme in free radical 

production conies from studies of leukocytes from patients with chronic 

granulomatous disease (CGD). Neutrophils from CGD patients fail to 

undergo a normal "oxidative burst" (Curnutte, Whitten and Babior, 1974; 

Roos and Weening, 1979). The molecular defect of this disease is 

thought to be related to an abnormality of NADPH oxidase (Baechner and 

Nathan, 1967; Hohn and Lehrer, 1975; Holmes and Page, 1966). I t has 

been reported that treatment of normal leukocytes with TPA stimulates a 

respiratory burst which causes DNA damage (Birnboim, 1981; Emerit and 

Cerutti, 1981). However, DNA damage did not occur in leukocytes of CGD 

patients (Birnboim and Biggar, 1982). 

There is considerable evidence implicating a role for free 

radicals in tumor promotion. I t has been shown that while the anti-

promoters, retinoic acid and certain protease inhibitors, block TPA 
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induced free radical production (Goldstein, et al., 1979; Witz, et al., 

1980), the non-promoting phorbol esters 4-0-methyl TPA and phorbol 

diacetate did not effect the release of active oxygen species (Gold

stein, et al., 1981; Troll, et al., 1982). The structurally different 

promoter dihydroteleocidin B induced free radical generation (Goldstein, 

et al., 1981). Others have demonstrated that the free radical gener

ating compound benzoyl peroxide is a potent tumor promoter (Slaga, et 

al., 1981b). Hydrogen peroxide, another free radical generating com

pound, is very effective as a f irst stage promoter (Copeland, 1982). 

I t has been shown that individuals with Bloom's syndrome have a higher 

than normal incidence of cancer. In these individuals' cells there is 

no apparent defect in DNA repair; however, there is an abnormality in 

active oxygen metabolism (Emerit and Cerutti, 1981; Cerutti, 1982). 

This would indicate that the higher oxygen concentration is related to 

the increased incidence of cancer. 

Since i t  is commonly accepted that tumor promoters stimulate 

the release of oxygen free radicals, the question arises, what is the 

cellular target of these active oxygen species? Several investigators 

have hypothesized that DNA is a target (Birnboim, 1982a; Emerit and 

Cerutti, 1981; Weitberg, et al., 1983). Birnboim (1982a, 1983) believes 

that DNA strand break damage (DSBD) is a key event in the tumor promo

tion phase of cancer. He has shown that human white blood cells incu

bated with low concentrations of TPA induce significant DSBD; the weakly 

promoting analogue 4-0-methyl TPA was relatively inactive (1982a). 

Several l ines of evidence have been reported which l ink DNA damage with 



the "respiratory burst." The inhibitor 2-deowglucose blocks the 

induction of DSBD (Birnboim, 1982a, 1983). I t is also known to block 

superoxide production, presumably by interfering with the hexose mono

phosphate shunt which is responsible for generating NADPH (Birnboim, 

1982a, 1983). Both superoxide dismutase, which catalyzes the conversion 

of superoxide anion into hydrogen peroxide and catalase which catalyzes 

the conversion of hydrogen peroxide into water and molecular oxygen 

inhibit DSBD incuced by TPA (Birnboim 1982a, 1983). When mouse erythro-

leukemia cells were incubated with TPA no DSBD occurred unless the 

cells were coincubated with leukocytes (Birnboim, 1983). 

Other l ines of evidence which further implicate DNA as a target 

are the fact that certain anti-promoters block the DSBD induced by TPA 

while the non-phorbol ester tumor promoters such as anthralin, benzoyl 

p e r o x i d e ,  a n d  d i h y d r o t e l e o c i d i n  B  i n d u c e  D S B D  i n  w h i t e  b l o o d  c e l l s  

(Birnboim, 1893). Other investigators have shown that TPA induces 

chromosomal aberrations, predominantly gaps and breaks, in human 

leukocytes (Emerit and Cerutti, 1981, 1982, 1983). They have found 

that inhibitors of the oxidation of membrane l ipids (flucinolone 

acetonide, indomethacin, 5,8,11,14-icosatetraynoic acid) block the TPA 

induced aberrations (Emerit and Cerutti, 1982, 1983). Since i t  has 

also been reported that TPA stimulates the release of free arachidonic 

acid (AA) and the metabolites, hydroperoxy-AA and hydroxy-AA, i t  has 

been proposed that in addition to free radicals, products of AA metabo

l ism are involved in the chromosomal damage (Emerit and Cerutti, 1982, 

1983). A model of membrane-mediated chromosomal damage has been derived 



based on the previous observations. I t states that membrane active com

pounds such as TPA induce chromosomal damage indirectly by stimulating 

an oxidative burst, AA cascade and facil itating l ipid peroxidation by 

disrupting the structural integrity of cell membranes (Emerit and 

Cerutti, 1983). Active oxygen species react with l ipid membranes gen

erating lipid-hydroperoxides which can release active oxygen upon their 

reaction to form chemically more stable compounds (Emerit and Cerutti, 

1983). I t may be these aldehydic break down products and free AA that 

are the principle components of the clastogenic factor. 

Further evidence that TPA induces cytogenetic changes was 

reported by Weitberg, et al (1983). They found by measuring sister-

chromatid exchange (SCE) that TPA could induce DNA damage in Chinese 

hamster ovary cells only when leukocytes were also present in culture. 

I t has been postulated that these SCE were mediated via free radical 

generation (Weitberg, et al., 1983). Previous investigators have 

reported that TPA could generate SCE in Chinese hamster f ibroblasts 

directly (Kinsella and Radman, 1978; Kinsella, Gaines and Butler, 1983). 

Although the period of incubation was much longer (28 hours vs. 30 

minutes) and the concentration of TPA 10-fold higher (Kinsella and Rad

man, 1978; Weitberg, et al., 1983). Whether TPA induces SCE directly 

or indirectly is not clear at this time. 

A l l  t h e  e v i d e n c e  s u p p o r t i n g  i n v o l v e m e n t  o f  a  c l a s t o g e n i c  e v e n t  

in tumor promotion has been reported in vitro (Birnboim, 1983; Emerit 

and Cerutti, 1981). In vivo, TPA induces an inflammatory response 

(Boutwell, 1964) and upon subsequent treatment with TPA, art oxidative 



burst in the leukocytes population may produce a clastogenic factor 

that could affect the epidermal cell population. 

The actual species that reacts with the DNA molecule has not 

been determined. Damage caused by ionizing radiation, is mediated by 

the hydroxyl radical (Cadet and Teoule, 1978; Rhaese and Freese, 1968; 

Teoule, et al., 1974; ). Agents which inhibit TPA induced strand 

breaks (Birnboim, 1982a,1982b, 1983) also prevent radiation induced 

damage (Borek and Troll, 1983; Repine, et al., 1981). Therefore i t  is 

possible that the hydroxyl radical may be the ultimate TPA induced DNA 

damaging agent. The hydroxyl radical can be produced from the super

oxide anion and hydrogen peroxide by a modified Haber-Weiss reaction, 

also known as a Fenton-like reaction (Fredovich, 1978; McCord and Day, 

1978). This reaction would have to occur in the nucleus, because the 

hydroxyl radical is so reactive that i t  is virtually f irst encounter 

l imited (Copeland, 1983). 

I f free radical induced DNA damage is crit ical to the promotion 

phase of carcinogenesis, the question arises, how does DNA strand break 

damage allow the cell to express the tumor phenotype? Birnboim (1983) 

has proposed three hypotheses which might explain how clastogenic damage 

could be essential in tumor promotion: (1) Recessive Oncogene Hypoth

esis. This hypothesis states that init iation is a mutational event 

which creates an "oncogene" which is recessive. In order that the 

oncogene be expressed, the normal dominant allele must be eliminated. 

(2) Jumping Oncogene Hypothesis. This hypothesis also suggests that 

init iation is a mutational event, but the oncogene which is created is 



dominant over the normal allele. Tumor promotion is thought to be due 

to genomic rearrangement induced by clastogenic events which place the 

oncogene downstream of the transcriptional promoter so that increased 

levels of the oncogene are produced. (3) Activation of a Repressed 

Oncogene Hypothesis. This hypothesis also assumes that init iation is a 

mutational event which creates an oncogene which is either an altered 

structural gene or altered transcriptional promoter. However the 

oncogene is believed to be located in a domain of the genome which is 

normally repressed in that cell type. The clastogenic response is 

thought to derepress, temporarily genes in that domain; in the absence 

of other factors favoring the derepressed state, the domain becomes 

repressed again. The presence of the oncogene but not i ts normal allele 

is assumed to be a sufficient signal for derepression. Repeated DNA 

strand break damage, that is repeated treatment with a tumor promoter, 

may be necessary for irreversible commitment to the tumor phenotype. 

The problem with the f irst two hypotheses is that they do not explain 

the strict requirement for the correct temporal sequence of init iation 

first followed by promotion. 

Statement of Purpose 

In vivo studies have shown that tumor promoters are effective 

stimulants of the inflammatory response. In vitro studies have 

demonstrated that the tumor promoters induce an oxidative burst in 

leukocytes. Free radicals released as a result of this oxidative burst 

have been reported to induce DNA strand break damage and other chromo

somal aberrations in white blood cells. Based on these observations, 



16 

the question was asked can a clastogenic response be observed in a 

target cell population (primary mouse epidermal cells in culture)? 

The alkaline elution assay was used to measure DNA strand breaks 

in epidermal cells co-incubated with leukocytes. Both promoting and 

non-promoting phorbol esters were tested for a clastogenic effect to 

determine the relationship between tumor promoting activity and DNA 

strand breaks. Inhibitors of free radicals were tested for these 

effects on TPA induced DNA strand breaks to determine i f the damage was 

mediated via oxygen radicals. In order to determine i f this clastogenic 

event occurs in vivo, cells were isolated from animals chronically 

treated with TPA and analyzed for DNA single-strand breaks. 



CHAPTER 2 

MATERIALS AND METHODS 

Chemicals 

2,6,10,14 tetramethylpentadecane was purchased from Aldrich 

Chemical Company, Inc., Milwaukee, Wisconsin USA. Proteinase K was 

purchased from Beckman Instruments, Inc., Bioproducts Department, Palo 

Alto, California. 12-0-tetradeconoyl phorbol 13-acetate (TPA), 4-0-

methyl,12-0-tetradeconoyl phorbol 13-acetate (4-0-methyl TPA), mezerein, 

phorbol 12,13-diacetate (PDA), and phorbol were all obtained from Chem

ical Carcinogenesis Co., Eden Prairie, Minnesota. Trypsin 2.5% (lOx), 

MEM without calcium and M-199 media were obtained from Gibco Laborator

ies, Grand Island, New York 14072. The radiolabeled isotope[l^C-Methyl] 

thymidine was purchased from ICN Chemical and Radioisotope Div., 2727 

Campus Drive, Irvine, California 92715. Dimethylsulfoxide (DMSO) was 

ordered from Pierce Chemical Co., Rockford, I l l inois. Tetrapropyl 

ammonium hydroxide 25% aqueous was purchased from RSA Corporation, 

Ardsley, New York 10502. Superoxide dismutase (SOD) from bovine blood 

and catalase 2x crystall ized from bovine l iver were purchased from 

Sigma Chemical Co., St. Louis, Missouri 63178. 

Animals 

Both male and female SENCAR mice were obtained from Harlen 

Sprague Dawley, Indianapolis, Indiana. They were housed f ive animals 

per stainless steel cage, which contained pine shavings as bedding. 



Mice were fed Wayne lab blocks and tap water ad l ibitum. Lighting was 

controlled to provide a cycle of 12 hr l ight and 12 hr darkness. Room 

temperature and humidity were set and maintained at 22°C and 55% respec

tively. Cervical dislocation was used for termination of the mice. 

Cellular Isolations 

Primary Epidermal Cell Isolation 

Epidermal cells were isolated from the skin of newborn mice by 

the trypsin-flotation procedure of Yuspa and Harris (1974). Newborn 

mice were removed from cages and placed in 150 mm dishes. Bedding 

material was removed from the animals. Approximately 20 ml of betadine 

was added to the dish. The dish was t i l ted several t imes to wash the 

animals thoroughly. After three minutes the betadine was drained from 

the animals and 20 ml of 70% ethanol was added. The dish was t i l ted 

several t imes, and then the ethanol was drained. The ethanol wash was 

repeated unti l no betadine was left. Next, the dishes were placed on 

ice for at least 20 minutes. Using sterile forceps and scissors, the 

limbs were amputated and a longitudinal incision was made from tail to 

head. The entire skin was then peeled away from the animal. The skin 

was placed dermis side down on a sterile 150 mm plate (8 skins/plate). 

The skins were then floated dermis side down on 50 ml of cold 0.25% 

trypsin, in Hanks balanced salt solution. The plates were stored 

overnight at 4°C. The next morning the skins were placed epidermis 

side down on a dry sterile 150 mm plate. The dermis was peeled off, 

leaving the epidermis behind. The epidermis was minced with a pair of 

scissors. Two ml of Medium 199 and 10% fetal calf serum was added per 



animal. The minced tissue was then transferred to a 100 ml bottle con

taining a stir bar. The t issue was stirred at 37°C for 45 minutes in 

a warm room. At the end of 45 minutes the disrupted skin was f i l tered 

through sterile nylon mesh. A cell count was made, and then the cells 

were plated out at 5x106-7x106 cells/25 cm^ t issue culture flask (T-25). 

T-25 flasks were placed in a 5% CO2, 37°C incubator for at least four 

hours (<24 hours) before changing the medium to low Ca++ MEM (Eagles) 

and 10% chelexed fetal calf serum (0.02 mM Ca++). Primary epidermal 

cells were maintained on 0.02 mM Ca++ MEM (Eagles) and 10% chelexed 

fetal calf serum and the media was changed three times weekly. 

Chelex procedure for serum. 200 gr of Chelex 100, 200-400 mesh, 

sodium form, BioRad Laboratories, Richmond, California, was mixed with 

four l i ters of disti l led water, and pH adjusted to 7.5. The suspension 

was then drained through a Buchner funnel containing a 12.5 cm Whatman 1 

f i l ter. The Chelex was mixed with 500 ml fetal calf serum and stirred 

at room temperature for one hour. Chelex and serum were drained through 

another buchner funnel with a Whatman 1 f i l ter. The fetal calf serum 

was f i l ter steril ized with a Nalgene 0.2 micron f i l ter unit, type LS, 

and stored at -20°C. Serum calcium concentration was determined by 

atomic absorption spectrometry. 

Isolation of Epidermal Cells From Adult Mice 

The method used was modified from Fischer, et al. (1982). 

Either TPA (8.5 ng/0.2 ml acetone) or  acetone (0.2 ml) was applied to 

the backs of adult CD-I mice (4-7 weeks) twice weekly for at least 

eight weeks. The last treatment was given two hours prior to isolation. 



Mice were shaved with ordinary hair clippers and a dipilatory was 

applied for f ive minutes to remove any remaining fur. The mouse was 

ki l led by cervical dislocation and rinsed with water. The shaved area 

of skin was removed and placed epidermis side down on a glass plate. 

The subcutaneous fat was scraped off with a razor blade before the 

skins were f loated (epidermis side up) on trypsin solution (0.25% in 

Hank's balanced salt solution). The skins were incubated on trypsin at 

33°C for two hours followed by two hours at room temperature. The 

epidermis was minced with scissors and then MEM 199 media containing 

10% fetal calf serum was added. The cell suspension was stirred at 

37°C for 30 minutes before f i l tering through a nylon mesh. Cells were 

then counted using a Coulter counter. 

A discontinuous gradient was made by layering 10 ml of 22.5% 

Percoll on top of 15 ml of 45% Percoll. The Percoll was f irst made up 

as a 90% solution by adding one volume of 1.5 molar NaCl to nine volumes 

Percoll; further dilutions were made with phosphate buffered saline. 

Up to 5 ml, and 30 mill ion cells were loaded on top of the gradients. 

The gradients were centrifuged at 1000 x g for 15 minutes. The Percoll 

solution was pipetted off and discarded down to the 15 ml mark. The 

tube was f i l led with PBS, mixed and centrifuged to pellet cells. The 

supernatent was poured off and the cells were resuspended. 

Isolation of Peritoneal Macrophages 

Macrophages were isolated by peritoneal lavage. Adult SENCAR 

mice injected IP with 0.5 ml of 2,6,10,14 tetramethylpentadecane two to 

four weeks prior were kil led by cervical dislocation. A 3/4 inch 
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incision was made across the lower abdomen. 2.5 ml of phosphate 

buffered saline (PBS) containing five USP units/ml of heparin were 

injected IP. The abdomen was massaged for 15 seconds and the f luid 

removed with a syringe. The peritoneal wash was repeated once more. 

The rinses were combined and the macrophages pelleted by cen-

trifugation. The cells were rinsed two times with PBS and resuspended 

in 0.02 mM Ca++ MEM and 10% chelexed serum. 

Assays 

Experimental Design 

Epidermal cells grown as a monolayer were labeled with 20 yl 

of 20 yCi/ml [ l^C-methyl] thymidine for 48 hours. The media was then 

replaced to chase the label into high molecular weight DNA, at least 

four hours prior to use. An appropriate number of previously isolated 

macrophages were added to a plastic 15 ml conical tube and the final 

volume was brought up to 5 ml with 0.02 mM Ca++ MEM + 10% chelexed fetal 

calf serum. The drug to be studied was added to the macrophage suspen

sion and triturated three times. The mixture was then added to the T-25 

flask containing the labeled epidermal cells and the cells incubated in 

a 5% CO2, 37°C incubator for 45 minutes. The mixed cell culture was 

removed from the incubator, the media poured off, the cells rinsed two 

times with Hanks balanced salt solution (HBSS) containing 0.02% EDTA 

and placed on ice. The cells were then scraped into the HBSS EDTA 

solution with a Costar disposable cell scraper and triturated three 

times to break cell clumps. A hundred yl aliquot was taken and cells 

were counted using a Coulter counter. 



Alkaline Elution 

The alkaline elution technique developed by K.W. Kohn and R.A. 

Grimek-Ewig (1973) was used to measure DNA single-strand breaks. A 

2 um pore PVC type BS Mill ipore f i l ter was immersed in 50% ethanol and 

placed on top of a Swinnex f i l ter holder. A Mil l ipore Elution Funnel 

was screwed down on top of the f i l ter holder, and the apparatus was 

placed on top of a f i l ter flask. The elution funnel was f i l led with 

PBS and suction was applied to remove all air bubbles. The f i l ter was 

not allowed to run dry. Ten mis of cold PBS containing IxlO6 cells 

were added to the elution funnel and allowed to run through by gravity 

and two 10 ml PBS washes were added to the f i l ter. Again, the f i l ter 

was not allowed to run dry. The f i l ter apparatus was placed on the 

stand, arid the remaining PBS was allowed to drip into a counting vial 

by gravity. After the PBS dripped through, 5 ml of lysis solution (2% 

sodium dodecyl sulfate (SOS), 0.1 M glycine, 0.02 M Na? EDTA, pH 10.0) 

were added to elution funnel and allowed to drip through by gravity. 

Lysis and all subsequent steps were carried out under "red safety 

l ights." After all the f i l ters had been lysed, the appartus was con

nected to a minipulse pump and 3 ml of lysis solution containing 0.5 

mg/ml proteinase K was added. The pump was started and allowed to run 

for 60 minutes at » 2.5 ml/hour. After the 60 minute treatment, the 

outlet tubing was disconnected and the proteinase K solution was col

lected in a vial using a high pump speed. Any proteinase solution 

remaining above the f i l ter was allowed to drip through by gravity with 

3 ml of rinsing solution (0.02 N Na^ EDTA pH 10) added to each funnel 



and allowed to drip through by gravity. Next, the pump speed was reset 

(2.5 ml/hour), tubing connected to elution apparatus, and 50 ml of 

eluting solution (0.02 M EDTA, 1% SDS, tetrapropyl ammonium hydroxide 

pH 12.1) were added to the elution funnel. The pump was turned on and 

fractions were collected every 64 minutes by an ISCO model 273 fraction 

collector. At the end of the run (10-15 fractions) the excess eluting 

solution was poured off and the tubing pumped dry. 

The f i l ters were removed and placed in counting vials with 500 

l i l  of 1 N HC1. The vials were then placed iri an oven at 60°C for one 

hour. Ten ml of 0.4 N NaOH was pumped through the l ines and collected. 

After the f i l ters hydrolyzed for one hour, they were removed from the 

oven and 2 ml of 0.4 N NaOH were added to each one. The f i l ters were 

allowed to cool before adding scinti l lation fluid. A 1 ml aliquot of 

the last fraction, the 0.4 N NaOH rinse and the lysing and rinsing 

f i l trate were counted. The volume of the 1st and 3rd fraction was 

recorded. Fifteen ml of scinti l lation fluid containing 0.7% acetic 

acid were added to each vial. All samples were counted on a Tracor 

Analytical Model 6892 Liquid Scinti l lation counter. The results were 

plotted as the log of the fraction of retained on the f i l ters 

versus time. DPIA damage was quantif ied by determining the f irst order 

rate constant for the init ial phase of elution (200 min). 

Alkaline Elution of Unlabeled Epidermal Cells 

The procedure is essentially the same for both labeled and 

unlabeled cells except for a few minor changes. Four to six mill ion 



unlabeled cells were loaded onto PVC type BS mill ipore fi l ters with 

2 um pore size. An aliquot of each cell suspension was taken in order 

to determine the total amount of DNA loaded. Fifteen ml of lysing 

solution was added followed by 10 ml proteinase K (0.5 mg/ml) for one 

hour. After the proteinase K step, the f i l ters were rinsed with 10 ml 

r insing solution. Six, 30 minute fractions were collected in Falcon 

2054 tubes. The f irst two tubes were weighed in order to determine the 

volumes collected. The amount of DNA in each fraction was determined 

by fluorescence (see microfluorometer DNA assay). The percent of DNA 

remaining on the f i l ter after each fraction and the accumulated colume 

eluted after each fraction were calculated. The results were plotted 

on semi-log paper as the fraction of DNA retained on the f i ler vs the 

cumulative volume eluted. 

Microfluorometric DNA Assay 

The method used here was a modification of that of Kissane and 

Rob.ins (1958). Fifty microliters of bovine serum albumin (5 mg/ml) and 

0.5 ml of trichloroacetic acid (TCA) (500 g TCA + 500 ml 6N HC1) were 

added to each sample including blanks. Tubes were vortexed and then 

centrifuged in a Beckman TJ-6 at top speed for 15 minutes. The super

natant was discarded and 3.6 ml of ethanol and 0.1 ml of concentrated 

HC1 were added. Tubes were agitated at room temperature for 30 minutes 

and then chil led for two hours at 4°C. Samples were then centrifuged at 

4°C in a Beckman TJ-6R at top speed for 15 minutes, the supernatant was 

discarded and the samples were allowed to dry overnight. The following 

day 0.1 ml of diaminobenzoic acid (DABA) (0.3 g DABA/1 ml water) was 
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added to each tube. Tubes were capped and heated at 70°C for 35 minutes 

in a water bath. After cooling, 1 ml of f i l tered 1 N HC1 was added to 

each sample, and the relative fluorescence of each solution was deter

mined using an Aminco-Bowman fluorometer with an excitation wavelength 

of 420 nm and an emission wavelength of 520 nm. 

Alkaline Sucrose Sedimentation Analysis 

The procedure used in this work is essentially that of G. T. 

Bowden, et al.(1978). Gradients were prepared using a sucrose gradient 

apparatus. 18.6 ml of 5% alkaline sucrose (12.5 g sucrose, 1.5 g NaOH 

brought to a f inal volume 250 ml with buffer containing 0.3 M NaOH, 0.7 

M NaCl, 0.001 M Na2 EDTA and 0.01 M Tris base pH 12.5) was placed in 

the f irst chamber. A small stir bar was placed in the second chamber, 

nearest the outlet, along with 17.4 ml of 25% sucrose (62.5 g sucrose, 

7 g NaOH brought to a f inal volume of 250 ml with buffer). The alkaline 

sucrose was pumped into a 1" dia.x 3 1/2" polyallomer centrifuge tube. 

Gradients were allowed to sit at room temperature unti l loading. Cells 

were labeled with 0.5 yCi [^C-methyl] thymidine three days prior to 

the experiment. The cells were then chased with radioactive free media 

for 24 hr and placed on ice 15 minutes prior to irradiation. Using a 

l inear accelerator, cells were irradiated with 1000, 2000, 5000, 7500 

and 10,000 rads of x-rays. The cells were then scraped and centrifuged 

to pellet in a refrigerated centrifuge (IEC Model CRU 5000) and resus-

pended in PBS + 0.01 M EDTA to yield a f inal density of 5x10^ cells/ml. 

0.2 ml of 1 N NaOH was layered on top of each gradient, followed by 0.2 
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ml of each cell suspension. Trit ium labeled SV40 DNA (Form I, 53^, 

MW = 3.2 xlO6 Daltons) was used to calibrate the gradients. One yl 

(5.85 yCi/ml) of the SV40 DNA was loaded on the same gradient as the 

control treated cells. The gradients equil ibrated for two hours after 

loading and then were centrifuged at 25 K, at room temeprature for four 

hours with a SW27 rotor in a Beckman L5-50B ultracentrifuge. After 

spinning, the gradients were fractionated using a Buchler Polystaltic 

pump and a Fractomette Alpha 200. Using a pump speed of 2.5, 30 drop/ 

fraction were collected in tubes that already contained 100 yl of 

1 mg/ml bovine serum albumin (BSA). 5 ml of 10% TCA were then added to 

each tube and the samples were precipitated overnight in a refrigerator. 

The DNA precipitates were collected on Whatman GF/C 2.4 cm f i l ters. 

Each tube was rinsed once with 5 ml 2% TCA, and then the f i l ter was 

rinsed twice with 5 ml 2% TCA. The f i l ters were placed in glass scin

t i l lation vials and loosely capped. The f i l ters were dried in an oven 

at 150°C for two hours. Ten ml of scinti l lation fluid with 0.7% acetic 

acid were added to each vial and the vials were counted for ^C and 

content on a l iquid scinti l lation counter. 

Data from the gradients were stored in a computer and a program 

was used to do the following calculations. From the value for each 

fraction of the gradient obtained from the calibration, the molecular 

weight (M) was calculated according to the following equation: 

$20,10 = BM A 

in which the constant B was assumed to be 0.0528 and the exponent 0.4 

for single-stranded DNA in alkaline solution. The molecular weight 



values were then used to calculate both the weight average molecular 

weight (Mw) and the number average molecular weight (Mn) by using the 

following equations: 

Mn ECi Mw = E MiCi 
S (Ci/Mi) ~TTT 

where £i is proportional to the fraction of total radioactivity for any 

given fraction and Mi is the M value assigned that fraction. 

The absolute DNA single-strand break frequency for ionizing 

radiation was calculated by the following equation: 

Average molecular weight of control i  
Average molecular weight of irradiated treatment group 



CHAPTER 3 

RESULTS 

Indirect Effects of TPA 

TPA is known to trigger an inflammatory response and therefore 

leukocyte infi ltration in the skin. It has also been reported that 

incubation of leukocytes with TPA stimulates an oxidative burst and in

duces DNA single-strand break (SSB) damage. I f DNA damage is important 

to tumor promotion, then TPA should also induce DNA strand breaks in a 

target cell population such as primary mouse epidermal cells. To test 

this hypothesis and also to determine i f TPA acts directly on the 

target cell or indirectly by stimulating the release of a clastogenic 

factor from nearby leukocytes, primary mouse epidermal cells were 

incubated with TPA in the presence and absence of leukocytes. The 

alkaline elution technique was used to measure DNA single-strand break 

damage. When the epidermal cells were incubated with TPA alone, no 

significant damage was observed (Figure 4). Phagocytes and DMSO (the 

vehicle control) also had no effect on the epidermal cell DNA. However, 

when both TPA and phagocytes were present in the culture, significant 

strand break damage occurred (Figure 4). There was an increase of 

0.322 SSB/10^ nucleotides. This indicates that TPA has a clastogenic 

effect on a target cell, and that i t  mediates this damage indirectly 

via leukocytes. 

28 



FIGURE 4. Indirect Effects of TPA 

Primary epidermal cells prelabeled with jdR were incubated at 37°C, 

5% CO2 for 45 minutes, with the following: 0 TPA 1.6 x 10"® M, A DMSO 

vehicle control 0.1%, •  DMSO 0.1% and a ratio of 2 leukocytes/epidermal 

eel 1, A TPA 1.6 x 10-6 p| anc j  a rat io of 2 leukocytes/epidermal cell. 
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Effect of Exposure Time 

To evaluate the rate at which the DNA damage occurred, epidermal 

cells were incubated with TPA and phagocytes for increasing periods of 

t ime. Again SSB were measured by the alkaline elution assay. A t ime 

dependent increase in strand break damage occurred with fairly rapid 

onset, detectable after about f ive minutes (0.045 SSB/IO^ nucleotides 

above control). Damage continued to increase in a l inear fashion up to 

the last time point of nine minutes (0.37 SSB/10® nucleotides) 

(Figure 5). 

Repai r Time 

To test the cells' abil ity to repair the DNA damage, epidermal 

cells were incubated with TPA and leukocytes for 45 minutes. The media 

was then changed to remove TPA, and the cells were incubated for in

creasing periods of time to allow for repair. A l inear time dependent 

increase in repair was observed, with approxiamtely 50% of the damage 

repaired after one hour (Figure 6). 

Alkaline Sucrose Sedimentation Analysis 

The alkaline elution technique measures DNA damage in terms of 

rate of elution. The data is more meaningful i f  expressed as number of 

strand breaks per given DNA fragment size. Using alkaline sucrose sed

imentation, the elution rates were converted into number of strand 

breaks by f irst determining the absolute DNA SSB frequency for ionizing 

radiation. The DNA SSB frequency was determined to be 7.34 x 10-4 

SSB/10^ nucleotides/rad x-ray. The relationship between elution rate 



FIGURE 5. Time Course of DNA Damage in Primary Mouse Epidermal Cells 

Epidermal cells were incubated at 37°C and 5% C0£ with 1.6 x 10"^ M TPA 

and a ratio of 2 macrophages/epidermal cell for increasing periods of 

t ime. Q control no treatment, A 5 minutes incubation, •10 minutes 

incubation, A 15 minutes, 0 30 minutes, •  60 minutes,®90 minutes. 
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FIGURE 5. Time Course of DNA Damage in Primary Mouse Epidermal Cells 



FIGURE 6. Repair of DNA Damage in Primary Mouse Epidermal Cells 

Epidermal cells were incubated with 1.6 x 10_6 M TPA and a ratio of 2 

macrophages/epidermal cell for 45 minutes at 37°C, 5% CO2. Media was 

changed and incubation was continued for various periods of t ime. 

A Control no treatment, •  60 minutes repair t ime,® 45 minutes repair 

t ime, A 10 minutes repair t ime, •  5 minutes repair t ime, 0 no repair 

t ime. 
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and x-ray dose was then determined by irradiating epidermal cells with 

increasing doses of x-rays (100-850 rads) (Figure 7). From these data 

the actual DNA SSB frequency was determined by plotting the elution 

rate vs DNA SSB/IO^ nucleotides (Figure 8). 

Effect of the Ratio of Leukocytes/Epidermal Cell 

The relative number of leukocytes/epidermal cell invading the 

skin during an inflammatory response has not been reported; however, 

i t  is sti l l  important to determine the relationship between the ratio 

of leukocytes/epidermal cell and DNA damage. This was determined by 

incubating a constant number of epidermal cells with increasing numbers 

of leukocytes. A dose dependent increase was seen between a ratio of 

1:1 (0.09 SSB/10^ nucleotides) and 6:1 (0.6 SSB/10^ nucleotides) 

(Figure 9). In order to remain on the l inear portion of the curve, a 

ratio of either 2:1 or 3:1 was used for all experiments. 

Dose Response of Phorbol Esters and Other Related Compounds 

To correlate strand break damage with tumor promotion, both 

promoting and non-promoting analogues of TPA were tested for DNA 

damaging activity. Phorbol and phorbol diacetate, non-promoting 

phorbol esters, were not active in inducing strand break damage even 

at 1.5 times the highest molar concentration of TPA tested (Table 1). 

The weak f irst stage tumor promoter 4-0-methyl TPA induced 94% fewer 

strand breaks than TPA (Table 1). Mezerein, a second stage tumor 

promoter, and TPA were both effective at relatively low concentrations 

(Figures 10, 11). Mezerein showed a dose dependent increase between 



FIGURE 7. Elution Curve of X-ray Dose Response 

Epidermal cells were irradiated with 0 rads©, 100 rads R , 250 rads A, 

400 rads Q, 550 rads 0, 700 rads • , 850 rads A of x-ray. DNA SSB 

were measured by alkaline elution. 
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FIGURE 8. Standard Curve of Elution Rate vs. DNA SSB 

The rate of elution (log of % DNA retained at 200 minutes for control 

minus the log of % DNA retained at 200 minutes for treated cells) is 

plotted vs. the number of DNA SSB per 1 x 10® nucleotides. 
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FIGURE 9. Dependence of the Number of Macrophages/Epidermal Cell 

Epidermal cells were co-incubated with increasing ratios of 

leukocytes/epidermal cells and 1.6 x 10"® M TPA at 37°C 5% CO^ for 45 

minutes. Each point represents the mean of 3 experiments _+ the standard 

error. 
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Table 1. Comparison of Activity of Phorbol Esters^ 

Phorbol Ester 
Number of DNA SSB/ 

106 nucleotides 
Relati veb 
# of SSB 

Phorbol (2.7 x 10-6 m) 0.005 < 1% 

Phorbol diacetate (2.2 x 10"6 M) 0.004 < 1% 

4-0-Methyl TPA (1.6 x 10"6 M) 0.035 6% 

TPA (1 .6 x 10-6 m) 0.59 100% 

a Primary epidermal cells incubated at 37°C for 45 minutes with various 
phorbol esters at a ratio of 2 macrophages per epidermal cell 

b Relative to DNA SSB induced by TPA 1.6 x 10-6 ^ 



FIGURE 10. Dose Response of Mezerein 

Epidermal cells were co-incubated with a ratio of 2 macrophages/epidermal 

cell at 37°C, 5% CO2 for 45 minutes. Each point represents the mean of 

3 experiments + the standard error. 
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FIGURE 11. Dose Response of TPA 

Epidermal cells were co-incubated with ratio of 2 macrophages/epidermal 

cell at 37°C, 5% CO2 for 45 minutes. Each point represents the mean of 

3 experiments + standard error. 
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4 x 10~9 M and 1 x 10"? M while TPA had a slightly steeper dose response 

between 4 x 10-9 M and 2 x 10"8 M. These results support the idea that 

DNA strand breaks are involved in tumor promotion. 

Inhibitors of Oxygen Free Radicals 

I f free radicals are mediating the DNA strand breaks, then in

hibitors or scavengers of these free radicals should prevent the damage 

induced by TPA. Superoxide dismutase and catalase were used to test 

this hypothesis. Catalase, but not superoxide dismutase, inhibited the 

damage caused by TPA (Table 2). A concentration of 50 pg/ml of catalase 

was effective in inhibiting 99% of the damage induced by 1 x 10-8 m jp/\ 

while superoxide dismutase (>100 ug/ml) inhibited only 6% of the damage 

induced by the same concentration of TPA. This would indicate a more 

important role for hydrogen peroxide. I t is possible that the super

oxide anion undergoes a spontaneous dismutation to form hydrogen 

peroxide, thus explaining the inactivity of superoxide dismutase. 

TPA Induced DNA Strand Breaks in Chronically Treated Animals 

This report has shown that TPA induced SSB damage in cultured 

epidermal cells. The next step was to demonstrate this effect in vivo. 

Epidermal cells were isolated from adult animals chronically treated 

(2 x/wk, 5 wg/treatment, 6 wks of treatment) with either TPA or acetone; 

the last treatment was given two hours prior to isolation of the epider

mal cells. DNA strand breaks were measured by alkaline elution. The 

cells isolated from the TPA treated animals had a slightly higher rate 

of elution than the acetone treated animals (Table 3). The elution 



Table 2. Inhibition of TPA Induced DNA SSBa 

Enzyme 

Catalase (50 yg/ml) 

Superoxide dismutase (100 j jg/ml) 

% Inhibition of DNA SSBb 

99% +2.3 

6% +3.9 

a Primary epidermal cells incubated at 37°C for 45 minutes with TPA 
(10"8 M), ratio of 3 macrophages/EPD cell and enzyme 

b Each value represents the average of 3 experiments HH S.E.M. 
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Table 3. DNA Single-Strand Breaks in Epidermal Cells 
Isolated From Chronically Treated Animals 

Treatment 

TPAb 

Elution Rate3 

Constant 

Acetone0 

4.9 x 10-3 + i.7 x  10-3 d 

1.5 x TO"3 + o.79 x 10-3 

a Elution rate is calculated according to the following equation 

Log % DNA retained control - Log % DNA retained treated 
# ml eluted 

b Adult CD-I mice were treated twice weekly with 8.5 ng TPA/0.2 
ml acetone for at least 10 weeks. The last treatment was given 
2 hours prior to isolation. Data are expressed as the mean + 
SD of elution rate constant, K ml"l (N=7). 

c  Adult CD-I mice were treated twice weekly with 0.20 ml acetone 
for at least 10 weeks. The last treatment was given 2 hours 
prior to isolation. Data are expressed as mean + SD of elution 
rate constant, K ml"! (N=4). 

d Statistically different from control (p < 0.01). Statistical 
comparison was performed using analysis of variance F-test. 



rate for the cells isolated from the TPA treated animals was 4.8 x 10 

vs 1.5 x 10~3 for  £he cells isolated from the acetone treated mice. 



CHAPTER 4 

DISCUSSION 

The biochemical mechanism of tumor promotion is not known. 

However, tumor promoters are known to induce an inflammatory response 

in mouse skin (Slaga, et al., 1981a), an oxidative burst in phagocytes 

(Goldstein, et al., 1981), and DNA strand breaks in leukocytes (Birn-

boim, 1982a). I t has been proposed that free radicals released as a 

result of this oxidative burst mediate the tumor promotion process 

(Troll, et al., 1982), and that DNA is the cellular target (Birnboim, 

1982). The data presented in this study supports but does not prove 

this hypothesis. The alkaline elution technique was used to study the 

clastogenic effects of various phorbol esters and related compounds on 

primary mouse epidermal cells (target cell) co-incubated with leuko

cytes. 

Tumor promoters have never been shown to interact directly 

with DNA; therefore, they may mediate DNA damage through the release of 

some clastogenic factor. TPA does not have a clastogenic effect on the 

target epidermal cell directly but requires the presence of leukocytes 

(Figure 4). Birnboim (1983) has l ikewise shown that TPA stimulated DNA 

strand breaks ir i mouse erythroleukemic cells only when leukocytes were 

present in the culture. This information supports the idea that TPA is 

stimulating the release of a clastogenic factor from leukocytes, and i t  

is this factor which has an effect on the target cell population. 



Supportive of this hypothesis is the fact that inflammation is a 

necessary but not sufficient characteristic of all tumor promoters. 

Therefore, i t  seems l ikely that the infi ltrating leukocytes are at 

least partly responsible for the tumor promotion process. The role of 

the leukocytes could be in the production of a clastogenic factor. 

The DNA damage induced by TPA in epidermal cells has a rela

tively rapid onset, being detectable after about f ive minutes of incu

bation (Figure 5). Goldstein, et al .(1979), reported that the oxidative 

burst in leukocytes could be detected as early as 30 seconds after the 

addition of TPA, and Birnboim (1983) showed that SSB could be detected 

as early as ten minutes after addition of TPA to leukocytes. 

Fifty percent of the DNA damage induced by TPA in epidermal 

cells was repaired after one hour (Figure 6). In a workshop review by 

Copeland (1983), i t  was reported that in phagocytes, promoter-induced 

strand breaks were repaired at a slower rate than radiation-induced 

breaks, and that promoters did not impair the cells' abil ity to repair 

radiation induced breaks. This suggests that tumor promoter induced 

strand breaks are different from those produced by ionizing radiation. 

It would be interesting to see i f  tumor promoter induced strand breaks 

in epidermal cells were also repaired at a slower rate. The observation 

that promoter induced strand breaks are only slowly repaired would be 

consistent with models of promotion in which discontinuities in the DNA 

increase the probabil ity of an alteration in gene expression or an 

abberrant rearrangement within the genome (Copeland, 1983). 



The number of leukocytes per epidermal cell was found to be 

crit ical when measuring DNA strand breaks (Figure 9). A ratio of at 

least 1:1 was necessary to induce detectable single-strand break damage 

in epidermal cells. Birnboim (1983) found that a ratio of 0.3 leuko

cytes per mouse erythroleukemic cells was all that was necessary. This 

difference could be due to differences between the cell l ines. While 

mouse erytroleukemic cells grow in suspension, primary epidermal cells 

grow as a monolayer. Birnboim measures DNA unwinding with the fluoro-

metric assay, whereas in this study the alkaline elution technique was 

used. Birnboim claims the fluorometric assay of DNA unwinding can 

detect one break per chromosome (equivalent to four rads gamma irradia

tion), the alkaline elution assay detects approximately 40 breaks per 

chromosome. 

Estimation of the ratio of leukocytes to epidermal cells was 

the major contributing factor of the variation in elution rates. The 

number of epidermal cells per f lask was estimated by trypsinizing one 

flask and counting an aliquot on the Coulter counter (Hialeah, Florida). 

The assumption was made that the cell number per f lask was constant; 

however, epidermal cell numbers ranged from l.b-3.0 x 10® cells/flask. 

Phorbol, the parent compound of TPA, and phorbol diacetate 

have been shown to be inactive as tumor promoters in mouse skin (Slaga, 

et al., 1980). Neither compound has been shown to be effective in 

inducing an oxidative burst in phagocytes (Goldstein, et al., 1981). 

As expected, phorbol and phorbol diacetate did not induce significant 

DNA strand break damage in the target epidermal cells (Table 1). 



4-0-methyl TPA, a weak f irst stage tumor promoter, induced significantly 

fewer strand breaks in epidermal cells than TPA (Table I). 4-0-methyl 

TPA by i tself does not induce tumors in mouse skin (Slaga, et al., 

1980), and induces significantly fewer DNA strand breaks in human 

leukocytes (Birnboim, 1982a). Troll, et al. (1982), reported that 

4-0-methyl TPA did not induce an oxidative burst in human leukocytes. 

Mezerein, a second stage tumor promoter, on the other hand, was very 

effective in inducing an oxidative burst (Goldstein, et al., 1981) and 

DNA single-strand breaks in epidermal cells (Figure 10). This could 

indicate that free radicals and DNA strand breaks are important in the 

second stage of promotion. However, hydrogen peroxide, a free radical 

generating compound, has been reported to act as a weak f irst stage 

tumor promoter (Copeland, 1983). I t should be emphasized that hydrogen 

peroxide is only a weak f irst stage promoter and is inactive as a 

complete promoter. Thus, the stage of promotion at which DNA strand 

breaks are active is sti l l  not clear at this time. 

Mezerein is capable of causing most of the morphological and 

biochemical changes in skin and cell culture that TPA does, but TPA is 

at least 50 times more active as a complete tumor promoter (Slaga, et 

al., 1982.) The number of strand breaks in epidermal cells was similar 

for both TPA and mezerein treatment (Figures 10, 11), although TPA had 

a slightly steeper dose response. Statistical analysis has not been 

done to determine i f the slopes are significantly different. This 

would indicate that the DNA single-strand breaks l ike inflamation are 

necessary but not sufficient to induce tumor promotion. 



The dose response for TPA induced strand breaks in epidermal 

cells was similar to that found by Birnboim in leukocytes (1982a). He 

showed a very steep response between 1 x 10-7 M anc | 4 x  io-7 m TPA, 

epidermal cells required slightly higher doses (4 x 10-7 to 2 x 10-8 m 

TPA). This difference may be due to the distance the free radical must 

travel before reacting with the target. 

Catalase, which catalyzes the conversion of hydrogen peroxide 

into water and molecular oxygen, inhibited DNA damage in epidermal 

cells, while superoxide dismutase (SOD), which catalyzes the conversion 

of superoxide anion into hydrogen peroxide, was not inhibitory (Table 

2). Both SOD and catalase have been shown to inhibit TPA induced DNA 

damage in leukocytes (Birnboim, 1982a; Emerit and Cerutti, 1981); 

however, only catalase inhibited DNA damage in mouse erythroleukemic 

cells coincubated with leukocytes (Birnboim, 1983). The superoxide 

anion may undergo a spontaneous dismutation to from hydrogen peroxide 

prior to reacting with the epidermal cell. I t would thus appear that 

hydrogen peroxide is more important in the induction of DNA damage. I t 

is l ikely that free radicals play an important role in tumor promotion 

since free radical generating compounds, such as benzoyl peroxide, 

promote skin tumors in mice (Slaga, 1981), while antioxidants, which 

act as terminators of free radical chain reactions, and the biomimetic 

superoxide dismutase antagonize the tumor promotion process (Kensler, 

Bush and Kozumbo, 1983). 

Since TPA induces an inflammatory response in mouse skin, upon 

repeated treatment TPA may stimulate the release of a clastogenic 



49 

lactor from infi ltrating leukocytes, and the clastogenic factor may 

then react with the target cell. If this occurs, then i t should be 

possible to detect DNA single-strand breaks in epidermal cells freshly 

isolated from chronically treated animals, A small increase in the 

elution rate was noted for cells isolated from animals treated chron

ically with TPA compared to cells isolated from animals treated with 

acetone. The TPA treated group eluted slightly faster (Table 3). 

Although the difference was not great, there is a statistical difference 

in the elution rates when the two groups are compared. I t is possible 

that many of the DNA strand breaks were repaired during the isolation 

procedure. Fifty percent of the damage induced by TPA in cultured 

primary epidermal cells is repaired after the f irst hour (Figure 6). 

It is clear that the in vivo study is not complete. I t would 

be of interest to look at various time points after the last treatment 

in order to monitor the number of DNA strand breaks with time. In this 

way one could determine the rate of DNA damage and repair. I t would 

also be of interest to look at the "incomplete" tumor promoters, such 

as mezerein, to determine i f they have the same effects in vivo as in 

vitro. The use of inhibitors of DNA repair during the four hour tryp-

sin-flotation step may enhance detection of DNA single-strand breaks. 

In summary, the complete tumor promoter, TPA, and the second 

stage promoter, mezerein, induce a clastogenic response in a known 

target cell population (primary epidermal cells). Both TPA and mezerein 

act indirectly by stimulating the release of a diffusable clastogenic 

factor from leukocytes. The weak f irst stage tumor promoter 4-0-methyl 



TPA induced significantly fewer breaks than either TPA or mezerein. 

The non-promoting analogues of TPA, phorbol and phorbol 12,13-diacetate, 

did not induce DNA single-strand breaks. This clastogenic response 

could be inhibited by catalase but not superoxide dismutase indicating 

a role for hydrogen peroxide. A statistically significant increase in 

elution rate was noted for cells isolated from animals treated 

chronically with TPA compared to cells isolated from animals treated 

with acetone. These data are consistent with the hypothesis that DNA 

single-strand breaks play a mechanistic role in the second stage of 

tumor promotion. 
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