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SUMMARY

A single topical application of 0.5% croton oil to mouse
skin stimulates epidermal DNA synthesis in the treated area
to a maximum extent 18 to 20 hr after application.
Initiation with N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG) after croton oil pretreatment at the time of
maximum epidermal DNA synthesis (18 hr) followed by
promotion with croton oil caused a three- to fourfold
increase in the subsequent tumor yield when compared to a
group of mice pretreated with acetone. A study of the total
binding of MNNG-3H to whole skin and epidermal DNA,
RNA, and protein at various times after treatment showed
no differencein theextentof bindingbetweenacetone-and
crotonoil-pretreatedgroupsof mice.Hydrolysisof epider
mal DNA from groups of mice pretreated with either
acetone or croton oil and treated with MNNG-3H showed
the same positions of methylation of DNA bases (N-7-gua
nine, 0-6-guanine, and N-3-adenine). There was no differ
ence between the acetone- and croton oil-pretreated groups
in the extent of methylation of these three DNA base
positions. Binding of MNNG-3H to replicating and nonrep
licating epidermal DNA was also studied and, in the case of
the croton oil-pretreated group of mice, there was no
significant difference between the binding to replicating and
nonreplicating DNA. The effect of stimulated epidermal
DNA synthesis of MNNG tumorigenesis in mouse skin
could not be attributed to increased binding of MNNG-3H
to skinDNA, RNA, or protein,norcouldit beattributedto
qualitative or quantitative differences in the methylation of
epidermal DNA bases or to preferential binding of MNNG
3H to replicating epidermal DNA.

INTRODUCTION

MNNG2 is a member of a class of alkyl nitroso
compounds that are potent carcinogens and mutagens (22).
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In particular, MNNG has been shown to cause squamous
cell carcinomas in the stomachs of rats after i.g. administra
tion (34), tumors in the glandular stomach when given in the
drinking water of rats (36), and fibrosarcomas after s.c.
injection in rats (37). MNNG is also a very potent mutagen
for bacteria ( 1) and is at least as active a mutagen as it is a
carcinogen.

Although it is not established that there is any causal
relationship between the etiology of cancer and a somatic
cell mutation, it is conceivable that the carcinogenic activity
of MNNG treatment is due in part to the methylation of
some cellular component. That important component in the
context ofthe somatic cell mutation theory is nuclear DNA.

Through the independent work of McCalla (25), Crad
dock (9), and Lawley (16), DNA has been shown to be
methylated by MNNG in vitro yielding 7-methylguanine as
the major product and 3-methyladenine as a minor product.
Lawley and Thatcher ( 17) also found that treatment of
cultured mammalian cells with MNNG results in rapid
methylation of nucleic acids, the extent of methylation being
greater the higher the thiol content of the cells. Methylation
by MNNG may therefore be thiol stimulated in mammalian
cells.

Since MNNG in vivo is probably activated to yield either
the methyl-diazonium ion or the methyl carbonium ion both
of which react through a SN I mechanism with the bases of
DNA, one might expect methylation at sites not only of
high nucleophilicity such as the N-7 of guanine and the N-3
of adenine but also at sites of low nulceophilicity such as
0-6-guanine. Lawley and Thatcher (17) did find 0-6-gua
nine methylation of DNA in vitro as well as in cells grown in
culture and treated with MNNG. The possible importance
of 0-6-guanine alkylation to carcinogenesis has been dis
cussed by Loveless (20). Loveless pointed out that the ability
of MNNG to methylate the 0-6-guanine position in DNA
could easily account for transition mutations in bacterio
phage, and this methylation could be important for car
cinogenesis by alkylating agents if the postulated cancer
causing mutations were of this type.

In order to determine which DNA base methylation
might be important to MT@4NG carcinogenesis, it was
decided to alter the carcinogenic potential of MNNG in an
easily quantitated tumor induction system and then study
qualitatively and quantitatively the effect of this alteration
on the methylation of DNA bases. With the knowledge that
the state of DNA synthesis or the state of cellular prolifera
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tion of the target tissue at the time of initiation can affect
chemical carcinogenesis (1 3), it was decided to alter the
carcinogenic potential of MNNG in a 2-stage system of
carcinogenesis in mouse skin (4) in which MNNG would be
used as an initiator. Previous investigators (13, 27, 28)
found that pretreatment of mouse skin with croton oil in
order to stimulate epidermal DNA synthesisprior to
initiation with 7 , l2-dimethylbenz(a)anthracene or urethan
increased the tumor yield. Similar tumor initiation experi
ments were carried out with MNNG, which was found to
exhibit a croton oil pretreatment effect. Studies were then
undertaken to detect any difference between nonpretreated
and croton uil-pretreated groups of mice in the total binding
of MNNG-3H to skin macromolecules.Epidermal DNA
was hydrolyzed and chromatographed in order to detect any
qualitative or quantitative differences in epidermal DNA
base methylations between the 2 experimental groups of
mice. We also investigated the possibility of preferential
binding of MNNG-3H to replicating epidermal DNA, in
the case of the croton oil-pretreated group of mice, as an
explanation for the increased tumor incidence with MNNG
when epidermal DNA synthesis was stimulated.

MATERIALS AND METHODS

Animals. Female Charles River CDI mice were pur
chased from Charles River Mouse Farms, North Wilming
ton, Mass. Mice 7 to 9 weeks old were carefully shaved with
surgical clippers 2 days before treatment. Only those mice in
the resting phase of the hair cycle were used for biochemical
experiments.

Tumor Experiments. Two days after being shaved, groups
of 30 mice received either 0.2 ml of acetone or 0.2 ml of
0.5% croton oil in acetone topically 18 hr before receiving
topically I or 5 jzmoles of MNNG in 0.2 ml of acetone. Two
weeks later, the mice received twice weekly applications of
0.25% croton oil for the duration of the experiment.

Chemicals. Solvents and chemicals were reagent grade
and were used without further purification, unless otherwise
stated. BUdR and 5-FU were purchased from Sigma
Chemical Co., St. Louis, Mo. Croton oil was purchased
from the S. B. Penick and Co., New York, N. Y.
2-Butoxyethanol (scintillation grade) was obtained from
Eastman Kodak Co., Rochester, N. Y. MNNG was
purchased from the Aldrich Chemical Co., Milwaukee,
Wis. The free base 0-6-methylguanine was prepared by the
method of Balsiger and Montgomery (2) from 2-amino-6-
chloropurine (Sigma). 7-Methylguanine was a gift from Dr.
J. Miller, McArdle Laboratory for Cancer Research,
Madison, Wis.

Radiochemicals. Thymidine-methyl-3H (3.0 Ci/mmole)
was obtained from Schwarz/Mann, Orangeburg, N. Y.
MNNG-3H (0.51 Ci/mmole) was purchased from New
England Nuclear, Boston, Mass. Radiochemical purity of
MNNG-3H was checked by thin-layer chromatography on
commercially prepared silica gel plates using as a solvent
petroleum ether (boiling range, 30Â°to 60Â°):ethyl acetate
(I : 1). The radiochemical purity was found to be greater
than95%.

Extraction of DNA from Mouse Skin Epidermis for the
Determination of Thymidine-3H Incorporation into DNA.
Each time point studied involves 3 or more independent
determinations with groups of4 mice each. Mice were killed
by cervical dislocation 30 mm after an i.p. injection of 30
@zCiof thymidine-3H. A modification of Cowdry's (8)
procedure was used to obtain skin epidermis. The whole
skin was removed, stretched dermis side down against a
piece of filing card, and placed in a beaker containing 200
ml of 1% acetic acid at 5Â°for 24 hr. The skins were then
placed on a porcelain plate on ice and â€˜theepidermis was
peeled off with tweezers.

A modification of the Schmidt-Thannhauser (32) proce
dure was used to obtain the DNA. This procedure has been
described in detail by Slaga et a!. (35). The amount of DNA
in a 0.2-mi aliquot of DNA hydrolysate prepared by the
modified procedure was determined by the diphenylamine
reaction (6). A Packard Tri-Carb liquid scintillation spec
trometer was used to measure radioactivity in the samples
and the samples were counted in 10 ml Scintisol (Isolab
Inc., Akron, Ohio). To correct for quenching, automatic
external standard ratios were used. The data are expressed
as specific activity in dpm/zg DNA expressed as percentage
of control. The controls, a group of untreated mice (shaved,
but no topical treatment) received injections of thymidine
3H and were killed at the same time as a group of treated
mice. The average specific activity and standard deviation
of untreated control groups was 66.5 Â±5 dpm/zg DNA.

Autoradiograms. Slides were prepared from pieces of
whole skin. The sections were fixed in formalin, sectioned in
paraffin, and stained with hematoxylin and eosin. The
autoradiograms were prepared by the method of Lesher et
a!. (19).

Extraction of DNA, RNA, and Protein from Mouse Skin
Epidermis. Mice were killed at the appropriate time after
MNNG-3H treatment by cervical dislocation. Nudit Cream
R, a depilatory agent, was then applied to the treated area
of the shavedback. After 5 mm, the Nudit and hair were
washed off with cold running water. The whole skin was
removed from the mouse and the epidermis was separated
from the dermis by the method of Marrs and Voorhees (24).
The whole skin was pisced in 55Â°distilled water for 30 sec.
The skin was then immediately placed in ice-cold distilled
water. The skin was placed dermis side down on a cold
porcelain plate and the epidermis was scraped off with a
razor blade. The epidermal material was then frozen in
liquid nitrogen and pounded to a frozen powder in a mortar.
The dermis was isolated by scraping away the fat and
muscle. The dermis was then placed in liquid nitrogen and
pounded to a frozen powder.

DNA, RNA, and protein were extracted from the
powdered epidermis or dermis by a modification of the
procedure of Kirby and Cook (14). The frozen powdered
epidermis or dermis was allowed to thaw and was homoge
nized in a glass-to-glass Potter-Elvehjem homogenizer in 10
ml of a lysing solution. This lysing solution consisted of
sodium triisopropylnaphthalenesulfonate ( I g) to which was
added butan-2-ol (6 ml), then 100 ml of distilled water,
sodium-4-aminosalicylate (6 g), and sodium chloride (I g).
To the homogenate was added an equal volume of phenol:

JULY 1974 1553

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2392950/cr0340071552.pdf by guest on 19 M

ay 2023



G. T. Bowden and R. K. Bout well

cresol mixture which consisted of 100 g phenol, I I ml of
distilled water, 14 ml m-cresol (redistilled), and 0.1 g
8-hydroxyquinoline.

The 2-phase system was shaken gently for 20 mm at 20Â°
and then was centrifuged at 18,000 x g for 25 mm at 4Â°.The
top phase was carefully removed, made 3% with respect to
sodium chloride, and reextracted for 10 mm at 20Â°with a
half-volume of the phenol:cresol mixture. The phases were
again separated by centrifugation (18,000 x g for 15 mm).
The upper aqueous phase was removed and made 20% with
respect to sodium benzoate and the DNA was precipitated
by the gradual addition of 2-butoxyethanol. As the 2-butox
yethanol was added, the viscosity of the solution increased
and then decreased rapidly after 0. 1 volume of 2-butoxye
thanol was added. At this point the DNA precipitated as a
gel and was centrifuged down at 500 x g for 10 mm at 4Â°.
The DNA gel was then dissolved in 4 ml SSC. After the
DNA had dissolved, the solution was made 3 M with respect
to sodium chloride and allowed to remain at 4Â°for 16 hr.
The RNA that precipitated was centrifuged down at 95,000
x g for I hr at 0Â°.The clear supernatant solution containing
the DNA was poured off, and the DNA was precipitated
from this solution by the addition of I volume of 2-ethoxye
thanol. The DNA gel was removed with a spatula and
dissolved in 4 ml of SSC.

RNA was precipitated from the 20% sodium benzoate
solutionfrom whichthe DNA wasprecipitatedby addingI
volume of butoxyethanol and letting this solution stand at
0Â°. The RNA that precipitated upon standing at 0Â°was
collected by centrifugation at 500 x g for 25 mm at 0Â°.The
precipitated RNA was then dissolved in SSC and again
precipitated by making the solution 3 M with respect to
sodium chloride. After precipitation at 0Â°,the RNA was
collected by centrifugation at 95,000 x g for I hr at 0Â°.
The RNA was then dissolved in SSC.

The protein was prepared by combining the phenol layers
and interphases and adding these to 2 volumes of cold
methanol. This solution was stirred vigorously to keep the
precipitated protein from clumping. The protein was cen
trifuged down at 500 x g for 20 mm at 0Â°.Next the protein
was washed with 10 ml of methanol 4 times at 20Â°.Each
time, the protein was centrifuged down at 500 x g at 20Â°.
The protein was then washed twice with methanol:ether
(2: 1) at 40Â°and then 3 times with ether. Finally, the protein
was spread out and allowed to air-dry overnight.

Typical DNA preparations were found to contain no
protein, as measured by the Lowry (21) procedure, and less
than 3% RNA by the orcinol (33) procedure. Typical RNA
preparations were found to contain less than 1% protein and
less than 7% DNA as measured by a very sensitive DNA
fluorometric technique (15).

Determination of Specific Activity of Binding of MNNG
3H to DNA, RNA, and Protein. The radioactivity in samples
of DNA was determined by first hydrolyzing the DNA with
DNase in a sample that was 0.01 M with respect to
magnesium chloride at 37Â° for 30 mm. Then 10 ml of
Scintisol were added and the samples were counted together
with a blank on a Packard Tri-Carb counter using auto
matic external standard ratios to correct for quenching.
Dialyzed samples of DNA were counted by adding 1 ml of

the sample directly to 10 ml of Scintisol. The I ml of
dialyzed sample contained less than 50 zg of DNA.

The quantity of DNA in a sample was determined by a
modification of a fluorometric determination by Kissane
and Robins (15) described in detail by Bowden et a!. (5).
Calf thymus DNA was used as a standard. The specific
activity of binding was first determined in dpm of tritium
bound per @tgof DNA. This figure was then converted to

@molesMNNG bound per mole DNA phosphorus.
The radioactivity in samples of RNA was determined by

enzymatic hydrolysis ofthe RNA with RNase and counting
the hydrolysate in 10 ml Scintisol on a Packard Tri-Carb
counter using the automatic external standard ratios
method to correct for quenching. The quantity of RNA in a
sample was determined by the orcinol reaction with the use
of soluble RNA as a standard. Data determined as dpm
tritium per @zgof RNA were expressed as @imolesMNNG
3H bound per mole RNA phosphorus.

Protein was solubilized in 0.5 M sodium hydroxide at 80Â°
for 30 mm, centrifuged, and the supernatant was decanted
and filtered. Aliquots ofthe solubilized protein were assayed
for radioactivity by adding to 10 ml of Scintisol, and
aliquots were used to determine the amount of protein by
the Lowry procedure with bovine serum albumin Fraction V
as the standard. Binding data were expressed as jzmoles
MNNG-3H bound per 100 g of protein.

Acid Hydrolysis of DNA and Paper Chromatographic
Separation of Methylated DNA Bases. The procedures for
hydrolysis, radiochromatography, and identification of the
products were largely those of Lawley and Thatcher (17) as
modified by Frei (12). Epidermal DNA in SSC was dialyzed
against distilled water at 4Â°for 2 days with I change of
distilled water. The dialyzed DNA was then lyophilized to
dryness. Batches of dried epidermal DNA were hydrolyzed
and chromatographed in either of2 ways. The 1st procedure
preserved the acid labile product 0-6-methylguanine and
involved mild hydrolysis and alkaline solvent descending
paper chromatography. To 600 zg of epidermal DNA in a
screw-cap tube was added 0.3 ml of 0.1 M HC1, and
hydrolysis was carried out at 37Â°for 20 hr. Two-tenths ml
of the hydrolysate was streaked on a 4-cm wide strip of
Whatman No. 3MM paper together with a trace amount of
0-6-methylguanine. On a separate paper strip was spotted a
trace amount of 7-methylguanine, and this strip and a blank
strip of paper were run with the hydrolyzed samples of
epidermal DNA. The papers were run in the descending
direction with the solvent isopropyl alcohol : concentrated
ammonia (28 to 30%):water (7: 1:2). After drying, the
chromatograms were inspected under UV in order to locate
any UV-absorbing or fluorescent spots. The strips were cut
into I-cm wide sections and each section was placed in a
counting vial with I ml of distilled water. After elution of
the radioactivity, 10 ml of Scintisol were added and the
samples were counted on a Tri-Carb liquid scintillation
counter. The tritium counts from the blank strip were
subtracted from the appropriate section of the experimental
paper strip. This mild hydrolysis procedure leaves radioac
tivity at the origin. Thus a 2nd hydrolysis and chromatogra
phy procedure, described by Frei (12), was used to resolve
the material remaining at the origin. However, this proce

1554 CANCER RESEARCH VOL. 34

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2392950/cr0340071552.pdf by guest on 19 M

ay 2023



a,
I

I

,:t ,P
/@

@--o.-d
I

I
I

I

@0'

I LO4rf'@IIT'TII,

U)
@ 60

0
-J
-I
8. 40

Initiation of Tumors by Epiderma! DNA Synthesis

dure, destroys 0-6-methylguanine. The DNA fiber was
placed in 0.3 ml of I N HCI and heated at 100Â°for I hr and
then ice cooled. Two-tenths ml of the hydrolysate was
streaked on a strip ofWhatman No. 3MM paper and run in
the descending direction with the solvent sec-butyl alcohol:
isopropyl alcohol :concentrated HCI : water (40 : 32 : 3 : 25).
This procedure preserved and separated 7-methylguanine
and 3-methyladenine while leaving very little radioactivity
at the origin.

The location of the product peaks was determined from
parallel paper chromatograms of the authentic compounds
and from the blue fluorescent spot of 0-6-methylguanine
present on the paper strips of chromatographed hydrolyzed
epidermal DNA. The RF values of 7-methylguanine and
0-6-methylguanine in the alkaline solvent system were
found by Lawley and Thatcher (16) to be 0.35 and 0.68,
respectively. In this work, authentic 7-methylguanine and
0-6-methylguanine had RF values of 0.32 and 0.63, respec
tively. The RF values for 7-methylguanine and 0-6-methyl
guanine in the radiochromatograms (using mild hydrolysis
and the alkaline solvent) were 0.33 Â±0.01 and 0.63 Â±0.02,
respectively. With the acid solvent developed by Frei ( I2),
the methylated bases 7-methylguanine and 3-methyl-ade
nine gave RF values of 0.21 and 0.30, respectively. In this
work, authentic 7-methylguanine and 3-methyladenine gave
RF values of 0.20 and 0.30, respectively. The RF values for

7-methylguanine and 3-methyladenine in the radio
chromatograms were 0.19 Â±0.01 and 0.29 Â±0.01, respec
tively. Total tritium radioactivity (background corrected)
under a radiochromatogram peak was taken as a measure of
the quantity of methylated base being studied.

Cesium Chloride Neutral Isopyknic Density Gradients.
The neutral gradients were made and run as described in
detail in a previous paper (5). SSC (3.4 ml) containing up to
250 zg of epidermal DNA was added to 4.300 g CsCI.
Duplicate gradients were run in a Beckman type 50 titanium
rotor on a Beckman Model L centrifuge at 33,000 rpm
(64,000 x g) at 20Â° for 66 hr. Both gradients were

Chart 1. The effect of croton oil pre
treatment on initiation of skin tumors by@
topical application of 1 Mmole (A) or 5
@imoles(B) of MNNG. The sop graphs@
show the percentage of the mice with
papillomas as a function of weeks of pro
motion, while the bottom graphs show
papillomas (Pa) per mouse as a function
of weeks of promotion. Mice received
either acetone or 0.5% corton oil 18
hr before initiation with 1 or 5 @moIe(s)
MNNG. Two weeks after initiation, the
mice received twice weekly applications of
0.25% croton oil for the duration ofthe cx
periment. Treatment schedules for the@
groups tested were: â€¢,0.2 ml acetone at @-
â€” 18 hr followed by 1 or 5 zmole(s)

MNNG at 0 hr; 0, 0.2 ml 0.5% croton oil
at â€”18 hr followed by 1 or 5 @moIe(s)

MNNG at0hr.

fractionated into the same set of tubes (total fraction
volume, 0.3 ml each). Two-tenths ml of SSC was added
before the absorbance was read at 260 nm against SSC on a
Zeiss spectrophotometer. The tritium radioactivity associ
ated with each fraction was determined by coprecipitation
with bovine serum albumin Fraction V (100 zg) and
filtration onto Millipore HAWP filters, which were counted
on a Packard Tri-Carb liquid scintillation counter. The
background for a rinsed Millipore filter was 15 to 20
counts/mm of tritium.

Specific activity as a measure of the extent of binding of
MNNG-3H to replicating and nonreplicating DNA was
determined by combining those fractions corresponding to
either heavy-light or light-light DNA from a neutral CsCl
gradient, dialyzing these combined fractions against SSC to
eliminate the CsCl, and then determining the binding in
terms of@zmoles MNNG bound per mole DNA phosphorus.

BUdR labeling of mouse skin DNA was accomplished by
giving i.p. injections of 0.5 mg of BUdR and 0.5 mg of 5-FU

. in 0.9% NaCI solution starting immediately after topical

treatment with MNNG-3H and every half hr for 7.5 hr (16
injections total). The mice were killed 8 hr after the 1st
injection.

RESULTS

The effect of 0.5% croton oil pretreatment on skin tumor
initiation with 1 jzmole MNNG is shown in Chart 1A. Mice
were pretreated with either 0.2 ml of acetone or 0.2 ml of
0.5% croton oil in acetone 18 hr before topical initiation to
the same area of the back with 1 zmole MNNG in 0.2 ml
acetone. Two weeks after initiation, the mice started to
receive twice weekly topical applications of 0.2 ml of 0.25%
croton oil. This promoting regimen was continued for the
duration of the experiment. The upper portion of Chart IA
shows data in terms of the percentage of mice with
papillomas as a function of the number of weeks of
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promotion. The data show that 50% ofthe mice had at least
I tumor by 18 weeks in the case of the group pretreated with
croton oil, whereas the acetone-pretreated group had not
reached 50% tumor incidence by 30 weeks. The same effect
of croton oil pretreatment is seen more clearly in terms of
papillomas per mouse plotted against weeks of promotion
as shown in the lower portion ofChart IA. These data show
approximately a 3- to 4-fold stimulation in papillomas per
mouse when croton oil pretreatment was used. The acetone
pretreated group had 0.9 papillomas per mouse at 28 weeks
of promotion while the croton oil-pretreated group had 3.2
papillomas per mouse. Carcinoma incidence was observed.
Pretreatment with croton oil also stimulated carcinoma
formation: at 50 weeks, the group pretreated with acetone
showed a 16% carcinoma incidence where, of the group
pretreated with croton oil, 24% had carcinomas.

Chart I B shows the results of a similar tumor experiment
in which 5 zmoles of MNNG were used to initiate the mice.
Again, there was approximately a 3-fold stimulation in
papillomas per mouse when croton oil was used to pretreat
the mice. The acetone-pretreated group had I . 1 papillomas
per mouse at 24 weeks, whereas the croton oil-pretreated
group had 3.4 papillomas per mouse. Time until 50% tumor
incidence for the croton oil-pretreated group was 11 weeks,
whereas the acetone-pretreated group had not reached 50%
tumor incidence at 30 weeks. Again, pretreatment with
croton oil also stimulated carcinoma formation; at 47
weeks, the acetone-pretreated group had a 5% carcinoma
incidence whereas the croton oil-pretreated group had 24%.

Both of these tumor experiments have been repeated, and
similar results have been obtained. Thus croton oil pretreat
ment at â€”18 hr causes a 3- to 4-fold increase in tumor
incidence when MNNG is used as an initiator. However,
with acetone pretreatment at I and 5 zmoles MNNG, a
dose-response relationship with respect to tumor incidence
was not exhibited.

If DNA synthesis or the events involved with a prolifera
tive response are important to initiation, then it is important
to know what the state of DNA synthesis was at the time of
initiation with MNNG in both the stimulated and nonstim
ulated situations. This was studied in mouse skin epidermis
by using pulse-labeling with thymidine-3H to study the rate
of DNA synthesis: the results are shown in Chart 2. The
data in Chart 2 are given in terms of specific activity of the
DNA expressed as percentage of control (untreated) ani
mals. For each individual time point, an untreated control
group was killed. The specific activities of the epidermal
DNA were determined as dpm of tritium per @zgof DNA.
Five-tenths % croton oil treatment caused a 3.5-fold stimu
lation in thymidine-3H incorporation 20 hr after treatment.
Five zmoles of MNNG given at 18 hr in reference to the
time scale of Chart 2 showed a 50% depression in the in
corporation of thymidine-3H 3 hr after topical treatment,
and the level of thymidine-3H incorporation stayed below
the control level foi' 18 hr. Five @zmolesof MNNG were
given 18 hr after topical treatment with 0.5% croton oil,
and thymidine-3H incorporation was studied 1, 2, 4, 6, 12,
and 24 hr after treatment with MNNG. Two hr after
MNNG treatment, there was a large decrease of thymi
dine-3H incorporation. The level of thymidine-3H incor
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DAYS AFTER CROTON OIL TREATMENT
Chart 2. The effect of 0.5% croton oil, 5 zmoles MNNG, or the

combined effect of 0.5% croton oil 18 hr before treatment with 5 @zmoles
MNNG on the incorporation of thymidine-3H into mouse skin epidermal
DNA. Each mouse received an i.p. injection of 30 @zCiof thymidine-3H 30
mm before being killed. The specific activity results for each group are
expressed as percentage of the untreated controls. The data at each time
point represent an average of at least 3 groups of mice containing 4 mice
each. - - - -, S.D. for control values plotted as % ofthe control. The average
specific activity and S.D. of untreated control groups was 66.5 dpm/j@g

DNA Â±5 dpm/@g DNA (100% Â±7.5%). Treatment schedules for the
groups tested are shown on the chart.

poration then rose until 1 day after MNNG treatment
when it was back to the croton oil-stimulated level. Thus,
except for a dramatic early depression in thymidine-@H
incorporation caused by MNNG, the croton oil-pretreated
MNNG-treated groups had elevated levels of epidermal
DNA synthesis relative to the control whereas the nonpre
treated MNNG-treated epidermis had lower than control
levels of DNA synthesis.

The dramatic depression of croton oil-stimulated epider
mal DNA synthesis caused by MNNG was studied in
greater detail by use of autoradiograms of mouse skin. Fig.
IA is a representative autoradiogram field of mouse skin
which at â€”20hr received 0.5% croton oil, and at 0 hr the
mice received a I-hr pulse of thymidine-3H (60 @zCi)by i.p.
injection. In this case the basal cells of the epidermis are
heavily labeled which is indicative of stimulated epidermal
DNA synthesis. Fig. lB is a representative autoradiogram
field of mouse skin which at â€”18 hr received 0.5% croton
oil; at 0 hr. 5 jzmoles MNNG; and at +2 hr, a 1-hr pulse of
thymidine-3H. In Fig. lB there are as many labeled basal
cells as in Fig. lA, but there are many fewer grains over
each nucleus, indicating a depressed rate of DNA synthesis.
There is no indication that MNNG treatment selectively
kills certain cells; rather, MNNG could be slowing down the
rate of DNA synthesis in all the stimulated cells. However,
at this time the possibilities that MNNG altered the ability
of mouse skin to take up label or altered pool size cannot be
ruled out.

Next we studied the effect of croton oil pretreatment on
the covalent binding of MNNG-3H to whole-skin mac
romolecules. In the 1st binding experiments, whole skin was
used to establish the kinetics of binding of MNNG-3H to
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PretreatmentTime

aftertreatmentOhr2hr8hrDNAAcetone(â€”l8hr)

0.5% croton oil (â€”18hr)11.9 9.362.5 59.451.362.4RNAAcetone

(â€”18hr)
0.5% croton oil (â€”18hr)26.7 24.5198.6 184.6163.3187.2ProteinAcetone

(â€”18hr)
0.5% croton oil (â€”18hr)18.9 15.810.6 13.28.8 11.1

Initiation of Tumors by Epiderma! DNA Synthesis

skin macromolecules. MNNG-3H at a dose of I @zmole(100
zCi) MNNG-3H was used in each experiment. The binding
in groups pretreated at â€”18 hr with acetone was compared
directly to that in groups pretreated at â€”18 hr with 0.5%
croton oil. Binding to DNA, RNA, and protein was
determined at 0, 2, and 8 hr. The binding data are shown in
Table 1, and these data are expressed in zmoles MNNG-3H
bound per mole nucleic acid phosphorus or per 100 g
protein. In the case of MNNG binding to DNA, there was
little difference in binding between acetone- and croton
oil-pretreated groups at any of the 3 time points studied. In
both groups there was definite binding to DNA at 0 hr, and
this binding increased 5- to 6-fold at 2 hr. The 8-hr binding
value was very similar to the 2-hr binding value. In
comparison, Lawley (17) found no further increase in
MNNG methylation of mouse L-cell DNA between 20 and
80 mm after the addition of MNNG-3H to the culture
medium. Thus it seems likely that maximum binding of
MNNG to whole mouse skin DNA had occurred by 2 hr.

The specific activity of binding of MNNG-3H to whole
skin RNA was found to be higher than that to DNA. There
was very little difference between the acetone- and croton
oil-pretreated groups in terms of specific activity of binding
at any of the time points studied.

Binding of MNNG-3H to whole-skin protein was found
to be the highest at 0 hr and was lower at 2 and 8 hr. There
was no significant difference in specific activity of binding at
any of the time points studied.

The fact that there was no significant difference in the
extent of binding of MNNG-3H to DNA, RNA, or protein
between the 2 groups studied suggests that there was no
difference in the cellular uptake of MNNG-3H and no
difference in the degree of activation of MNNG to a
methylating species.

In order to strengthen and confirm these conclusions, the
extent of MNNG-3H binding to skin epidermal mac
romolecules was studied 4 hr after topical application of
MNNG-3H. It is thought that skin tumors arise from the
transformation of basal cells of the epidermis. Thus epider
mis would be a more specific target tissue to study. At the
same time, binding of MNNG-3H to dermal mac
romolecules was studied.

Table 2 shows the binding data for epidermis and dermis
4 hr after treatment with MNNG-3H (1 zmole, 100 zCi).
The extent of binding of MNNG-3H to DNA, RNA, and
protein for an acetone-pretreated group versus a croton
oil-pretreated group is presented. In general, the binding of
MNNG-3H to dermal macromolecules is much lower than
the binding to epidermal macromolecules. This is particu
larly evident when comparing epidermal protein binding
and dermal protein binding (a 20-fold difference). In a study
of all 3 epidermal macromolecules, no significant difference
in specific activity of MNNG-3H binding between acetone
and croton oil-pretreated groups was found. Binding of
MNNG-3H to epidermal RNA was 4 times that to epider
mal DNA.

Although there was no difference in total binding of
MNNG-3H to epidermal DNA between the 2 groups
studied, this does not mean that there may not be qualitative
or quantitative differences in methylation at different sites
within the DNA. Thus epidermal DNA from the 2 different
groups was hydrolyzed, and the DNA hydrolysate was
chromatographed to separate, identify, and quantitate
methylated DNA bases.

Chart 3A depicts the results of mild hydrolysis and
alkaline chromatography (described in â€œMaterials and
Methodsâ€•) of hydrolyzed epidermal DNA isolated from a
group of mice that were pretreated at â€”18 hr with acetone,
received MNNG-3H (1 zmole, 100 @zCi)at 0 hr. and were
killed at +4 hr. Most ofthe radioactivity migrated as a peak
at an RF identical to that of 7-methylguanine. Another peak
of radioactivity migrated with the fluorescent product
0-6-methylguanine. Radioactivity appeared in the region of
the RF of 3-methyladenine but did not form a well-defined
peak. The only other radioactivity appeared at the origin
and might have represented unhydrolyzed material.

Chart 3B depicts a chromatogram of hydrolyzed epider
mal DNA prepared, by methods identical to those just
described, from a group of mice treated the same as the
prior group except that pretreatment was with croton oil
instead of acetone. Again, most of the tritium radioactivity
migrated as a peak at the RF of 7-methylguanine. There was
tritium radioactivity in the region of 3-methyladenine, but
no defined peak of radioactivity was present. There was a

Table 1

BindingofMNNG-3H to whole-skinDNA , RNA , andprotein ofmicepretreated at â€”18hr with
acetone or 0.5% croton oil

Groups of 10 mice were pretreated at â€”18 hr with actone or 0.5% croton oil and received I @imol
(100 zCi) of MNNG-3H at 0 hr. The mice were killed at the indicated times, and macromolecules
from pooled whole skins were isolated. Binding data are expressed as @molesMNNG bound per
mole nucleic acid phosphorus or per 100 g of protein.
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PretreatmentEpidermisDermisDNAAcetone

(â€”18 hr)
0.5% croton oil (â€”18 hr)122.3 138.034.625.0RNAAcetone

(â€”18hr)
0.5% croton oil (â€”18hr)492.8 481.9I

15.4
89.9ProteinAcetone

(â€”l8 hr)
0.5%crotonoil(â€”l8hr)59.0 45.93.1 2.2
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peak of radioactivity at the RF of 0-6-methylguanine and
radioactivity was present at the origin.

Qualitatively, with this system of mild hydrolysis and
alkaline chromatography, the 2 groups showed 2 positions
of methylation of the DNA bases, N-7-guanine and 0-6-
guanine. However, unidentified tritium radioactivity re
mained at the origin with this method. Thus, more extreme
conditions ofacid hydrolysis (1 N HCI at 100Â°for 1 hr) were
tried which would give more complete hydrolysis of the
DNA. However, in the 2nd method, the extreme acid
conditions would destroy 0-6-methylguanine. Chart 4A
depicts the results of such a chromatogram run on hydro
lyzed DNA from mice that were pretreated with acetone
and treated with MNNG-3H for 4 hr. The great majority of
tritium radioactivity migrated at the 7-methylguanine RF.
Radioactivity was present at the 3-methyladenine RF and
there were very few tritium cpm at the origin, indicating
more complete hydrolysis.

The experiment utilizing more vigorous conditions of

Table 2

Binding ofMNNG-3H to skin epidermaland dermal DNA, RNA, and
protein ofmice pretreazedat â€”18hr with acetoneor 0.5%croton oil
Groups of 10 mice were pretreated at â€”18hr with actone or 0.5% croton

oil and received I zmole (100 @iCi)of MNNG-'H at 0 hr. The mice were
killed at 4 hr. and macromolecules from pooled epidermis or dermis were
isolated. Binding data are expressed as @imolesMNNG bound per mole
nucleic acid phosphorus or per 100 g protein.
average of 2 independent experiments.

hydrolysis was repeated, with mice that had been pretreated
with croton oil (instead of acetone) 18 hr prior to applica
tion of MNNG-3H. The distribution of radioactivity (Chart
4B) was similar to that found on the chromatogram of the
acetone control (Chart 4A ). Tritium radioactivity was
present at the 7-methylguanine RF and the 3-methyladenine
RF, and very little radioactivity remained at the origin. This

procedure of more complete hydrolysis showed that there
was no qualitative difference in the pattern of methylation
of epidermal DNA between the acetone- and the croton
oil-pretreated groups of mice. The question' remained as to
whether quantitative differences in methylation of DNA
bases could account for the difference in tumor incidence
between acetone- and croton oil-pretreated groups.

The quantitative results from 2 separate experiments
involving groups of mice pretreated with acetone or 0.5%
croton oil are given in Table 3. The data are expressed as the
percentage of total radioactivity recovered from the chro
matogram that cochromatographed with 7-methylguanine,
3-methyladenine, or 0-6-methylguanine.

The acetone-pretreated group, with the 1st method of
mild hydrolysis and alkaline chromatography, had approxi
mately 77% of the radioactivity associated with 7-methyl
guanine and 8.6% associated with 0-6-methylguanine. Very
similar percentages were found for the croton oil-pretreated
group (76% with 7-methylguanine and 8.0% with 0-6-
methylguanine).

The more complete method of acid hydrolysis gave 84%
of the radioactivity associated with 7-methylguanine and
4.8% associated with 3-methyladenine for the acetone-pre
treated group. Similar data were found with the croton
oil-pretreated group (82% with 7-methylguanine and 6.6%
with 3-methyladenine).

Thus, we did not find any qualitative or quantitative
differences in epidermal DNA base methylations by
MNNG-3H between the acetone- and croton oil-pretreated
groups of mice.

Binding values are the

1500

Soc 500

Chart 3. Chromatographic analysis of radioactive hydrolysis products of epidermal DNA from groups of mice that received 0.2 ml acetone at â€”18 hr
(A ) or 0.5% croton oil (B), I Mmole (100 MCi) of MNNG-3H at 0 hr and were killed at +4 hr. Epidermal DNA (0.6 mg) was hydrolyzed by heating in 0. l@
HCI at 37Â°for 20 hr. The hydrolyzed DNA along with marker 0-6-methylguanine (0-6-MeG) were chromatographed on Whatman No. 3MM paper in
the descending direction with the solvent isopropyl alcohol:concentrated ammonia:water (7: 1:2). On a separate paper strip was run the marker base
7-methylguanine (7-MeG). The radioactivity (in cpm tritium, on the ordinate) on segments of paper (I-cm long) was counted after elution with water in
Scintisol as described in the text. The abscissa denotes distance (cm) from the origin of the chromatogram. A blank strip of paper was run and the

radioactivity from a corresponding blank segment was subtracted from the radioactivity from a paper strip run with a DNA hydrolysate. An average
background value for I segment was 16 cpm.
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in a group of mice first pretreated with acetone at â€”18 hr
and then given MNNG-3H topically ( 1 @zmole,100 jzCi) at 0
hr.

Chart SA depicts the results of a neutral CsCl gradient of
epidermal DNA isolated from a group of mice treated as
described above. There is present only I peak of absorbance
at the light-light nonreplicating double-stranded DNA
position of the gradient. There is a coincident tritium
radioactivity peak associated with the absorbance peak
resulting from DNA-bound MNNG-3H. There was not
enough DNA replication in this unstimulated situation to
show a peak of absorbance at the heavy-light replicated
DNA position of the gradient. Mice in a 2nd group were
treated the same as the micejust described, except that they
were pretreated with 0.2 ml of0.5% croton oil in acetone at
â€” 18 hr instead ofacetone. DNA was isolated and subjected

to a CsCl isopyknic density gradient. The absorbance
profile (Chart SB) indicates the presence of both replicated
and nonreplicated DNA. The radioactivity profile indicated

3000 . B

7-MeG
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t;500-
0

@ 1000
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MethodPretreatment% Totalradioactivity7-Methylguanine0-6

-Methylguanine1Acetone

(â€”18hr)
0.5%croton oil(â€” l8hr)76.7,

78.0
75.8, 76.58.6,

8.6
8.0,8.12Acetone

( â€”18hr)
0.5% croton oil ( â€”18hr)7-Methylguanine

83.5, 84.8
83.3, 8 1.33-Meihyladenine

4.4, 5.2
5.6, 7.5

Initiation of Tumors by Epidermal DNA Synthesis

Another possible explanation for the increased tumor
incidence found when MNNG was given to stimulated
epidermal cells was that MNNG preferentially methylated
replicating DNA and that this methylated replicating DNA
was necessary for the fixation of an informational change in
the DNA which would lead to cancerous cells.

We have already reported on techniques which had been
developed to study the binding of 7, l2-dimethylbenz(a)an
thracene-3H to replicating and nonreplicating epidermal
DNA in the intact mouse skin (5). This same technique was
used to study MNNG-3H binding.

The incorporation of BUdR into replicating DNA results
in the newly replicated DNA having a density greater than
that of nonreplicating DNA. This procedure allows replicat
ing DNA to be separated from nonreplicating DNA on a
CsCI isopyknic density gradient. A protocol involving i.p.
injections of BUdR and 5-FU every half-hr for 8 hr was
used. This procedure was used in the intact mouse to study
MNNG-3H binding to replicating and nonreplicating DNA

300C

250C

.@ 200c

t;soc
4
0
0

@ 000
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Chart 4. Chromatographic analysis of radioactive hydrolysis products of epidermal DNA from groups of mice that received 0.2 ml acetone at â€”18 hr
(A), or 0.5% croton oil(B), I @zmole(l00 @zCi)of MNNG-3H at 0 hr and were killed at +4 hr. Epidermal DNA (0.6 mg) was hydrolyzed by heating in 1.0@
HC1 at 100Â°for I hr. The hydrolyzed DNA was chromatographed on Whatman No. 3MM paper in the descending direction with the solvent sec-butyl
alcohol:isopropyl alcohol:concentrated HCI:water (40:32:3:25). On separate paper strips were run the marker bases 7-methylguanine (7-MeG) and
3-methyladenine (3-MeA ). The radioactivity on segments of paper ( I cm long) was counted after elution with water in Scintisol, as described in the text.
The abscissa denotes distance (cm) from the origin of the chromatogram. A blank strip of paper was run and the radioactivity for a blank segment was
subtracted from the radioactivity of a corresponding segment from a paper run with a DNA hydrolysate. An average background value for a segment was
14 cpm.

Table 3

The degree ofmethvlation by MNNG-3H at specific sites ofepidermal DNA from groups of mice
pretreated with acetone or croton oil

Epidermal DNA was hydrolyzed and chromatographed by 2 methods. Method I involves
hydrolysis with 0. I N HCI at 37Â°for 20 hr and descending paper chromatography with the solvent
isopropyl-alcohol:concentrated ammonia:HO (7:1:2). The total radiactivity under a given peak
was taken as a measure of the degree of methylation of a given DNA base, and the data are
expressed as a percentage of the total radioactivity present on a radiochromatogram. Method 2
involves hydrolysis with IN HCI at 100Â°for I hr and chromatography with the solvent sec-butyl
alcohol : isopropyl alcohol :concentrated HCI : H 20 (40: 32:3:25). Two independent experiments for
each group were carried out and the data for each are given.
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binding of MNNG-3H to both sorts of DNA. The extent of
binding of MNNG-3H to DNA from the gradients was
determined by pooling fractions corresponding to replicated
or nonreplicated DNA, dialyzing these pooled fractions to
remove CsCl, and then measuring the binding in terms of
dpm per jzg DNA. The results of these determinations are
given in Table 4 in terms of zmoles MNNG bound per mole
of DNA phosphorus. In the 1st experiment, in the case of
croton oil pretreatment, the ratio of binding (replicated to
nonreplicated) was 0.78; in the 2nd experiment, the ratio
was 0.98. Thus MNNG-3H was found not to bind preferen
tially to replicating or nonreplicating epidermal DNA.

DISCUSSION

In order to investigate the role that DNA synthesis plays
in the process of initiation of the cancerous state by
chemical carcinogens, the effect of stimulated DNA synthe
sis on skin tumor initiation with MNNG was studied. First,
MNNG was shown to initiate benign and malignant skin
tumors in a 2-stage system of carcinogenesis in the mouse.
When croton oil was given 18 hr before initiation with
MNNG, a 3- to 4-fold increase in the tumor incidence was
observed. Epidermal DNA synthesis was stimulated 3.5-
fold 20 hr after croton oil treatment. When MNNG was
given 18 hr after croton oil treatment, MNNG caused a
dramatic early depression in the stimulated level of DNA
synthesis. This depression caused by MNNG lasted 6 hr,
after which the rate of DNA synthesis remained elevated
above the control level. Thus it was shown that croton oil
pretreatment of mouse skin 18 hr before initiation with

MNNG caused an increase in the subsequent tumor yield.
This observation in the intact mouse is relevant to an
observation made by Bertram and Heidelberger (3) who
have shown a cell cycle dependency of transformation with
MMNG in C3H mouse embryo cells grown in culture.
These investigators found the highest transformation rates
in cultures that were treated in very late G or very early S
phase of the cell cycle.

The croton oil pretreatment effect, demonstrated with
MNNG in mouse skin, has also been shown with certain
polycyclic aromatic hydrocarbons ( I3, 27) and urethan ( I3,
28). The mechanism or mechanisms that play a role in this
pretreatment effect are not understood. However, possible
mechanisms have been discussed by some investigators ( I3).
These mechanisms include: (a) the initiator may interact
with a DNA precursor and be incorporated into replicated
DNA; (b) replicating DNA may be more accessible than
nonreplicating DNA to the initiator; (c) after binding of a
carcinogen to DNA, the altered DNA must be replicated
before DNA repair occurs. Another mechanism which
should be considered is (d) if the initiator needs chemical or
enzymatic activation to an ultimate form, drug-metaboliz
ing enzymes might be induced during a proliferative re
sponse, or certain biochemical groups needed for chemical
activation might be present in greater abundance during a
proliferative response. Both of these conditions could lead
to more carcinogen's being activated to its ultimate form,
and thus a greater extent of binding of the carcinogen to
macromolecules should be seen.

MNNG has been shown to be chemically activated in
vivo by its intracellular reaction with thiol groups (17).
Lawley and Thatcher found that active cells (mouse L-cells

Chart 5. Neutral CsCI isopyknic den
sity-gradient profile of DNA from epider
mis of mice that were pretreated at â€”18 hr

with 0.2 ml acetone (A) or 0.2 ml 5% cro
ton oil (B) and then received topically 1

@mole(100 @cCi)MNNG-3H at 0 hr fol
lowed by i.p. injections of BUdR and 5-FU
every 0.5 hr for 7.5 hr starting at 0 hr. The
mice were killed at 8 hr. The bottom of the
gradient is on the left and the top of the
gradient on the right. S. the absorbance at
260 nm; 0, radioactivity is dpm of tritium.
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Table 4

The binding of MNNG-3H to replicating and nonreplicating mouse skin epidermal DNA

a This value could not be determined because of the very small quantity of DNA replicated dur

ing the 8-hr labeling period.
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Initiation of Tumors by Epidermal DNA Synthesis

in logarithmic growth phase) gave higher degrees of methyl
ation of macromolecules than did inactive mouse L-cells in
stationary-growth phase. The cells undergoing proliferation
in culture had higher contents of acid-soluble thiol and also
gave higher degrees of macromolecular methylation. Thus,
the possibility was studied that croton oil stimulation of cell
proliferation resulted in more chemical activation of
MNNG and a higher degree of macromolecular methyla
tion. However, no difference was found in the specific
activities of binding of MMNG-3H to whole-skin or epider
mal DNA, RNA, or protein between groups of mice
pretreated with acetone and groups of mice pretreated with
croton oil. The level of MNNG binding to epidermal
macromolecules 4 hr after topical treatment with I zmole
MNNG was nearly identical to that found by Roberts (30)
in Chinese hamster V-79 cells treated with 5 zM MNNG for
1 hr. Although there was no difference in total binding of
MNNG-3H to skin macromolecules, there remained the
possibility that there were qualitative or quantitative differ
ences in the methylation at different sites in the DNA bases.
This possibility was investigated, and the same DNA bases
were found to be methylated to the same extent when the 2
groups of mice were compared. Thus the increased tumor
incidence observed when mice were pretreated with croton
oil before initiation with MNNG could not be attributed to
increased methylation of epidermal macromolecules or
differences in the methylation pattern of epidermal DNA
bases.

Assuming that an alteration in DNA is the essential
characteristic of the initiated state and assuming that an
increased rate of DNA synthesis was responsible for an
increased degree of' initiation with MNNG, the hypothesis
that replicating DNA may be more accessible than nonrep
licating DNA to the initiator needed to be tested. Siiss and
Maurer (38) have presented data showing that if DNA
synthesis in mouse skin is inhibited by hydroxyurea treat
ment, the binding of 7, l2-dimethylbenz(a)anthracene to
whole skin DNA is reduced. These data suggested that
preferential binding of the polycyclic aromatic hydrocar
bon to replicating DNA in mouse skin was taking place.
However, Yuspa et a!. (42), working with 7, 12-dimethyl
benz(a)anthracene, showed preferential binding of this hy
drocarbon to nonreplicating DNA in mixed cultures of epi
dermal and dermal cells from fetal mouse skin. Bowden et
a!. (5) have also shown that in the intact mouse 7, 12-di
methylbenz(a)anthracene binds preferentially to nonrepli
cating DNA. Marquardt et a!. (23) have presented data
which suggest that in regenerating rat liver preferential
binding of 7 , 12-dimethylbenz(a)anthracene to replicating
DNA occurs. Thus it was of interest to study the binding of
MNNG to the 2 different species of epidermal DNA in the
intact mouse. We found that there was no significant differ
ence between the binding of MNNG to replicating and non
replicating epidermal DNA. Although we found no prefer
ential overall binding of MNNG to replicating DNA, this
does not exclude the possibility that special critical (for
oncogenic transformation) sites in the DNA might be open
for methylation by MNNG when the DNA is replicating.

It has become increasingly evident that once DNA base
alterations are introduced they do not necessarily remain in

the DNA (26, 29). Base alterations have been shown to be
selectively removed from DNA by enzymatic DNA repair
processes in many types of mammalian cells (10, 31). In
particular, Roberts et a!. (31) found a correlation in the
kinetics of loss of alkyl groups introduced into hamster cell
DNA by MNNG and a measure of repair synthesis
(nonsemiconservative DNA synthesis). Roberts found that
there were approximately 100 nucleotides built into DNA
by repair synthesis for every methyl group excised. Thus it is
likely that MNNG induced base alterations in mouse skin
epidermal DNA and that these might be excised by DNA
repair enzymes. Conceivably, if the repair process could be
altered by croton oil pretreatment, then the carcinogenic
potential of MNNG might be altered.

The methylated bases in mouse skin epidermal DNA
found after MNNG treatment were shown to be 7-methyl
guanine, 3-methyladenine, and 0-6-methylguanine. Evi
dence from the work of Walker and Ewart (41) indicates
that 7-methylguanine and 3-methyladenine are the lesions
that elicit repair synthesis and are excised. 0-6-Methylgua
nine was not excised from the DNA. The question remains
as to which DNA base lesions might be responsible for
mutation and which are responsible fdr cytotoxicity. Modi
fication of repair (excision repair) ofthese lesions thus could
lead to profound effects on mutation or cytotoxicity and
thus carcinogenesis.

If the excision repair process or the postreplicative repair
process (7, 18, 40) exists in mouse skin, and carcinogenesis
is the result of a somatic cell mutation, there are at least 2
possible mechanisms whereby croton oil pretreatment could
lead to more somatic mutations and more tumors. Two of
the mechanisms which should be studied are as follows. (a)
Croton oil pretreatment might inhibit excision repair (38)
and allow more altered (methylated) bases to give rise to
base mispairing or more gaps in the daughter-strand DNA
upon replication of the methylated template DNA. Stimu
lated DNA synthesis caused by croton oil might facilitate
the process of mutation fixation. (b) Croton oil pretreat
ment might inhibit the postreplicative repair process and
thus leave more gaps in the daughter-strand DNA which,
upon replication, would lead to more deletions. These
deletions could be important to the carcinogenic process.

To investigate these possibilities the question has to be
answered as to whether mouse skin epidermal cells in the
intact animal are capable of excision repair or postreplica
tive repair. Autoradiographic data presented by Epstein et
a!. ( I I ) suggest that mouse skin basal cells do carry out
unscheduled DNA synthesis in response to UV exposure of
the skin of the intact mouse. We are presently investigating
the excision of UV-induced thymine dimers and non
semiconservative DNA synthesis following UV irradiation
in the epidermis of the intact mouse in order to answer the
first part of the question asked above.
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Fig. 1. A, autoradiograph ofskin from a mouse which at â€”20hr received 0.2 ml 0.5% croton oil and at 0 hr received a I-hr pulse ofthymidine-3H (60
MCi) by i.p. injection: B, autoradiograph ofskin from a mouse which at â€”18hr received 0.2 ml 0.5% croton oil, at 0 hr received topically 5 @cmolesMNNG,
and at +2 hr received a 1-hr pulse of thymidine-3H (60 zCi) by i.p. injection. x 400.
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