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SUMMARY

After the application of initiating doses of polycyclic
aromatic hydrocarbons, the incorporation of thymidine-3H,
cytidine-3H, and leucine-3H into DNA, RNA, and protein,
respectively, in mouse skin epidermis was determined.
Parallel histological changes were correlated. A single
initiating dose (0.05 or 0.10 zmole) of 7, 12-dimethyl
benz[a]anthracene depressed DNA synthesis for 24 hr
without a subsequent increase; there was no detectable
epidermal hyperplasia, nor was RNA or protein synthesis
altered. In contrast, 7, 12-dimethylbenz[a]anthracene ap
plied in sufficient quantity to result in tumor formation
after a single dose (0.6 or 1.2 zmoles) caused a larger and
more protracted inhibition of DNA synthesis, followed by
a gradual increase above control level. Inflammation was
evident at 6 days and, by 10 days after treatment, some
visible wounding was observed and RNA and protein
synthesis were stimulated. Initiating doses of 1,2,5,6-
dibenz[a]anthracene gave results similar to initiating doses
of DMBA; there was an early inhibition in DNA synthesis
that was not followed by a stimulation. 1,2,3,4-Dibenz
anthracene, a weak or inactive initiating agent, produced
a large peak of RNA synthesis at Day I , but DNA synthe
sis was close to control values at all times studied and,
histologically, the skin sections appeared normal. 7, 12-
Dimethylbenz[a}anthracene, applied to skin in which DNA
synthesis was stimulated 3-fold by acetic acid, blocked the
increased incorporation of thymidine-'H into DNA.

INTRODUCTION

Certain of the polycyclic aromatic hydrocarbons are
among the most potent and ubiquitous chemical carcino
gens known. A single application of 0.4 zmole of DMBA3

without subsequent treatment will produce papillomas and

carcinomas in mouse skin (33). In the initiation-promotion
regimen, as little as 0.004 smole of DMBA followed by
twice weekly applications of croton oil will cause the
appearance of skin tumors in mice (6).

The carcinogenic polycyclic hydrocarbons react in vivo
with nucleic acids and proteins (7â€”9,11, 16) and inhibit the
synthesis of DNA (5, 17, 22, 24) and RNA (1, 13, 24, 30) of
mouse skin. There are no studies on the effect of carcino
genic hydrocarbons on protein synthesis in mouse skin. In
addition, carcinogenic hydrocarbons inhibit DNA synthesis
in vitro (2, 3) and in vivo in tissues other than skin (19-21,
28, 34). Marquardt and Philips (21) reported that DMBA
caused a depression of DNA synthesis for about 24 hr in
regenerating rat liver. They suggested, on the basis of their
findings, that DMBA affects DNA primarily in cells in the
S phase of the cell cycle, possibly by binding to DNA and
thus inhibiting its synthesis. In addition, they suggested that
this may be related to its carcinogenic activity.

The effects of initiating doses of alkylating agents on
macromolecular synthesis were reported previously (3 1). All
the alkylating agents caused a depression in DNA synthesis
that was, in most cases, followed by a stimulation. Urethan,
a â€œpureâ€•initiator in mouse skin, caused an inhibition only
in DNA synthesis which appears to be related to the
initiation phase of tumorigenesis. The results indicate a
mechanism similar to that described by Marquardt el a!.
(2 l ). We now report on an extension of the study to a
determination of the effects of carcinogenic and noncarcino
genic polycyclic hydrocarbons on macromolecular synthesis
in mouse epidermis. Also, the effect of DMBA on the
incorporation of thymidine-3H into DNA in proliferating
epidermis was investigated. The hydrocarbons included
DMBA, DBA, and l,2,3,4-DBA.

MATERIALS AND METHODS
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Chemicals. DMBA and DBA were obtained from East
man Kodak Co., Rochester, N. Y. I ,2,3,4-DBA was pur
chased from Aldrich Chemical Co., Inc., Milwaukee, Wis.,
and croton oil was from S. B. Penick and Co., New York,
N. Y. All compounds were used as purchased. Topical
applications of DMBA, DBA, 1,2,3,4-DBA, acetic acid,
and croton oil were applied in 0.2 ml of acetone. The i.p.
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injections of DMBA were given in 0.2 ml of trioctanoin
(Eastman).

Radiochemicals. Thymidine-methyl-3H (3.0 Ci/mmole),
cytidine-5-3H (6.0 Ci/mmole), and L-leucine-4, 5-3H (6.0
Ci/mmole) were obtained from Schwarz/Mann, Orange
burg, N. Y.

Methods. Female Charles River CD-l mice were pur
chased from Charles River Mouse Farms, North Wilming
ton, Mass. Mice 7 to 9 weeks old were carefully shaved 2
days before treatment, and only those mice in the resting
phase of the hair cycle were used for biochemical experi
ments. Groups of 20 to 30 mice, 7 to 12 weeks of age, were
used in the tumor experiments. Histological sections,
stained with hematoxylin and eosin, were prepared from
pieces of whole skin at I, 2, 4, and 6 days after treatment.

DNA, RNA, and protein hydrolysates were prepared
from epidermal material from groups of 4 mice by the
modified Schmidt-Thannhauser procedure as previously
described (31). The methods for obtaining epidermis, radio
activity measurements, determination of the amount of
DNA, RNA, and protein, and calculation of the specific
activity have been described in detail (31). Incorporation
times for the tritiated precursors were 30 mm for thymidine
3H and 1 hr for cytidine-3H and leucine-3H.

RESULTS

The effect of multiple dose levels of each compound on
incorporation of precursors into epidermal macromolecules
was determined at a series of time points, from 3 hr to 6

days after treatment. An acetone control was also per
formed at each time point. The specific activity data is
expressed as percentage of control, and the average percent
age standard deviation for the control groups for each
experiment is plotted on each chart to give an indication of
the extent of variation in the data. In most cases, each point
represents an average of 2 to 3 groups of 4 mice each.

The effects of DM BA on the incorporation of thymidine
3H into DNA, cytidine-3H into RNA, and leucine-3H into
protein are depicted in Chart I . The 3 initiating doses (0.05,
0. 1, and 0.2 zmole) caused approximately 50% inhibition in
the incorporation of thymidine-3H into DNA for periods up
to 2 days, and the degree of inhibition was dose dependent.

In all cases this depression was not followed by an increase
as was reported for /3-propiolactone, bis(chloromethyl)
ether, and â€œy-propanesultone (3 1). The incorporation of
cytidine-3H into RNA reached a peak between 3 and 12 hr
for 0.2 jzmole, whereas incorporation after 0. 1 @zmoleof
DMBA peaked at 12 hr. There was no detectable effect of
0.05 smole of DMBA on RNA synthesis. Leucine-3H
incorporation into protein was very close to control values
for all 3 dose levels at all time points. The skins of mice
treated with 0.2 .tmole and lower levels of DMBA appeared
normal histologically.

All the doses used were very effective as initiators (Table
1). DMBA at a dose level of 0.05, 0. 10, or 0.20 smole
followed by twice weekly applications of 0.25% croton oil
caused an average of 5, 6, and 8 papillomas per mouse,
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Chart I. The effect of a single application of 0.05, 0. 1, or 0.2 @zmoleof

DMBA on the incorporation ofthymidine-'H, cytidine-'H, and leucine-3H
into DNA, RNA, and protein, respectively. Incorporation times for the
tritiated precursors were 30 mm for thymidine-3H and I hr for cytidine-3H
and leucine-'H . The specific activity results for each time point are
expressed as percentage of the average specific activity of the acetone
control mice. Each time point represents an average of 2 to 3 groups
containing 4 mice each. - - - -, S.D. for mice in the acetone control groups.
The average specific activity for the acetone controls was 32 for DNA, 42
for RNA, and 35 for protein.

respectively, at 15 weeks. The 0.2-smole level given once
was ineffective as a complete carcinogen.

Chart 2 shows the effects of 0.6 and 1.2 jzmoles of DM BA
on the incorporation of the tritiated precursors. These 2
doses were studied primarily because both are carcinogenic
when applied once to mouse skin. Both 0.6 and 1.2 smoles
of DMBA caused a substantial inhibition of thymidine-3H
incorporation for approximately 3 days. There was a
gradual increase in incorporation up to 6 days after
treatment reaching a value of 160% of the controls.
Cytidine-3H incorporation into RNA peaked 2 days after
administration of 0.6 jsmole, whereas the peak after treat
ment with I .2 smoles of DM BA was at Day I . Both doses of
DMBA resulted in an abrupt stimulation of leucine-3H
incorporation. Histologically, the skins did not exhibit any
hyperplasia but, by 6 days after treatment with 1.2 @.imoles
DMBA, some inflammation was observed. Visible wound
ing was evident 10 days after 1.2 smoles of DMBA and
continued for about 1 week.

Both single doses used were weakly effective as complete
carcinogens; 0.6 and 1.2 zmoles of DMBA caused an
average of 0.6 and 0.9 papilloma per mouse, respectively,
at 30 weeks without additional promoting treatment (Table

1).
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The effects of an i.p. injection of 1.2 and 4.8 smoles of
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Skin tumorformation in female Charles River CD-I mice as a result of initiation byDMBA,DBA,
and I ,2,3,4-DBA and ofpromotion by twice weekly applications ofo.2 ml of0.25%croton

oil or 10.5 @zgof TPAÂ°Papillomas/mouse

at
No. of

Initiatorâ€• Dose (@imoles) Promotionc mice Wk 15 Wk30DMBA

0.05 Crotonoil 30 5.06.2DMBA
0.1 Crotonoil 28 6.07.4DMBA
0.2 Crotonoil 30 8.010.2DMBA
0.2 None 30 00DMBA
0.6 None 30 0.20.6DMBA
1.2 None 26 0.40.9DMBA
l.2i.p. TPA 28 5.07.0DMBA
4.8 i.p. TPA 25 9.28.0DMBA
4.8 i.p. None 30 00DBA
0. 1 Croton oil 30 0.41.2â€•DBA
0.2 Crotonoil 27 1.83.0'DBA
0.2 None 29 00'l,2,3,4-DBA
0.1 Crotonoil 30 00'l,2,3,4-DBA
0.2 Crotonoil 30 0 0'

Macromolecular Synthesis after Hydrocarbons

Table 1

a TPA, tetradecanoyl-phorbol-acetate.

b All initiators were applied to the skin once in 0.2 ml acetone, except where, as noted, a single

i.p. injection in trioctanoin was made.
C In those groups not subjected to promotion, 0.2 ml of acetone was applied to the skin of the

back twice weekly.
d These data are at 24 wk, when these groups were discontinued.

e We have since found weak initiating activity for doses of 1 ,2,3 ,4-DBA above 2.5 @.tmoles

after long induction times.

DMBA was to study the effects of another route of
administration of initiating doses of DMBA. This would
eliminate the effect of licking that occurs when compounds
are applied topically to the skin. The incorporation of
thymidine-3H into DNA was inhibited for approximately 3
days without a subsequent increase after both doses of
DMBA. Cytidine-3H incorporation was stimulated at 18 hr
and at 4 days. Topical applications of initiating doses of
DMBA stimulated RNA synthesis early, whereas the i.p.
injections of DMBA stimulated RNA synthesis later and to
a greater degree. The incorporation of leucine-'H was
stimulated at 18 hr and at 4 days after 4.8 and I .2 zmoles
of DMBA, respectively. Histologically, the skins of
DM BA-treated mice could not be distinguished from the
trioctanoin controls.

Both i.p. doses of DMBA were effective initiators when
followed by topical applications of croton oil twice weekly;
1.2 and 4.8 zmoles of DMBA caused 5.0 and 9.2 papillomas
per mouse, respectively, at 15 weeks (Table 1).

The effect of DBA on the incorporation of the tritiated
precursors is depicted in Chart 4. DBA at both doses gave
the same general pattern as did DM BA. Note the early de
pression in thymidine-'H incorporation into DNA, which
was not followed by a stimulation. Also, note the early
cytidine-'H incorporation into RNA. DBA also gave an
early increase in leucine-3H incorporation into protein.
Microscopically, the skins of mice treated with either dose
of DBA appeared normal.

Both doses of DBA are moderate to weak initiators,
compared with DM BA; 0. 1 and 0.2 @tmoleof DBA followed
by croton oil caused 0.8 and 2.2 papillomas per mouse,

LEUClNE@-3H INTO PROTEIN

@@I@ j@zz:

I 2 3 4 5 6
DAYS AFTER DMBA TREATMENT

Chart 2. The effect of a single application of either 0.6 or 1.2 @imoleof
DMBA on the incorporation ofthymidine-3H, cytidine-'H, and Ieucine-3H
into DNA, RNA and protein, respectively. Details are given in the legend
toChartI.Theaveragespecificactivityfortheacetonecontrolswas29for
DNA, 45 for RNA, and 29 for protein.

DMBA in trioctanoin on the incorporation ofthe precursors
are shown in Chart 3. The purpose of the i.p. injection of

773APRIL 1974

200 - THYMIDINE@-3H INTO DNA

. l.2pMOLES

I:: 1@1@T_T1@@
8 CYTIDINE-.3HINTORNA

U 200
Ii.
0
w
0.(I)

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2392272/cr0340040771.pdf by guest on 19 M

ay 2023



Slaga, Bowden, Shapas, and Boutwe!!

respectively, at 15 weeks (Table I).
Chart 5 shows the effects of l,2,3,4-DBA on the

incorporation of the precursors. Except at 6 days, thymi
dine-3H incorporation into DNA was fairly close to con
trol value at all time points studied. The incorporation of
cytidine-3H into RNA was increased at 18 and 24 hr by
both 0.1 and 0.2 zmole of l,2,3,4-DBA. The pattern of
DNA and RNA synthesis after 1,2,3,4-DBA treatment
is in general agreement with the results of Paul (24). Leu
cine-3H incorporation into protein was very close to normal.
As after initiating doses of DMBA and DBA, 1,2,3,4-
DBA-treated skins appeared histologically normal.

Although I , 2 , 3 , 4-DBA was tested at the same dose
levels that were effective for DBA (0. 1 and 0.2 @tmole),it did
not initiate tumors; even a dose of I mg (36 j.tmoles) per 0.2
ml of acetone was ineffective when tested as an initiator in
STS mice. [The derivation of STS mice has been described
(6). ] (Table I ). However, 1, 2 , 3 , 4-DBA has been reported
to be a very weak initiator (35).

Chart 6 shows the effect of an application of 0.2 smole of
DMBA on the incorporation of thymidine-3H into DNA
after the skin was pretreated with 667 .tmoles of acetic acid
in order to stimulate DNA synthesis. For the 1st 12 hr after
treatment with acetic acid, DNA synthesis was inhibited.
The inhibition was followed by a 4- to 5-fold stimulation
which peaked at 2.5 days and returned to control values by 6
days. Treatment with 0.2 @imoleof DMBA near the time of
peak stimulation of thymidine-3H incorporation reversed
the stimulating effect of acetic acid, lowering the apparent

I 2 3 4 5 6
DAYSAFTER DMBA INJECTION(I.P.)

Chart 3. The effect of a single i.p. injection of either 1.2 or 4.8 @smolesof
DMBA on the incorporation ofthymidine-3H, cytidine-3H, and leucine-3H
into DNA, RNA, and protein, respectively. Details are given in the legend
to Chart I, except that the i.p. injections were made in 0.1 ml of
trioctanoin, and the control groups received injections of trioctanoin only.
The average specific activity for the trioctanoin controls was 22 for DNA,
44 for RNA, and 28 for protein.
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Chart 5. The effect of a single application of either 0. I or 0.2 Mmole of
I , 2,3,4-dibenzanthracene on the incorporation of thymidine-'H, cyti
dine-3H, and leucine-3H into DNA, RNA, and protein, respectively.
Details are given in the legend to Chart 1. The average specific activity for
the acetone controls was 24 for DNA, 45 for RNA, and 28 for protein.
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Chart 4. The effect of a single application of either 0. 1 or 0.2 @zmoleof
I .2,5,6-dibenzanthracene on the incorporation ofthymidine-3H, cytidine
3H, and leucine-3H into DNA, RNA, and protein, respectively. Details are
given in the legend to Chart I . The average specific activity for the acetone
controls was 40 for DNA, 46 for RNA. and 37 for protein.

774 CANCER RESEARCH VOL. 34

bc
0
b-.
z
0
0

@ 300

It
)- 200
I-

>

t; OC
4

0
â€˜a.
Z5 200
Ui
0.
U)

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2392272/cr0340040771.pdf by guest on 19 M

ay 2023



proliferation, and tumor initiation, could be better estab
lished. Past studies revealed that, following the administra
tion of a carcinogen, remarkable changes occur in the
amount of an appropriate precursor that will incorporate
into DNA, RNA, and protein (1â€”5,12, 13, 17, 19â€”22,24,
28, 30â€”34).Space precludes reiteration ofthe results of each
of these reports. Although divergent results exist, certain
generalizations tend to evolve when evaluated together with
the present data.

Of the many changes in macromolecular synthesis in
epidermis that are observable following a single application
of an initiator, the only change that appears to be invariably
associated with initiating activity is an early depression in
DNA synthesis. The early depression is the only change in
DNA metabolism resulting after treatment with urethan, a
pure initiator (31). Furthermore, as the size of a single dose
of DMBA was decreased from one that acts as a complete
carcinogen to one near the lower limit of the dose-response
curve for initiation, all of the histological effects disap
peared, as well as the stimulated synthesis of DNA, leaving
the early depression in DNA synthesis as the only detectable
metabolic effect. However, agents that are innocuous as
initiators are capable of causing both the early depression in
DNA synthesis, the subsequent stimulus in DNA synthesis,
and severe inflammatory and hyperplastic reactions. Acetic
acid is an example of such an agent, and it is assumed that
the effects are the result of a more general cytotoxicity,
since it is unlikely that acetic acid binds covalently to DNA.

The inhibition of DNA synthesis caused by the initiators
could be due to one or more of the following factors: (a) an
interference with strand separation or DNA polymerase
activity, (b) a failure of other enzymatic steps in the
synthesis of DNA from nucleosides, (c) a reduction in the
number of cells synthesizing DNA because of cell death due
to excessive alteration in DNA or to other cytotoxic effects,
and (d) a breakdown of labeled DNA after treatment.
Although Factors b to d cannot be ruled out, a plausible
mechanism for the inhibition of DNA synthesis by low,
initiating doses of carcinogens would be through binding of
the initiator to DNA and consequent interference with
strand separation or polymerase activity. The rebound in
DNA synthesis to levels above the control may be attributed
in part to replacement of dead cells at the higher, cytotoxic

doses of the carcinogens.
Replication of DNA to which chemical carcinogens are

bound may lead to altered base-pairing in accordance with
the somatic mutation theory of carcinogenesis. Bates et a!.
(4) reported that DMBA bound to DNA is removed slowly,
if at all. Furthermore, they found that DNA to which
DMBA is bound can replicate. If semiconservative replica
tion of carcinogen-bound DNA takes place, a heritable
defect should result. On the other hand, if the repair
mechanism can repair the carcinogen-bound DNA before
DNA replication takes place, the defect would not be fixed
in a replicable form and the cells would remain normal.

The rate of DNA synthesis at the time of exposure to a
single dose of a carcinogen may influence the ultimate
tumor yield, in the case of both skin (14, 15, 23, 26, 27, 29)

Macromolecular Synthesis after Hydrocarbons
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Chart 6. The effect of a single application of DM BA on the incorpora
tion of thymidine-3H into epidermal DNA after DNA synthesis was
prestimulated by acetic acid. The single application of DM BA (0.2 @imole)
was given 2 days after the topical application of 667 @molesof acetic acid.
Incorporation time for thymidine-3H was 30 mm. The specific activity
results for each time point represent an average of 2 groups containing 4
mice each. - - - -, S.D. for mice in the acetone control groups. The average
specific activity for the acetone controls was 25 for DNA, 41 for RNA, and
28 forprotein.

synthesis of DNA to near or slightly below the control level.
The depression lasted for approximately 2 days and was
followed by elevated DNA synthesis. The results are similar
to those previously reported in which urethan and fl-propi
olactone were applied to skin during a period of elevated
DNA synthesis (31).

DISCUSSION

There are many reports in the literature on the effects of a
single dose of a carcinogen on macromolecular synthesis in
mouse skin and other organs, but certain features of the
present work make it unique. First, epidermal tissue was
used for the metabolic studies rather than whole mouse skin,
for reasons previously discussed (3 1). Second, low initiating
doses administered at 2 or more levels were used. In the case
of DMBA, the effect of these initiating doses could be
compared to 2 dose levels that are carcinogenic as a single
dose rather than merely initiating. By studying the effect of
low, initiating doses of polycyclic hydrocarbons in mouse
epidermis, it may be possible to discern which biochemical
events are relevant to the process of initiation, uncom
plicated by effects associated with complete carcinogenesis
or the promotion component of carcinogenesis, as well as
irrelevant effects such as cytotoxicity. Third, correlations
were made between initiating potency and the effect of the
same dose on skin histology and on macromolecular
synthesis; the kinetics of the effects were determined over
the time period of 3 hr to 6 days after treatment. Thus the
relevance of alterations in DNA, RNA, and protein metab
olism to the tissue responses, namely inflammation, cellular

. 667 p MOLE ACETICACID

Â£@O.2pMOLEDMBA2DAYS
AFTER 667@uMOLE
ACETIC ACID
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and liver tumors (10, 25). In the case of skin, the initiating
capacity of urethan and DMBA is readily susceptible to
increase when administered at a time when DNA synthesis
is increased (18, 26). In analogy with our previous experi
ments with urethan (31), we found that the application of
DMBA to skin in which DNA synthesis was elevated 3-fold
resulted in partially blocked DNA synthesis immediately
after application. However, the degree of inhibition of DNA
synthesis after the carcinogen was administered is less in the
skin of pretreated mice than in those mice treated with
carcinogen only. It is assumed that the DNA containing the
bound carcinogen must be replicated before repair takes
place in order to produce initiated cells carrying a heritable
defect. The increased rate of DNA synthesis in the skin of
pretreated mice could facilitate the formation of a heritable
defect and thus may account for the increased tumor yield
that is observedwhenpretreated, initiated mice are put on a
tumor-promoting regimen; the increased tumor yield could
not be accounted for by increased binding of DMBA to
DNA (Ref. 36; G. T. Bowden, B. G. Shapas, and R. K.
Boutwell. The Binding of 7 , l2-Dimethylbenz[a]anthracene
to Replicating and Nonreplicating DNA in Mouse Skin,
Chemico-Bio!ogica! Interactions, in press).

With respect to RNA and protein synthesis, the evidence
suggests that there is no obligatory metabolic change
required for initiation. Thus, after urethan treatment (31),
no changes were found that were significantly different from
control rates of RNA and protein synthesis. Also, effects on
RNA and protein metabolism disappeared after administra
tion of decreasing doses of DMBA which still retained
initiating activity. It is recognized that a large change in the
synthesis of a particular RNA or protein could be occurring
in our experiments that would not be detectable in the
presence of normal synthesis rates for the vast majority of
the RNA and protein molecules. However, an electropho
retic study of skin RNA by Alexandrov et a!. (I) found no
difference between RNA patterns for DMBA-treated and
normal skin.

Thus, there is a very reasonable explanation for the fact
that, at levels of carcinogen which act not only as an
initiator but also as a complete carcinogen when given
repetitively, RNA, protein, and DNA synthesis are stimu
lated. At these levels, the carcinogen is supplying both
initiating and promoting stimuli, and the characteristic
metabolic response to a promoting stimulus is increased
synthesis of RNA, protein, and DNA followed by cellular
proliferation (18), a sequence of events attributed to gene
activation.

The data presented here further clarify differences in the
mechanism of initiation, promotion, and carcinogenesis in
mouse skin; low initiating doses of carcinogen need only
affect DNA metabolism, and that only to the extent of an
inhibition of synthesis during the 1St I5 hr after treatment.
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