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epidermis(9) which, in view of continualrenewal,suggeststhat the
initiated cells may not be simply any proliferative cell but stem cells.
A stem cell in the context of renewing tissues in the adult is a
quiescent ( 14, 15), protected (14, 15) cell capable of extensive pro
liferative potential in maintaining the stem cell populations as well as
the terminally differentiating transit-amplifying populations (16â€”21).

To probe further the hypothesis that the initiated cells in two-stage
carcinogenesis are stem cells, we treated mice topically with 5-FU, an
agent known to kill cycling but not quiescent cells (22, 23). A
metabolic derivative of 5-FU, 5-fluoro-dUMP, blocks DNA synthesis
by inhibiting the enzyme, thymidylate synthetase (24, 25). An imbal
ance between the normal amounts of RNA and protein, while DNA

remains in a deficient state, leads to unbalanced growth and the death
of the cell (26, 27). 5-FU can also be incorporated into RNA and, to
a lesser extent, into DNA (28). Entry of 5-FU into the cell, even before
S phase, may therefore provide the necessary metabolites that later
lead to the death of the cell (28). Thus, rapid proliferation, but not
necessarily cell cycle specificity, is an important criterion of 5-FU
specificity.

Lerner and Harrison (29) showed that 5-RI spares the hemopoietic
stem cells responsible for long-term repopulation of the bone marrow
while causing a transient reduction in hematocrits, total nucleated cell
counts, platelet and peripheral blood leukocyte numbers, committed
myeloid progenitors, and spleen colony-forming units (30â€”32).These
observations lead us to hypothesize that, if the carcinogen-initiated
cells in the skin of mice were quiescent, then the tumor responses
should be the same whether or not the mice were exposed to 5-FU.
Alternatively, if some or all of the carcinogen-initiated cells were
actively cycling, then the tumor responses should be reduced in the
5-FU-treated groups.

In this report, we demonstrate that topical treatment of mice in
anagen 1, the earliest stage of the hair growth cycle, with 5-PU
extensively damaged skin. We found that, despite extensive damage
to the epidermis and hair follicles, the tumor responses were similar
whether or not the mice were treated with 5-PU.

MATERIALS AND METHODS

Animals and Husbandry. Female CD-l mice (VAF Plus; Charles River
Laboratories, Wilmington, MA) were received at 42 days of age and were
housed five per 86.25-in2 cages on Beta Chips (Northeastern Products, War
renburg NY) in an air-conditioned room (21Â°to 22Â°C)with a 12-h light cycle.
Cages were changed twice weekly; food (Lab Chow #5020; P.M.!. Feeds, Inc.
St. Louis, MO) and tap water were available adlibitum. The mice were clipped
with electric clippers (Oster Golden AS with a #40 blade; Oster Professional
Products, McMinnville, TN) when 50 days ofage, at which time all mice were
in the resting stage ofthe hair-growth cycle. All ofthe mice in each experiment

were born on the same day. Sentinel mice housed in the same room remained
negative toward the common munne pathogens throughout the project.

Chemicals. DMBA was purchased from Aldrich (Milwaukee, WI). It was
dissolved at a concentration of 1000 nmol/ml in acetone (HPLC grade; Fisher
Scientific, Fair Lawn, NJ). Each mouse was treated topically with 200 nmol of
DMBA in a volume of 200 ,.d between 10:00 and 11:00 a.m. Control mice
were treated topically with 200 @dof acetone. TPA was purchased from Sigma
Chemical Co. (St. Louis, MO) and was dissolved at 85 nmol/ml in acetone.
Mice were treated topically with 17 nmol in 200 @dbetween the hours of 1:00
and 3:00 p.m. Effudex 5% solution of 5-FU (Roche Laboratories, Nutley NJ)

ABSTRACT

The basal layer of the epidermis and hair follicles is composed of
actively cycling, transit-amplifying cells and quiescent cells including stem
cells.To determinewhichpopulationis the targetof carcinogenicchem
icals, we treated CD-i female mice topically with 5-fluorouradil (5-FU), an
agent known to kill cycling but not quiescent cells, to probe the origin of

the neoplastic lesions. We first determined that 5-FU kills cycling cells in
the epidermis. Treatment of mice at 59 days of age (when in anagen i)
with topical 5-FU delayed hair regrowth by 10 days compared to vehicle
treated controls, suggesting that 5-FU killed the cells in anagen. Moreover,
5-FU suppressed the usual hyperplastic response of the epidermal cells to
treatment with i2-O-tetradecanoylphorbol-i3-acetate. 5-Ft reduced the
number of epidermal basal cells counted in cross-sections of skin and
suppressed DNA synthesis. Approximately 50% ofmlce treated with 5-FU
developed, within 1 week of treatment, a sloughing of the epidermis
persisting for 3 weeks, followed by complete healing. Despite the evidence
of cell killingin theepidermisandlowerhairfollicles,in a carcinogenesis
experiment where 5-FU or vehicle was applied following tumor initiation

with 7,i2-dimethylbenz[a]anthracene, the papilloma and carcinoma re
sponses were virtually identical whether or not the mice were treated with
5-FU,suggestingthat the tumorsarose from quiescent,ratherthan ac
tively cycling, epidermal cells. When 5-FU was applied before initiation,
the papilloma but not the carcinoma responses were slightly but signifi
candy reduced relative to controls. These results are consistent with the
hypothesis that the quiescent rather than the rapidly proliferating cells
are the targetsof tumorinitiation.

INTRODUCTION

Benign and malignant cutaneous neoplasms can be induced on the
backs of mice following a subthreshold exposure to a carcinogen
(initiation) and subsequent chronic regenerative epidermal hyperpla
sia (promotion). Initiation is thought to involve the conversion of
some of the epidermal cells into latent neoplastic cells; promotion
elicits expression of the neoplastic change (1â€”3).

Effective initiators of skin carcinogenesis such as DMBA3 are
known to have in common the capacity for covalent binding to
cellular DNA and the ability to cause an essentially permanent alter
ation of the genome (4â€”8).The consequences of initiation are per
manent and are not expressed in the absence of promotion. Whether
promotion is begun 1 week or 1 year after exposure to carcinogen, the
tumor responses evoked are surprisingly similar (reviewed in Ref. 9),
considering that the epidermis is characterized by a continual renewal
of cyclic growth and regression of the hair follicles (10â€”13).

Conceivably, any keratinocyte capable of proliferation could be
come and remain initiated. Alternatively, a subpopulation known as
stem cells could be the target of the carcinogen. A number of inves
tigations have demonstrated that the initiated cells are persistent in the
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Table I Protocols and treatment groups to determine the effects of 5-FU on tumorpromotionFirst

treatment ThirdtreatmentProtocol
No. of mice (initiationf' Second treatmentt'(promotion)'I

10 Acetone VehicleAcetone2
10 DMBA VehicleAcetone3
35 Acetone 5-FUAcetone4
35 DMBA 5-FUAcetone5
35 Acetone VehicleTPA6
35 Acetone 5-RiTPA7
35 DMBA VehicleTPA8
35 DMBA 5-RITPAa

CD-l female mice were initiated with 200 nmol of DMBA in 200 @.tlof acetone 6 days after the hair was clipped. All mice had pink skin when clipped and when treated.Controlmice

were treated with 200 @.dof acetone.
b Mice were treated 24 and 72 h later with 200 pJ of a 1: I mixture of Effudex 5% and Neutrogena VehiclefN. Control mice were treated with 2(X) @dof the vehicle alone. Inmicewith

epidermal sloughing, application of TPA was delayed until the skin hadhealed.C
Three weeks later, the mice without epidermal sloughing were treated twice weekly for 20 weeks with 17 nmol of TPA in 200 p1 of acetone. Control mice were treated with acetone

Table 2 Protocols andtreatment groups to determine the effects of 5-FU on tumorpromotionSecond

treatmentThirdtreatmentProtocolNo.
of miceFirsttreatmentâ€•(initiation)1'(promotion)'I10VehicleAcetoneAcetone2105-PUAcetoneAcetone335VehicleDMBAAcetone4355-PUDMBAAcetone535VehicleAcetoneTPA635VehicleDMBATPA7355-FUAcetoneTPA8355-RiDMBATPA

QUIESCENT CARCINOGEN-INITIATEDEPITHELIAL CELLS

alone.

was diluted 1:1 with Neutrogena Vehicle/N (Neutrogena Dermatologicals, Los
Angeles, CA). Mice were treated topically with 5 mg in 200 @lbetween the
hours of 10:00 and 11:30 am. Control mice received 200 pi of Vehicle/N. For
pulse labeling, mice were injected with 30 @Ci(1.11 MBq) of [methyl
3Hjthymidine [Amersham Corp., Arlington Heights, IL; specific activity,
40â€”60 Ci/mmol (1.48â€”2.22 TBq)J 1 h before sacrifice at 10:30 am.

Histology. Mice were euthanized by cervical dislocation following halo
thane (Halocarbon Laboratories, River Edge, NJ) anesthesia. The dorsal fur
was clipped, and Nair (Carter-Wallace, Inc. New York, NY) was applied for 2

mm, followed by rinsing with cool water. A piece of dorsum 1 X 2 cm was
excised parallel to the long axis of the mouse and was stretched on a piece of
index card. The pieces were fixed in 10% formalin in Dulbecco's PBS. Long
axis paraffin sections were cut at 5 @mand were stained in H&E.

Light Microscopic Autoradiography. Slides containing 10â€”12 serial
5-sm sections were dewaxed, rinsed in absolute ethanol, dried, and dipped in
KOdak NTB-2 nuclear track emulsion (Eastman KOdak, Rochester, NY) di
luted 1:1 with distilled water. Autoradiographs were exposed, desiccated for 4
weeks, developed for 3.5 mm in D-19 developer at 18Â°C,fixed in KOdak fixer,
and lightly stained with Ehrlich's hematoxylin and phioxine B. Autoradio
graphic background was negligible.

Sections were scored with a Zeiss microscope equipped with a X100
planapochromatic objective, X10 eyepieces, and a reticule. Basal and supra
basal nuclei were counted in I mm of interfollicular epidermis. Labeled nuclei
were counted in 2 mm of interfollicular epidermis. Nuclei with at least 3 grains
were counted as labeled.

Determination of Hair Follicle Stage. Previous unpublished observations
had indicated that CD-l female mice 59 days of age were often in the anagen
1 stage of the hair growth cycle. To confirm this observation, mice were
euthanized when 59 days of age. Long axis paraffin sections were cut at 5 @im
and were stained in H&E. Microscopy was performed with a X40 objective
and X10 eyepieces. The stage of 10 hair follicles per sample was determined
according to Montagna (33), Dry (34), and Ebling et al. (35). Particularly,

anagen 1 was identified by a decondensation and an increase in the number of
cells in the hair follicle germ before it began to engulf the dermal papilla.

Effects of 5-FU on Spontaneous Anagen. Mice were clipped when 50
days of age. They were treated with Vehicle/N or with 5-FU when 59 days of
age. The mice were examined daily for hair growth.

Effects of 5-FU on TPA-induced Hyperplasia. Mice were treated with
either vehicle or 5-FU when 59 days of age and were treated with I7 nmol of

TPA 1 day later. The effects of 5-FU on TPA treatment were assessed
histologically as described above 2 days later.

Carcinogenesis Experiments. Two carcinogenesis experiments were run

for 35 weeks. Both of the experiments were repeated and were run for
52 weeks. The distribution of mice in the experiments is shown in Tables
1 and 2. The mice were clipped with electric clippers (Oster Golden AS;

McMinnville, TN) equipped with a number 40 blade when 50 days old. In the
first experiment, the mice were treated when 56 days old, topically one time
between 9:30 and 11:00 am. with either 200 ,zl of HPLC-grade acetone or
with 200 nmol of DMBA in 200 pJ of acetone. One day later, the mice were
treated topically with either 200 @lof Neutrogena Vehicle/N or with a 200 pJ
of a I:1 mixture of Effudex 5% and Neutrogena Vehicle/N. The mice were
treated a second time with either Neutrogena Vehicle/N or with the Effudex
mixture after 2 days. In the second experiment, the mice were treated with the
Effudex mixture when 56 and 58 days old and were initiated with DMBA
when 59 days old. Three weeks later, tumor promotion was performed twice
weekly with either 200 p1 of acetone or 200 @.dof acetone containing 17 nmol
of TPA and was continued for 20 weeks. TPA was not applied to mice with
epidermal sloughing until the skin had healed.

The mice were observed weekly for the presence of skin lesions. Papillomas
were counted as such when greater than 1 mm in diameter; suspected cutane
ous malignancies were identified by their broad base, elevated margin, and

intracutaneous infiltration and were verified at autopsy and confirmed his
topathologically. Mice with skin lesions larger than I cm in diameter or

appearing stressed in any way were removed from the experiment and were
euthanized. Sentinel mice housed in the same room remained serologically
negative toward the common murine pathogens.

The following statistical analyses were used: Student's t test, Wilcoxon
Rank Sum test for ranked qualitative data, Mantel-Haensel test, x@test, Fisher
Exact test, and the Structured Two Way ANOVA.

RESULTS

A number of preliminary experiments were performed to determine
the route of administration and the dosage of 5-FU. A number of doses

a Mice were treated 24 and 72 h later with 200 @zlof a I : I mixture of Effudex 5% and Neutrogena Vehicle/N. Control mice were treated with 200 @slof the vehicle alone.

b CD-l female mice were initiated with 200 nmol of DMBA in 200 gil of acetone. Control mice were treated with 200 @zlof acetone.
C Twice weekly tumor promotion with either 200 @dof acetone or with I 7 nmol of TPA in 200 @.dof acetone was begun 3 weeks later and continued for 26 weeks. Animals remained

in the experiment unless they developed cutaneous lesions of I cm2 or until they appeared stressed.
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QUIESCENT CARCINOGEN-INITIATEDEPITHELIAL CELLS

observed at week 17 for both groups (Fig. 4A). The slight difference
in the number of papillomas between the 5-PU-treated group and the
vehicle-treated group was not statistically significant in either of the
two repetitions (P > 0.2000) for weeks 16â€”20or in the combined data
set (P = 0. 1730). The final papilloma responses at weeks 3 1â€”35were
also the same in both the 5-PU-treated and the vehicle-treated groups
(P > 0.7). In both groups, 100% of the mice developed papillomas
(Fig. 4B). Of the control groups, the number of papillomas per mouse
at week 20 was 0 Â±0 (SD) for the acetone/vehicle/acetone,acetone/
5-PU/acetone, and DMBA/5-PU/acetone groups. The number of pap
illomas per mouse was 0.2 Â±0.1 (SD) for the acetone/vehiclelTPA
group and was 0. 1 Â±0.1 (SD) for the acetone/5-FU/TPA group.

When 5-PU or vehicle was applied 1 day before initiation with

DMBA, the first pinpoint papillomas (Sl mm in diameter) were
observed at week 5 of promotion in both the 5-FU/DMBA!FPA
treated group and in the vehicle DMBATFPA-treated group. As shown
in Fig. 4C, the maximal papilloma responses were seen at week 18 for
the 5-PU-treated group and at week 19 for the vehicle-treated group.
The difference in the average number of papillomas observed between
the 5-PUIDMBATfPA-treated group and the vehiclefDMBA!FPA
treated groups at weeks 16â€”20 was statistically significant
(P = 0.0094)). The final papilloma responses at weeks 31â€”35were
not different (P > 0.7000). In both groups, 100% of the mice devel
oped papillomas (Fig. 4D). Of the control groups, the number of
papillomas per mouse at week 20 was 0 Â±0 (SD) for both the
5-FU/acetone/acetone and the vehicleIDMBA/acetone groups. The
number of papillomas per mouse for the 5-FUfDMBAIacetone group
and for the vehicle/acetone/TPA group were 0.1 Â±0.1 (SD); for the
5-PU/acetone/TPA group, it was 0.2 Â±0.1 (SD).

As shown in Table 6, the first suspected carcinomas appeared at
approximately the same time. Whether the 5-PU was administered
before or after initiation, there was no statistical support for a differ
ence in the number of carcinomas at weeks 35, 45, or 52.

DISCUSSION

The results of this investigation demonstrated that topical treatment
of mice with 5-PU had a profound effect on the skin: (a) when 5-PU
was applied once to mice in early anagen, hair regrowth was delayed
for 10 days relative to the controls treated with vehicle. Because 5-PU
kills cycling but not quiescent cells (22, 23), the rapidly proliferating
cells of the anagen hair germ were killed by the 5-PU, forcing
regeneration from the follicular stem cells. It should be noted that in
89 mice treated once with 5-FU, none developed epidermal sloughing
(see below); (b) 5-RI reduced the number of basal cells per millimeter
of interfollicular epidermis by 40% 1 day following treatment. The
reduced number of basal cells persisted for at least 1 week. That there
was an actual reduction in the number of basal cells without a
concomitant increase in suprabasal cells suggests a killing of the basal
cells by the 5-PU; and (c) approximately 50% of the mice developed
complete sloughing of the dorsal epidermis beginning 1 week after
two topical treatments of 5-PU. The moist, eroded skin began to heal
after 3â€”4weeks such that the epidermis was completely resolved by

6 weeks.
Despite the extensive damage caused by 5-PU to the epidermis and

hair follicles, both the papilloma and the carcinoma responses, when
mice were treated with topical S-PU after tumor initiation with
DMBA, were virtually identical. The similar tumor latency, the sim
ilar tumor yields, and the similar final number of papillomas and
carcinomas all suggested that the cells initiated by DMBA were
resistant to the effects of the 5-PU and were, therefore, quiescent
rather than actively cycling cells. This conclusion was reinforced by
the second set of carcinogenesis experiments where topical 5-PU was

delivered i.p. or iv. failed to have any obvious effect on the epidermis
or hair follicles, as estimated by the ability to inhibit the hyperplastic
response mediated by TPA. Even a single dose of 5% Effudex was
toxic to many of the mice; therefore, it was diluted by one-half with
Neutrogena Vehicle/N. Although the diluted 5-PU did not cause the
deaths of any mice following a single dose, small numbers of animals
died after two doses. Many animals died after three or more doses.
Despite the significant effect of a single application of diluted (2.5%)
Effudex on spontaneous anagen, on hyperplastic response mediated
by TPA and on the [3H]thymidine labeling index (see data below), we
decided to investigate further the use of two applications of 5-FU
separated by I day because the cutaneous effect was more profound.

Fig. lA shows a telogen, or resting, hair follicle. Previously unpub
lished observations had demonstrated that the hair follicles of mice
when 59 days of age had entered the growth phase, or anagen. To
confirm these observations, we prepared slides from 61 CD-I female
mice in seven separate experiments and determined the stage of the
hair growth cycle of 10 follicles from each slide. As shown in Table
3, 78% of the mice were in the earliest stage of the hair growth cycle
(anagen 1). The remaining follicles were in later stages of anagen. A
typical follicle in anagen I is shown in Fig. lB.

To demonstrate a cutaneous effect of topical 5-PU treatment, we
applied 5-PU to mice in anagen 1 when they were 59 days of age. We
found that 5-PU delayed hair regrowth in the mice by 10 days relative
to the vehicle controls (Fig. 2). By 71 days of age, the 5-PU-treated
mice began to grow hair such that by 90 days of age, all of the mice
had regained their hair.

We then determined the 5-FU-dependent reduction in the number
of cells in the interfollicular epidermis. As shown in Table 4, within
1 day, 5-PU caused a 40% reduction in the number of basal cells per
mm of interfollicular epidermis. The number of basal cells remained
reduced for at least 7 days. There was no significant change in the
number of suprabasal cells per mm of interfollicular epidermis. Fig. 3
demonstrates the inhibition of DNA synthesis as measured by the
[3Hjthymidine labeling index. Note that virtually complete inhibition
of DNA synthesis persists for 2 days, followed by a compensatory
proliferative response. The vehicle (largely ethanol and propylene
glycol) caused a transient, but significant, increase in the labeling
index followed by a return to normal, untreated values by 2 days.

In additionto short-termeffects on hairgrowth, on the numberof
basal nuclei, and on DNA synthesis, 5-PU had a profound effect on
the integrity of the epidermis. As shown in Table 5, the entire treated
epidermis sloughed off in approximately 50% of the treated mice
beginning at 1 week following treatment. The 5-PU-treated mice
developed alopecia; the epidermis first became thin and fragile, then
moist and eroded. The sloughing healed spontaneously after 3â€”4
weeks and was completely resolved after 6 weeks. The healing re
solved from within the treated area rather than by re-epithelialization
from the edges of lesion. Mice that did not develop epidermal slough
ing exhibited a profound atrophic epidermis at 4 days, followed by a
compensatory hypertrophy at 1 week as determined histologically.
None of 65 mice treatedwith NeutrogenaVehiclefN everdeveloped
alopecia or epidermal sloughing throughout a 52-week experimental
period.

To determine the effects of topical treatment with 5-PU on two
stage cutaneous carcinogenesis, we performed two experiments. In the
first experiment, 5-PU was applied after initiation with DMBA. In the
second experiment, 5-FU was applied before initiation. Both experi
ments were repeated.

When 5-PU or vehicle was applied 1 day after initiation with
DMBA, the first â€œpinpointâ€•(@ 1 mm in diameter) tumors were ob
served at week 5 in both the DMBA/5-PU/TPA- and the DMBA/
vehicleTfPA-treated groups. The maximal papilloma responses were
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Fig. 1. Photomicrographs of skin from CD-I female mice. A, a telogen follicle (H) from an untreated mouse 56 days of age. Note the tightly compressed hair germ (G) and the
crescent-shaped dermal papilla (D). Also seen is the sebaceous gland (5) and the thin epidermis (E). B. a follicle (H) in the anagen 1 stage of the hair growth cycle typical of mice
59 days of age. Note the decondensation of the hair germ (G) and of the dermal papilla (D). C. skin from a mouse I day following treatment with Neutrogena Vehicle/N when 57 and
59 days of age. Note the very slight increase in epidermal thickness as compared with A. D. skin from a mouse 1 day following topical treatment with 5 mg of 5-fluorouracil when
57 and 59 days of age. Note that the epidermis (arrows) has been virtually obliterated. E, skin 2 days following treatment with Neutrogena Vehicle/N at 59 days of age followed I
day later by 17 nmol of TPA. Note the hyperplastic epidermis (E) with numerous [3H)thymidine-labeled nuclei. F. skin 2 days following a single topical treatment with 5 mg of
5-fluorouracil at 59 days of age followed 1 day later by 17 nmol of TPA. Note the lack of epidermal hyperplasia (arrows). Aâ€”F.X400, hematoxylin and phloxine B.
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administered immediately before initiation. Once again, the final
numbers of papillomas and carcinomas were virtually identical, sug
gesting that the targets of tumor initiation were quiescent rather than
actively cycling. The difference in the number of papillomas observed
between the 5-PUIDMBA!FPA-treated group and the vehicleIDMBA/
TPA-treated group at weeks 16â€”20was statistically significant. Be

cause this was the case for both repetitions of the experiment as well
as for the combined data set, it is likely that the effect was biologically
significant. A possible reason for this is that the 5-PU, when given
before the DMBA, interfered with the metabolism of the carcinogen
or with the binding of the activated carcinogen to the DNA (36).
Another finding relevant to the results presented here is that carcin
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Table 3 Stage of the hair growth ct'cle inCD-i female mice 59 days ofageHair

folliclestageâ€•Percentageâ€•Telogen

Anagen I
Anagen2
Anagen3
Anagen4
Anagen5
Anagen6
Catagen0

Â±0
78 Â±6.8

6Â±2
10Â±6.1
2Â±1
2Â±1
2Â±2
0 Â±0

Table 4 Nuclear counts per millimeter of inteifollicular epidermis after two topical treatments with5-FtPTime

after
treatment

(days)No. of miceNo.

of nuclei per mm of interfollicularepidermisâ€•BasalSuprabasalTotalUntreated

I
2
3
4
5
6
76

6
6
6
9
8
4
2154

Â±3.50
91 Â±6.0
83Â±8.1
91Â±12
98Â±15

104Â±12.1
112Â±8.83

11659

Â±5.6
65 Â±9.0
44Â±6.8
50Â±12
49Â±14
62Â±35
70Â±27

85213

Â±6.18
156 Â±10.7
127Â±13.4
141Â±22.9
146Â±28.2
166Â±44.1
182Â±28.0

201

QUIESCENT CARCIN0GEN-INmATED EPITHELIAL CELLS

with the TPA-independent papillomas, which had a greater risk for
developing into carcinomas (37). Hennings and associates (41) ob
served that in standard initiation-promotion experiments, when TPA
was administered for 5 weeks only, a lower papilloma yield developed
than when mice were promoted for 10 or more weeks (41). However,
the papillomas observed in our experiments persisted and had the
same probability of malignant conversion as those in mice not treated
withS-PU.

The controls on the carcinogenesis experiments described above
demonstrated that topical treatment of mice with 5-PU acted neither as
a complete carcinogen, an initiator, nor as a promoter of two-stage
carcinogenesis under the conditions used. Thus, the number of pap
illomas per mouse for DMBA/5-PU/acetone was 0 Â±0, and for
acetone/5-PU/TPA it was 0.1 Â±0.1 (SD). Similarly, the papilloma
responses for the group treated with 5-PU/acetone/TPA was
0.2 Â±0.1. In some respects, it is surprising that the severe epidermal
sloughing caused by topical treatment with 5-PU did not promote
tumors in the skin of initiated mice. Perhaps the epidermal regener
ation brought about by the two applications of 5-PU was not of
sufficient magnitude or duration to promote papillomas in these mice.

Our observations that damaging doses of 5-PU did not reduce
papilloma or carcinoma responses when administered before or after

I
5...
Q)
0..

I
0

Fig. 3. Effects of a single topical treatment with 5 mg of 5-FU on the epidermal
labeling index. CD-I female mice were treated topically with 5 mg of 5-FU (5% Effudex
diluted by one-half with Neutrogena Vehicle/N) or with 200 @slof Neutrogena Vehicle/N.
[3H]Thymidine was injected 1 h prior to sacrifice as described in â€œMaterialsand Meth
ods.â€•Note the transient increase in the labeling index caused by the vehicle. Note the
virtually complete suppression of DNA synthesis for 2 days following treatment with
5-FU; bars, SD.

a The stage of the hair follicle growth cycle was determined in cross-sections of skin

taken from CD-I female mice at 59 days of age as indicated by Montagna (33), Dry (34).
and Ebling et al. (35).

b Average of 10 hair follicles/mouse in 61 mice in seven separate experiments Â±SE.
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Fig. 2. Effects of 5-FU on spontaneous anagen. CD- I female mice (n = 89 in eight
separate experiments) were treated topically when 59 days of age with 200 pA of
Neutrogena VehiclelN or with 5 mg of 5-FU (5% Effudex diluted by one-half with
Neutrogena Vehicle/N). Note the 10-day delay in hair growth of the 5-FU-treated mice.
By 90 days of age. all 5-Ri mice had regrown their hair.

ogen binding is greater to nonreplicating DNA than to replicating
DNA, both in cultured cells from skin (37) and in epidermis (38). This
fact is in agreement with our previous observation that in gradient
separated basal epithelial cells from mice, the most dense fraction
(with characteristics of initiated stem cells (39) developed the highest
DMBA:DNA adduct levels within 24 h of treatment and retained
these higher levels through 28 days (40). These differences in adduct
levels among basal subpopulations did not appear to result from
different metabolic capabilities of the cells.

It is also possible that the 5-PU given before initiation interfered
with the formation of â€œlowriskâ€•TPA-dependent papillomas but not

a Five mg of 5-fluorouracil were applied topically to the clipped backs of mice when 57 and 59 days of age. Thirty p@Ci of [3Hjthymidine were injected at 9:30 am., and the mice

were euthanized I h later. Nuclei were counted with a Zeiss microscope equipped with a X 100 planapochromatic objective, X 10 eyepieces, and a calibrated reticule.
bAverage Â±SD.
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TableS Effectsof topical5-FUon epiderm.al sioughing in CD-i ftmalemiceWeek

following treatment
with 5-Hf'No.

of
experimentsPercentage withsloughingâ€•I353Â±2322563320Â±9.54310Â±5.0533Â±3630Â±0

QUIESCENT CARCINOGEN-INmATED EPITHELIAL CELLS

of tumorigenesis were not cycling within the 24-h interval of hy
droxyureaadministration.In contrast,whenhydroxyureawas admin
istered after the first promoting treatment, tumorigenesis was inhibited
(45). Hennings(46) suggestedthat this may be due to killing of the
initiated cells inducted to enter the sphere by the promoter. This is in
agreement with our two unpublished experiments where 5-PU applied
twice after 3 weeks of promotion reduced the papilloma responses by
approximately one-half upon continuation of promotion at 4â€”20
weeks. However, our papilloma responses in these same experiments
at weeks 25â€”35,as well as the carcinoma responses, were virtually
identical to the control. We speculate that the interpretation of these
perplexing results may lie in the complex, and as yet unknown, age
structure of the epithelial proliferative population. It is important to
note that 5-PU, as used in our experiments, was far more damaging
than hydroxyurea and blocks DNA synthesis for approximately 2
days, leading to frequent epidermal sloughing. Despite the severity of

a Mice were treated twice topically with 5.0 mg of 5-FU.

b Average Â±SD. Data are from three separate experiments with 65 mice each.

DMBA are similar to the report of Smith et aL (42) who found that
repeated injection of hydroxyurea, a potent inhibitor of DNA synthe
sis in mammalian cells (43) including epidermal cells (44), failed to
inhibit tumorigenesis in mice. Their experiments showed that inhib
iting DNA synthesis for 24 h did not affect subsequent tumorigenesis.

(42) We would interpret their data as suggesting that the target cells
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Fig. 4. Effects on the tumor responses of CD-l female mice of topical treatment with 5-Ri either after (A and B) or before (C and D) initiation with 200 nmol of DMBA and twice
weekly promotion with 17 nmol of TPA for 20 weeks. These data represent the average of two such carcinogenesis experiments as outhned in Tables 1 and 2. These data demonstrate
that topical treatment with 5-FU has little if any effect on papilloma latency, maximal number of papillomas, and the final number of papillomas at 35 weeks of promotion. The
difference in the maximum number of papillomas per mouse between vehicle and 5-Ri treatment shown in C was statistically significant in both determinations and in the combined
data. Note that the number of papillomas at 35 weeks is essentially identical whether 5-RI is administered before or after initiation with DMBA.
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Table 6 Effects of 5.FU oncutaneous malignancies ia CD-i femalemiceExperiment'First

carcinoma
(week)@'Percentage

of mice withcarcinoma'Week

35Week 45Week52DMBA/Vehicle/TPA1931%DMBA/5-FU/TPA2139%DMBA/VehiclefTPA2414.3%49%54%DMBA/5-FUffPA247.5%35%40%Vehicle/DMBA,TPA1916%5-FU/DMBATIPA1622%Vehicle/DMBATFPA2320%31%34%5-FU/DMBAITPA2617.5%33%45%

QUIESCENT CARCINOGEN-INITIATEDEPITHELIAL CELLS

a Thirty-five CD- I female mice in each group were treated topically as outlined in Tables I and 2.

b Suspected carcinomas were identified by their broad base, elevated margin, and intracutaneous infiltration. They were verified at autopsy and were confirmed histopathologically.
Mice with any lesion greater than I cm in diameter were removed from the experiment and euthanized.

â€T̃he following statistical analyses were employed: Wilcoxon Rank Sum test for qualitative data, x test, Combined Mantel-Haenszel test. and Fisher Exact test. There was no

statistical support for differences between experimental groups at any observation time.

the 5-PU treatment, the tumor responses of the 5-FU-treated mice
were similar to the controls.

We conclude from this investigation that the epithelial cells initi
ated by the carcinogen are quiescent rather than actively cycling. This
raises two interesting and important questions: (a) when does the
neoplastic lesion actually occur. Cell proliferation has long been
thought to be important in the â€œfixationâ€•of DNA damage caused by
carcinogens (47â€”49)or by radiation (50). If the cutaneous targets of
the DMBA are indeed quiescent, as suggested by our data, then
perhaps the neoplastic lesions are not actually fixed until tumor
promotion is begun, at which time the target cells are induced to
undergo multiple rounds of DNA synthesis; and (b) what is the
location of the initiated cells? The work of Argyris (51) and Argyris
and Slaga (52) on abrasion (removal of the interfollicular epidermis)
as a promoting stimulus suggested a follicular origin for papillomas
and carcinomas. The work presented in our report supports that
conclusion with the additional suggestion that the follicular infundib
ulum can be excluded as a target region because it becomes damaged
and atrophic following administration of 5-FU. The hair germ can also
be excluded because the mice were treated in anagen when the germ
cells were sensitive to the killing action of 5-PU. Consequently, the
middle, permanent region of the follicle beneath the sebaceous gland
is the most likely location of the initiated cells.

The proliferative organization of the normal cutaneous epithelium
is similar to that of the hemopoietic system in that both tissues consist
of stem cells, transit-amplifying cells, and terminally differentiating
cells. As used in our experiments and in those of Lerner and Harrison
(29), Vetvicka et a!. (30), Dixon and Rosendaal (31), and Van Zant
(32), a single treatment with 5-PU kills the rapidly cycling transit
amplifying cells but spares the quiescent stem cells. This pulsed usageonanormaltissuecontrastswiththetherapeuticuseof5-PUforthe
topical treatment of actinic keratoses or superficial basal cell carci
nomas (27). When used for these premalignant or malignant lesions,
5-PUisusuallyappliedtwicedailyfor3â€”6weekstoensurethatthe
abnormal cells are killed (27). The ensuing ulcer created by the
eradication of the lesion must then re-epithelialize from the surround
ing normal tissue. In our experiments, the denuded skin following
treatment re-epithelialized from within the sloughed area rather than
from the edges.

Finally, the epidermal stem cells are the most likely quiescent
population. The problem of whether the quiescent-initiated cells are
indeed the stem cells is being actively pursued by this laboratory.
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