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ABSTRACT

In order to define factors which determine susceptibility to
chemical carcinogenesis, mice sensitive (SENCAR) and resist
ant (BALB/c) to epidermal carcinogenesis were studied under
several treatment conditions for sensitivity to initiation by 7,12-
dimethylbenz(a)anthracene or A/-methyl-W-nitro-W-nitrosogua-
nidine and promotion by 12-O-tetradecanoylphorbol-13-ace-

tate. In newborns of both strains, topical application of initiator
was much less effective than in adults. However, initiation by
i.p. injection of 7,12-dimethylbenz(a)anthracene is at least as
effective in newborns as in adults, which may indicate that
topically applied carcinogen is not delivered effectively to target
cells in newborns. Thus, newborn epidermis can respond to
7,12-dimethylbenz(a)anthracene as well as adult epidermis
when the initiator is appropriately administered. SENCAR mice
are much more sensitive than are BALB/c mice to both initia
tors, which suggests that enhanced metabolic activation of
hydrocarbon carcinogens by SENCAR mice is unlikely to ac
count for their sensitivity. Newborn male SENCAR's developed

approximately 50% more papillomas than did females in all
groups. BALB/c newborn mice developed so few tumors that
a meaningful comparison of sensitivity of males and females
could not be made. Thus, the increased sensitivity of
SENCAR's was apparent regardless of route of administration

of initiator or the age or sex of the mice. SENCAR mice also
developed a significant number of papillomas and squamous
cell carcinomas with 12-O-tetradecanoylphorbol-13-acetate

promotion in the absence of an exogenous initiator. Therefore,
the skin of SENCAR mice may contain an initiated population
of cells capable of responding to tumor promoters.

INTRODUCTION

Studies of chemical carcinogenesis in mouse skin have
provided major insights into our basic understanding of the
processes involved (27). The concepts of multiple stages in
neoplasia (initiation-promotion), anticarcinogenesis, and car

cinogen metabolism and the involvement of cell proliferation in
carcinogenesis have been developed largely from studies uti
lizing the mouse skin model. Skin carcinogenesis studies have
been carried out in several strains of mice; however, direct
comparisons of the sensitivity of the skin of different strains to
2-stage chemical carcinogenesis have seldom been made (3).

This information is particularly important at present because of
the current expanding interest in the process of promotion in
mouse skin and other tissues (21) and because conditions of
enhanced susceptibility to cancer have been reported for hu
man populations (9).

Little is known regarding the determinants for susceptibility
to carcinogenesis in general or to experimental skin carcino
genesis in particular. However, sensitivity appears to reside in
the target tissue. The availability of a mouse line (SENCAR)
bred specifically for susceptibility to skin tumor initiation and
promotion has provided new impetus to study the determinants
of susceptibility. SENCAR mice were derived from crossing
STS2 males with Charles River (Charles River Breeding Labo

ratories, North Wilmington, Mass.) CD-1 females, then breeding

those mice which responded maximally to initiation by DMBA
and promotion by TPA (7).

In this laboratory, chemical carcinogenesis in the epidermis
has been studied by a combined in vivo-in vitro approach (27,

29). The major in vivo biochemical responses to carcinogens
and tumor promoters have been reproduced in epidermal cell
cultures (5,15, 20, 26, 27). Results from studies with epidermal
cell cultures prepared from the skin of both newborn and adult
SENCAR mice have shown that the growth characteristics of
these cells differ from those of BALB/c mice which we have
studied extensively (6, 29). There appear to be inherent differ
ences in the susceptible target tissue when separated from the
susceptible host.

This study was undertaken to establish the relative sensitivity
of SENCAR and BALB/c mice to initiation and promotion by a
variety of treatment schemes in newborns and adults. The
establishment of this in vivo data base allows the design of
more meaningful experiments, both in vivo and in vitro, regard
ing those factors responsible for susceptibility and resistance
to chemical carcinogenesis.

MATERIALS AND METHODS

Animals. SENCAR mice were obtained from Oak Ridge

Animal Resources, Oak Ridge, Tenn. BALB/c mice were ob
tained from NIH Animal Production, Bethesda, Md. For exper
iments with newborns, pregnant mice were supplied at 14 days
of gestation. For experiments with adult mice, females were
shipped at 4 to 5 weeks of age.

1To whom requests for reprints should be addressed, at NIH, Building 37,

Room 3A21, Bethesda, Md. 20205.
Received July 14.1980; accepted November 11,1980.

2 The abbreviations used are: STS, skin tumor sensitive; DMBA, 7,12-dimeth-
ylbenz(a)anthracene; TPA, 12-O-tetradecanoylphorbol-13-acetate; MNNG, N-
methyl-W-nitro-W-nitrosoguanidine; SSV, steroid-suspending vehicle.
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H. Hennings et al.

Chemicals. MNNG was purchased from Aldrich Chemical

Co., Milwaukee, Wis. DMBA was obtained from Eastman Or
ganic Chemicals, Rochester, N. Y. TPA was purchased from
Dr. Peter Borchert, Chemical Carcinogenesis, Eden Prairie,
Minn. SSV, containing 9 mg NaCI, 5 mg sodium carboxymeth-
ylcellulose, 4 /xl polysorbate 80, and 9 n\ benzyl alcohol per ml
solution in water, was provided by Cancer Chemotherapy,
National Cancer Institute, NIH, Bethesda, Md.

Tumor Induction Experiments. Groups of approximately 30

male and 30 female newborn mice were treated with DMBA,
MNNG, or solvent within 72 hr of birth. Groups of 30 female
adult mice were shaved 2 days before treatment with an initiator
or solvent at 8 weeks of age. All solutions of initiators were
prepared just prior to treatment of the animals. Solutions for
topical applications were prepared in acetone with a volume of
20 ftl applied to the backs of newborns and 200 n\ applied to
the shaved backs of adults. Solutions of DMBA for i.p. injection
were prepared by dissolving the DMBA in DMSO, then diluting
1-10 with SSV. This solution was administered to newborns in

a volume of 25 juland to adults in 250 /il. Doses of the initiators
are indicated in the figures and tables. Promotion with twice
weekly applications of 5 fig TPA were begun 7 weeks after
initiation in both newborn and adult groups. Because SENCAR
mice developed ulcerative skin lesions with this frequency of
treatment, TPA application was reduced in all groups to once
weekly after 16 weeks of twice weekly applications. Mice were
shaved carefully once every 2 weeks during the 45-week
promotion phase of the experiment. Papillomas and carcino
mas were counted and recorded for individual mice each week
throughout the 52 weeks of the experiment. Suspected squa-

mous cell carcinomas were verified by histological examination
of the lesions.

Expression of Results. Papilloma data is expressed in the

following 2 ways. Percentage with papillomas is the number of
mice with one or more papillomas per number of live mice,
expressed as a percentage. Papillomas per mouse is the total
number of papillomas divided by the number of mice remaining
in each group. When expressed in the figures or tables at a
particular week, that week was chosen because the papilloma
yield was maximal in SENCAR or BALB/c mice. Percentage
with carcinomas was calculated from the number of mice which
had developed one or more squamous cell carcinomas within
45 weeks of promotion divided by the number of mice alive in
each group when the first carcinoma appeared, expressed as
a percentage.

RESULTS

Initiation by Topical Application of DMBA. A comparison of

the tumor response of SENCAR or BALB/c adult mice to
topical application of 4 /tg DMBA followed by TPA promotion is
shown in Chart 1. The papilloma and carcinoma yields are
plotted versus weeks of promotion. SENCAR's reached a max

imum of 22.6 papillomas/mouse after 11 weeks of promotion,
a time at which BALB/c mice had not developed any papillo
mas. The apparent decrease in papilloma incidence in
SENCAR's after 11 weeks appears to be due to difficulty in

distinguishing individual papillomas as they coalesce, but pap
illoma regression cannot be ruled out. In SENCAR's, carcino

mas were first seen after 17 weeks of TPA promotion, and by
45 weeks nearly one-half of the animals had developed at least
one carcinoma. In BALB/c mice, a maximum papilloma inci-

i

WEEKS OF PROMOTION

Chart 1. Time course of papilloma and carcinoma development in adults
initiated by 4 /ig topical DMBA and promoted by TPA. Papillomas per mouse and
percentage with carcinomas are plotted versus weeks of promotion.

dence of less than 4/mouse was seen after 45 weeks of
promotion. The first carcinoma was noted in BALB/c mice
when the experiment was terminated.

After initiation of adults with a higher dose of DMBA (20 jug)
followed by 11 weeks of promotion, the yield of papillomas per
mouse was 39.7 in SENCAR's compared to less than one in

BALB/c mice. After a further 20 weeks of TPA promotion, 4.8
papillomas/mouse were seen in BALB/c mice. At this dose of
DMBA, 47% of the SENCAR's developed carcinomas com

pared to 13% in BALB/c adults (Table 1).
Initiation of newborn mice with 1 or 5 /Â¿gtopical DMBA

induced many more papillomas in SENCAR than in BALB/c
mice (Chart 2). However, the papilloma response after 16
weeks of promotion was considerably lower than that found in
adults. With initiation by 1 /Â¿gDMBA, 7.8% of the newborn
SENCAR's developed carcinomas (Table 1); with 5 fig DMBA,

21.1% with carcinomas were found. No squamous cell carci
nomas were observed in BALB/c newborns initiated by topical
DMBA (Table 1). SENCAR males developed more papillomas
than females (Chart 2), but this difference was not seen with
carcinomas (data not shown). The greatly reduced papilloma
yield in newborns compared to adults suggests that either the
target cells are less responsive in newborns or that the topically
applied DMBA may be delivered to the target cells less effec
tively in the newborns.

Initiation by i.p. Injection of DMBA. In order to verify the

results found with topical DMBA initiation, initiation was carried
out by DMBA administered i.p. Since the solvent used previ
ously (10) proved to be toxic to newborns, DMBA was sus
pended in SSV (see "Materials and Methods"). Preliminary

toxicity experiments indicated that most newborns were killed
by 30 /ig DMBA i.p., while all survived an injection of 20 jug
DMBA. This dose of DMBA corresonds to 8.7 /Â¿g/gbody weight
of the SENCAR or BALB/c newborn mice which averaged 2.3
g (1.5 to 3.1 g). Adults were initiated by injection of 300 jig
DMBA, a nontoxic dose which had been shown previously to
be effective as an initiator (10). Since the average weight of
the adult SENCAR's was 28.5 g, the DMBA dose was 10.5 /ig/

g body weight. The BALB/c adults, weighing only 18 g, were
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Tivo-Sfage Carciriogenesis in SENCAR and BALB/c Mice

Table 1

Squamous cell carcinoma response in mice initiated with DMBA or MNNG and promoted with TPA

The cumulative yield of carcinomas after 45 weeks of promotion is shown. Since no significant differences
in response between male and female newborns were noted, the carcinoma results for males and females
are pooled. Carcinoma data for newborns initiated with MNNG are shown in Table 2 and for all solvent
controls in Table 3.

Mice

SENCAR

SENCAR

BALB/C

BALB/C

SENCAR

BALB/c

SENCAR

BALB/c

Age Initiator Dose (jig)
Route of ad
ministration

No. of
mice

Mice
with car
cinomas

% with
carcino

mas

SENCARSENCARBALB/CBALB/cAdultAdultAdultAdultDMBADMBADMBADMBA420420TopicalTopicalTopicalTopical293030301314144547313

Newborn
Newborn
Newborn
Newborn

Adult
Adult

Newborn
Newborn

DMBA
DMBA
DMBA
DMBA

DMBA
DMBA

DMBA
DMBA

1
5
1
5

300
300

20
20

Topical
Topical
Topical
Topical

i.p.
i P.

i.p.
Â¡-P.

51
57

60
58

24

24

52

53

4
12

0
0

10
2

11
0

8
21

0
0

42
8

21
0

SENCARSENCARBALB/CBALB/cAdultAdultAdultAdultMNNGMNNGMNNGMNNG120600120600TopicalTopicalTopicalTopical3026302936261023721

</)
<

o

SENCAR1W--F?MiF

M5M9HP;|!II%^MF MBALB/clM95^9MF M M FM-t-
+ ++F
F F F

Chart 2. Papilloma incidence in SENCAR or BALB/c mice initiated by 1 or 5
jug topical DMBA as newborns and promoted with TPA. Results are shown in
males (M), females (F), and as an average (M + F) after 16 weeks of promotion.
The horizontal line near the baseline on each column indicates the papilloma
response to TPA in mice treated once with acetone as a solvent control.

D
O

20 30

WEEKS OF PROMOTION

1
- 10

Chart 3. Time course of papilloma and carcinoma development in SENCAR
and BALB/c mice initiated as adults by Â¡.p.injection of 300 /ig DMBA and
promoted by TPA. Papillomas per mouse and percentage with carcinomas are
plotted versus weeks of promotion.

injected with 16.7 Â¡igDMBA/g body weight. While the DMBA
doses were not strictly comparable, rough comparisons can be
made between SENCAR's and BALB/c's and between adults

and newborns.
In adults, SENCAR's reached a maximum response of 6 to

7 papillomas/mouse after 11 weeks of promotion (Chart 3). At
this time, the first papilloma was observed in BALB/c adults.
A maximum papilloma yield of 1.5 to 2/mouse was seen in
BALB/c adults only after 35 to 45 weeks of promotion. In
SENCAR's, the first carcinoma was seen at 17 weeks; 42% of

the mice had developed carcinomas when the experiment was
terminated. The first carcinoma developed in BALB/c mice
after 37 weeks, with carcinomas in 8% of the mice after 45
weeks of promotion.

Initiation of SENCAR newborns with DMBA i.p. resulted in
13.8 papillomas/mouse in males and 8.2 in females after 16
weeks of promotion (Chart 4). Combining the data for both
sexes, 54 of 55 mice developed at least one papilloma, with an
average of 11.1 papillomas/mouse. In the SENCAR newborns,
11 mice (21.2%) developed squamous cell carcinomas by 45
weeks (Table 1). In this group only, 9 suspected carcinomas
had not invaded the muscle layer and thus were scored as
"papillomas" since invasiveness remained within the dermis.

These lesions probably represent early squamous cell carci
nomas, which would increase the carcinoma yield to nearly
40%. Carcinoma development in these mice initiated by DMBA
i.p. as newborns appears to be delayed when compared to
mice initiated by DMBA i.p. as adults. DMBA initiation i.p. of
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H. Hennings et al.

BALB/c newborns produced one or more papillomas in only
26% of the mice or 0.5 papilloma/mouse. No carcinomas were
seen in these BALB/c newborns (Table 1).

With initiation by DMBA Â¡.p.,SENCAR adults and newborns
are much more sensitive than BALB/c's, as we had found with

initiation by topical DMBA. In contrast to the results with topical
DMBA, i.p. initiation was at least as effective in newborns as in
adults. Thus, cells of the newborn epidermis can be initiated as
readily as adult epidermis if the initiator is delivered in an
appropriate way.

Initiation by Topical Application of MNNG. We had dem

onstrated previously that MNNG, a carcinogen not requiring
metabolism, could accomplish initiation in mouse skin (4) and
that the proliferative rate of the epidermis could alter the
efficacy of MNNG (4, 12). Therefore, MNNG was chosen for a
comparison of its initiating ability in newborn and adult
SENCAR and BALB/c mice.

SENCAR adults initiated by 120 /xg MNNG and promoted for

o
o:

s
<S1

<

NEWBORN I20ngl

SENCAR BALB/c

ADULT OOOyg)

CAR BALB/c

Chart 4. Papilloma response to initiation by i.p. injection of DMBA in newborn
or adult SENCAR or BALB/c mice followed by TPA promotion. Papillomas per
mouse after 16 weeks of promotion are plotted separately for males (M) and
females (F); the results are averaged for both sexes (M + F). The horizontal line
near the baseline indicates the papilloma response to TPA in mice injected i.p.
with the solvent SSV. The papilloma yield in mice initiated as adults is shown for
comparison to newborns.

13 weeks developed 1.9 papillomas/mouse (Chart 5); with
600 Â¡igMNNG, the papilloma incidence was 2.8. Papillomas in
BALB/c adults arose considerably slower than in SENCAR's,

but by 35 weeks BALB/c mice treated with 120 or 600 fig
MNNG had developed 0.53 or 1.2 papillomas/mouse, respec
tively (Chart 5). Surprisingly, the carcinoma incidence after the
higher MNNG dose (Table 1) was nearly as high in BALB/c
adults (21%) as in SENCAR's (23%).

Newborn mice were relatively insensitive to initiation by
MNNG (Table 2). MNNG doses of 30, 150, or 600 Â¿tgwere
completely ineffective in BALB/c newborns. In SENCAR new
borns, only with the highest MNNG dose was the tumor yield
increased relative to solvent controls.

Tumor Induction by TPA Promotion in Noninitiated Mice.

Although no mice were treated with TPA only, it is likely that
mice treated once with the initiator solvent (either SSV or
acetone) followed by TPA promotion developed tumors solely
as a result of the repeated TPA treatment. As shown in Table
3, only 4 of 262 TPA-treated BALB/c mice developed papil-

I

13 WEEKS OF PROMOTION ! 36 WEEKS OF PHOMOTKDN

SENCAR BALB/c

120 600 120 600

Mil MNNG

120 600

Chart 5. Papilloma response in adult SENCAR and BALB/c mice after initia
tion with 120 or 600 ng MNNG followed by TPA promotion. The papilloma yield
is shown after 13 weeks of promotion, the time of maximal response in
SENCAR's, and after 35 weeks, the time of peak response in BALB/c mice. The
horizontal line near the baseline in SENCAR's indicates the papilloma response

to TPA in mice treated once with acetone as a control for MNNG application.

Table 2

Tumor response in newborns initiated with MNNG and promoted with TPA

Groups of 48 to 61 newborn SENCAR or BALB/c mice were treated once with acetone or one of the 3
indicated doses of MNNG. Papilloma and carcinoma data are presented for 28 and 45 weeks of promotion,
respectively.

MiceSENCARSENCARSENCARSENCARBALB/cBALB/cBALB/cBALB/CTopicaltreatmentAcetoneMNNG

(30MNNG(150

fig)MNNG(600

f^g)AcetoneMNNG

(30MNNG(150,ug)MNNG(600

Â»ig)No.

of
mice5151544855575461Mice

with
papillo

mas131215202021%

with
papillo

mas262428424042No.

of
papillo

mas221317412021Papillo
mas/

mouse0.430.250.310.850.0400.040.02%

with
carcino

mas00240000
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Two-Sfage Carcinogenesis in SENCAR and BALB/c Mice

Table 3
Papilloma and carcinoma response to TPA promotion in noninitiated solvent-treated SENCAR or BALB/c

mice

The maximum number of papillomas observed at any time during the 45 weeks of promotion is shown.

MiceSENCARBALB/cAge
when solvent

treatedNewbornNewbornAdultNewbornNewbornAdultSexMFFMFFNo.ofmice748590249829090262Mice

with
papillomas
(maximum)211521571214%

with
papillomas281823221212%

with
carcino

mas44230000

lomas, with none developing carcinomas. In contrast, papillo
mas were observed in nearly 25% of the TPA-treated SEN-
CAR's, with 8 carcinomas developing in 249 mice.

DISCUSSION

In the early 1960's, Boutwell (3) carried out a selective

breeding program based on skin tumor response to a 2-stage

tumor induction regimen. Initiation by a single topical applica
tion of DMBA was followed by croton oil or TPA promotion, and
mice were selected for breeding based on the rapid induction
of large numbers of skin tumors. Selection for several genera
tions led to the STS line of mice (3). The breeding of STS males
with Charles River CD-1 females, followed by frequent chal
lenges and selections for sensitivity, has led to the DMBA-TPA-
sensitive line of mice now called SENCAR (7). The SENCAR's

respond to topical DMBA initiation and TPA promotion (7, 16)
with a much higher tumor yield than the STS mice (1, 3, 10)
and Charles River CD-1 mice from which they were derived (7).
In our experiments (Chart 1), topical initiation of SENCAR's by

4 fig DMBA followed by TPA promotion induced over 22
papillomas/mouse; with 20 fig DMBA, nearly 40 papillomas/
mouse were found. Baird and Boutwell (1) reported 11 papil-

lomas/STS mouse with an initiating dose of 51.2 fig DMBA.
The resistance of BALB/c mice to 2-stage skin carcinogen-

esis was first reported by Walters and Roe (24). To test DMBA
as an initiator in BALB/c mice, Walters and Roe injected
newborns s.c. with 5, 15, or 45 fig DMBA, injected 8-week-old
mice with a total of 180 fig DMBA, or painted 12-week-old mice

with 150 fig DMBA. After 40 weeks of promotion with croton
oil, fewer than 20% of the mice in any of the groups had
developed papillomas. In contrast, Chester Beatty stock mice
were clearly initiated by 45 fig DMBA injected in newborns or
topical application of 150 ftg DMBA to adults.

We have shown here that BALB/c newborns are not initiated
by topical application of MNNG (Table 2) and developed only
5 tumors in 58 animals treated topically with 5 fig DMBA (Chart
2). Injection i.p. of DMBA into newborn and adult BALB/c's

induced a low but finite number of papillomas (Chart 4) when
followed by TPA promotion. Topical application of DMBA (4 or
20 fig) to BALB/c adults was most effective as an initiator,
producing tumors in more than 90% of the animals, with a
maximum of nearly 5 papillomas/mouse at the higher DMBA
dose. Repeated treatment for 45 weeks with TPA alone induced
papillomas in only 1.5% of BALB/mice (Table 3). The use of
TPA instead of croton oil for promotion could explain the higher

tumor incidence in our studies compared to those of Walters
and Roe (24).

Although BALB/c mice were less sensitive than SENCAR's

to the initiation-promotion regimen used here, they are not
generally resistant to skin tumor induction. Bibby and Smith (2)
induced squamous cell carcinomas in 12 of 30 BALB/c males
after 20 weeks of repeated 3-methylcholanthrene applications.

Kripke (14) has shown that skin tumors induced by repeated
UV irradiation developed much more rapidly in BALB/c than in
C3H or C57BL/6 mice. Thus, the low sensitivity of BALB/c
mice to 2-stage carcinogenesis may be related to their resist
ance to promotion by TPA. However, tumor induction experi
ments with repeated MNNG or DMBA treatments (19) would
be required to exclude the possibility that BALB/c mice are
resistant to initiation by MNNG or DMBA.

The unusual sensitivity of adult SENCAR's to initiation by

topical DMBA has not yet been explained experimentally. It is
clear, however, that an alteration in oxidative metabolism of
DMBA (8) is not involved. High-pressure liquid chromatography

profiles of DMBA metabolites were qualitatively and quantita
tively similar when DMBA was incubated with epidermal ho-
mogenates from SENCAR, CD-1 (intermediate sensitivity), and

RECAR (resistant) mice.
The early work of Suntzeff ef al. (23) demonstrated that

newborn mice were insensitive to carcinogenesis by a single
painting with a 3-methyl-cholanthrene solution which produced
squamous cell carcinomas in 10- to 12-week-old adults. Thus,

our result that topically applied DMBA was considerably less
effective as an initiator in newborn SENCAR's than in adults

(Chart 2) was not unexpected. The nearly complete refractori
ness of BALB/c newborns demonstrates the value of a sensi
tive strain such as SENCAR in assessing the initiating ability of
a low dose of DMBA or other carcinogens.

Based only on the results with topical initiation by DMBA,
one would infer that the epidermal cells of newborn mice are
less susceptible to the initiating change induced by DMBA.
However, the thymidine labeling index of newborn rodent epi
dermis is 2 to 3 times that of adults (20), and a large body of
evidence (4, 10, 12, 17) suggests that initiation is enhanced
under conditions of increased cellular proliferation. Thus, new
born epidermis would be expected to be more sensitive. The
structure of newborn skin with a greatly thickened epidermis
with few hair follicles and sebaceous glands (23) could prevent
the topically applied DMBA from reaching the potential initiated
cells. Therefore, administration of DMBA by another route
might be necessary to accurately assess the sensitivity of
newborn epidermal cells.
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H. Hennings et al.

Injection i.p. of 300 Â¿tgDMBA was chosen because of our
earlier experience with this route of administration (10). A
correspondingly lower dose of DMBA (20 /*g) based on the
weight of the newborn mice was utilized for comparison of
newborns with adults. As shown in Chart 4, newborn female
SENCAR's developed 8.2 papillomas/mouse, compared to 6.3

in adult females. Thus, the epidermis of newborns is at least as
sensitive to DMBA initiation as adult epidermis.

In order to determine whether sensitivity of SENCAR mice
was evident with agents other than polycyclic hydrocarbons,
MNNG, an initiator chemically unrelated to DMBA, was tested.
MNNG was 2 to 3 times more effective in adult SENCAR (Chart
5) than in BALB/c or in Charles River CD-1 mice (4). Papillomas

developed rapidly, with a near maximum papilloma incidence
after only 12 weeks of promotion. However, the maximum yield
of less than 3 papillomas/mouse after 600 ^g MNNG demon
strated that the mice were not exceptionally susceptible to
papilloma formation after initiation by MNNG. Of interest, how
ever, was the observation that both BALB/c and SENCAR mice
developed significant numbers of carcinomas when MNNG was
the initiator (Table 1). Newborns were quite resistant to MNNG
initiation for both papilloma and carcinoma induction, although
SENCAR's developed a few malignant lesions (Table 2). These

results suggest that the biology of carcinogenesis with MNNG
as initiator may differ from that with hydrocarbons as initiators.
Alternatively, the exceptional sensitivity of SENCAR mice to
papilloma formation may be limited to specific classes of initi
ators.

Of 249 SENCAR's treated repeatedly with TPA but no initi

ator, 57 developed at least one papilloma (Table 3). In these
SENCAR's, 3.3% developed carcinomas. Papillomas were

seen on only 4 of 262 BALB/c mice treated with TPA. No
carcinomas were observed in TPA-treated BALB/c mice. The

tumors developing after TPA alone (13) may indicate the weak
complete carcinogenic action of TPA in SENCAR's. Alterna

tively, TPA may be acting as a pure promoter and indicate a
high incidence of "spontaneous" initiation in SENCAR's.

The striking difference between SENCAR and BALB/c mice
in susceptibility to DMBA-initiated TPA-promoted skin carci

nogenesis suggests the importance of a detailed comparison
of cultured epidermal cells from these mice in order to separate
host factors from target tissue susceptibility. Preliminary ex
periments comparing morphology and growth characteristics
of SENCAR and BALB/c epidermal cells in culture have indi
cated no major differences between the cells, although
[3H]thymidine incorporation and the thymidine labeling index is
somewhat higher in SENCAR's.3 In transformation experi

ments, a higher level of morphologically transformed colonies
capable of being subcultured was consistently found in
SENCAR control and MNNG-treated cultures (6) compared to

BALB/c cultures. A similar result was obtained in an assay for
DMBA- or MNNG-induced variants after induction of terminal
differentiation by calcium" (11, 29). The presence of a preex

isting population of TPA-responsive cells in adult SENCAR (but

not in BALB/c) epidermis has been suggested by the continued
growth in TPA-containing medium of adult epidermal cells

cultured after treatment with TPA for 4 weeks in vivo (29).
The above findings in epidermal cell culture suggest that the

basis for susceptibility of SENCAR mice resides in the target
tissue rather than in the host. However, the recent finding of
renal changes in aging SENCAR's which are characteristic of

lupus erythematosis (25) indicates that this strain develops an
alteration in their immune system. Such an alteration could
affect their susceptibility to carcinogenesis (18). SENCAR mice
appear to be more responsive to both the initiation and pro
motion phases of carcinogenesis. They are much more sensi
tive than BALB/c mice to initiation by either DMBA or MNNG
followed by promotion with TPA (Charts 1 to 5; Tables 1 and 2)
and to TPA promotion alone (Table 3). Selective breeding for
sensitivity to initiation and to promotion separately5 could yield

other potentially useful lines of mice. Thus, combinations of in
vivo and in vitro approaches in genetically susceptible and
resistant strains of mice can be applied to understanding the
determinants of sensitivity or resistance to chemical carcino
genesis. Such approaches should lead to new insight into the
cellular basis for susceptibility and ultimately to the mecha
nisms involved in carcinogenesis.

REFERENCES

1. Baird, W. M.. and Boutwell, R. K. Tumor-promoting activity of phorbol and
four diesters of phorbol in mouse skin. Cancer Res., 31:1074-1079, 1971.

2. Bibby, M, C., and Smith, G. M. Increase in type A virus particles induced in
BALB/c mouse epidermis during chemical carcinogenesis. Br. J. Cancer,
32: 660-666, 1975.

3. Boutwell, R. K. Some biological aspects of skin carcinogenesis. Prog. Exp.
Tumor Res., 4: 207-250, 1964.

4. Bowden, G. T., and Boutwell, R. K. Studies on the role of stimulated
epidermal DMA synthesis in the initiation of skin tumors in mice by W-methyl-
N'-nitro-N-nitrosoguanidine. Cancer Res., 34: 1552-1563, 1974.

5. Bowden, G. T., Hohneck, G., and Fusenig, N. E. DNA excision repair in
ultraviolet-irradiated normal and malignantly transformed mouse epidermal
cell cultures. Cancer Res., 37: 1611-1617, 1977.

6. Colburn, N. H., Vorder Bruegge, W. F., Bates, J., and Yuspa, S. H. Epidermal
cell transformation in vitro. In: T. J. Slaga, A. Sivak, and R. K. Boutwell
(eds.), Carcinogenesis, vol. 2. New York: pp. 257-271, Raven Press, 1978.

7. DiGiovanni, J., Slaga, T. J., and Boutwell, R. K. Comparison of the tumor
initiating activity of 7,12-dimethylbenz[a]anthracene and benzo[a]pyrene in
female SENCAR and CD-1 mice. Carcinogenesis, 1: 381-389, 1980.

8. DiGiovanni, J., Slaga. T. J., and Juchau, M. R. Comparative epidermal
metabolism of mice with differing sensitivity to skin tumorigenesis by DMBA.
Proc. Am. Assoc. Cancer Res., 20: 134, 1979.

9. Fraumeni, J. F., Jr. Persons at High Risk of Cancer. New York: Academic
Press, Inc., 1975.

10. Hennings, H., Bowden, G. T., and Boutwell, R. K. The effect of croton oil
pretreatment on skin tumor initiation in mice. Cancer Res., 29: 1773-1780,
1969.

11. Hennings, H., Michael, D., Cheng, C., Steinert, P., Holbrook, K., and Yuspa,
S. H. Calcium regulation of growth and differentiation of mouse epidermal
cells in culture. Cell, 19: 245-254, 1980.

12. Hennings, H., Michael, D., and Patterson, E. Croton oil enhancement of skin
tumor initiation by N-methyl-N'-nitro-rV-nitrosoguanidine: possible role of
DNA replication. Proc. Soc. Exp. Biol. Chem., 758: 1-4, 1978.

13. Iversen, U. M., and Iversen, O. H. The carcinogenic effect of TPA (12-O-
tetradecanoylphorbol-13-acetate) when applied to the skin of hairless mice.
Virchows Arch. B Cell Pathol., 30: 33-42, 1979.

14. Kripke, M. L. Latency, histology and antigenicity of tumors induced by
ultraviolet light in three inbred mouse strains. Cancer Res., 37:1395-1400,

1977.
15. Lichti, U., Yuspa, S. H., and Hennings, H. Ornithine and S-adenosylmethio-

nine decarboxylases in mouse epidermal cell cultures treated with tumor
promoters. In: T. J. Slaga, A. Sivak, and R. K. Boutwell (eds.), pp. 221-232,
Carcinogenesis, Vol. 2, New York: Raven Press, 1978.

16. Mufson, R. A., Fischer, S. M., Verma, A. K., Gleason, G. L., Slaga, T. J., and
Boutwell. R. K. Effects of 12-O-tetradecanoylphorbol-13-acetate and mez-
erein on epidermal ornithine decarboxylase activity, isoproterenol-stimulated
levels of cyclic adenosine 3':5'-monophosphate, and induction of mouse
skin tumors in vivo. Cancer Res., 39: 4791 -4795, 1979.

17. Pound, A. W. Carcinogenesis and cell proliferation. N. Z. Med. J., 67: 88-

99, 1968.

3 H. Hennings, unpublished observations.
* M. Kulesz-Martin, unpublished observations. 5T. J. Slaga, work in progress.

778 CANCER RESEARCH VOL. 41

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/4

1
/3

/7
7
3
/2

4
0
9
2
4
9
/c

r0
4
1
0
0
3
0
7
7
3
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u
s
t 2

0
2
2



18. Prehn, R. T. Immunostimulation of the lymphodependent phase of neoplastia
growth. J. Nati. Cancer Inst., 59. 1043-1048, 1977.

19. Scribner, N. K., and Scribner, J. D. Separation of initiating and promoting
effects of the skin carcinogen 7-bromomethylbenz[a]anthracene. Carcino-
genesis, ): 97-100, 1980.

20. Slaga, T. J., Lichti, U., Hennings, H., Elgjo, K., and Yuspa, S. H. Effects of
tumor promoters and steroidal anti-inflammatory agents on skin of newborn
mice in vivo and in vitro. J. Nati. Cancer Inst., 60: 425-431, 1978.

21. Slaga, T. J., Sivak, A., and Boutwell, R. K. (eds.). Carcinogenesis, vol. 2.
New York: Raven Press, 1978.

22. Stern, I. B., Dayton, L., and Duecy, J. The uptake of tritiated thymidine by
the dorsal epidermis of the fetal and newborn rat. Anat. Ree., 170: 225-
234, 1971.

23. Suntzeff, V., Carruthers, C., and Cowdry, E. V. The role of sebaceous glands
and hair follicles in epidermal carcmogenesis. Cancer Res., 7: 439-443,
1947.

24. Walters, M. A., and Roe, F. J. C. The induction of skin tumors in mice by
neonatal injection of 9,10-dimethyl-1,2-benzanthracene (DMBA) followed by

Two-Stage Carcinogenesis in SENCAR and BALB/c Mice

applications of croton oil to the skin. Br. J. Cancer, 21: 358-366, 1967.
25. Ward, J. M., Hennings, H., Cockrell, B. Y., and Wenk, M. L. Glomerulone-

phritis in SENCAR mice, a strain highly sensitive to skin carcinogens and
promoters, in press, 1980.

26. Yuspa. S. H., Elgjo, K., Morse, M., and Wiebel, F. J. Retinyl acetate
modulation of cell growth kinetics and carcinogen-cellular interaction in
mouse epidermal cell cultures. Chem.-Biol. Interact., 16: 251-264, 1977.

27. Yuspa, S. H., Hennings, H., and Saffiotti, U. Cutaneous chemical Carcino
genesis: past, present and future. J. Invest. Dermatol., 67: 199-208,

1976.
28. Yuspa, S. H., Lichti, U., Ben, T., Patterson. E., Hennings, H., Slaga, T. J.,

Colburn, N., and Kelsey, W. Phorbol esters stimulate DNA synthesis and
ornithine decarboxylasei activity in mouse epidermal cell cultures. Nature
(Lond.), 262. 402-404, 1976.

29. Yuspa, S. H., Lichti, U., Morgan, D., and Hennings, H. Chemical Carcino
genesis in mouse epidermal cell cultures. In: Bernstein, I. A. and Seiji, M.
(eds.). The Biochemistry of Normal and Abnormal Epidermal Differentiation,
pp. 119-135. Tokyo: University of Tokyo Press, 1980.

MARCH 1981 779

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/4

1
/3

/7
7
3
/2

4
0
9
2
4
9
/c

r0
4
1
0
0
3
0
7
7
3
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u
s
t 2

0
2
2


