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ABSTRACT

We have used an in vivo-in vitro approach to investigate the cellular
aspects of two-stage skin carcinogenesis. Female SENCAR mice initiated
with A'-methyl-yV'-nitro-./V-nitrosoguanidine (MNNG) were promoted
twice weekly with 12-0-tetradecanoylphorboI-13-acetate (TPA). Epider
mal cultures from untreated or TPA-treated mice had few focus-forming
cells resistant to calcium-induced terminal differentiation. Cultures from
mice treated with MNNG alone formed numerous foci. Brief promotion
(four TPA treatments) of MNNG-treated mice produced fewer but sta
tistically larger foci, suggesting that TPA was selecting against more
slowly growing cells. MNNG plus TPA-treated mice with very early
papillomas produced more and larger foci than those due to MNNG
treatment alone, suggesting that the papillomas may have comprised
calcium-resistant cells. These cells may indeed be initiated cells since a
permanent cell line arising after MNNG plus brief TPA treatment
eventually formed histolÃ³gica! papillomas in vivo. If calcium-resistant
cells are initiated, then there were many more initiated cells in the skin
(with or without TPA treatment) than papillomas expected, implying that
either some initiated cells never formed papillomas, or that a significant
accumulation of initiated cells had already occurred in the skin within 2
weeks of MNNG treatment. Subsequent TPA promotion of these cells
apparently produced a toxic response that passively selected for more
rapidly growing initiated cells, which eventually accumulated into papil
lomas.

INTRODUCTION

For many years, skin cancer in mice has been the classic
experimental system for chemical carcinogenesis. The sustained
interest is primarily due to the disease's multistage and pro

gressive nature (1), each stage now the subject of intensive
study. The first stage, "initiation," is essentially irreversible (2-

4) and is thought to involve some kind of genetic damage (5).
In contrast, classical "promotion" is a reversible process occur

ring after initiation and requiring multiple treatments with a
skin tumor promoter such as TPA.3

We are interested in the early development of initiated cells
in the skin during carcinogenesis. The only in vivo assay for
these cells is the subsequent appearance of tumors; however,
this tells us little about preceding events. An assay that would
detect initiated cells prior to tumor formation would permit us
to study early events in carcinogenesis.

Recently, an in vitro assay for carcinogen-altered epidermal
cells has been described, based upon the ability of such cells to
resist calcium-induced terminal differentiation. Normal mouse
epidermal cells grown at 37Â°Cproliferate well in culture media

with low levels of calcium (around 0.05 mivi), but stop dividing
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and terminally differentiate in media with standard calcium
levels (approximately 1.2 HIM)(6). Following carcinogen treat
ment, some cells continue to proliferate in standard calcium
forming foci that can be scored (7). It has been suggested that
these terminal differentiation- or calcium-resistant cells, since
they also arise in initiated skin, may be initiated cells (8). Their
number appears to be quantitatively related to initiating ability
of various skin carcinogens (9, 10), and with time in culture,
permanent lines of these cells become tumorigenic (11).

We have used resistance to calcium-induced terminal differ
entiation in vitro as an assay to detect carcinogen-altered,
perhaps initiated, cells in the epidermis of adult mice undergo
ing two-stage carcinogenesis. Our data suggest that Ca-resistant
cells may indeed be initiated cells, and that the tumor promoter
TPA apparently selects for the more rapidly growing of these
cells by inhibiting more slowly growing cells.

MATERIALS AND METHODS

Culture Medium. FBS (Armour Pharmaceutical Co., Kankakee, IL)
was Chelex-treated (12) before use to reduce calcium content. LoCa
MEM was based upon the low calcium medium used by Yuspa and
Morgan (8). Eagle's Minimum Essential Medium prepared without

calcium (Cat. no. 06-174D; M. A. Bioproducts, Walkersville, MD) was
supplemented with 8% Chelex-treated FBS, 5 ng/ml epidermal growth
factor (Collaborative Research, Lexington, MA), 10 Â¿ig/mltransterrin
(Sigma Chemical Co., St. Louis, MO), 5 Â¿ig/mlinsulin (Sigma), 1 MM
hydrocortisone (Sigma), 10 n\i phosphoethanolamine (Sigma), 10 /Â¿M
ethanolamine (Sigma), and 50 Â¿ig/mlgentamicin sulfate (Sigma). The
above additives (except gentamicin) were suggested, although for a
different culture medium, by Stuart H. Yuspa (National Cancer Insti
tute, Bethesda, MD) to improve the proliferation of adult mouse
epidermal cells. The final concentration of glutamine (Grand Island
Biological Co., Grand Island, NY) in the medium was 3 mM. LoCa
MEM prepared in this manner had an ionized calcium level of 0.05-
0.06 mM (analysis provided by H. A. Fritsche, M. D. Anderson Hospital
and Tumor Institute, Houston, TX). HiCa MEM was supplemented
with calcium chloride to raise the calcium concentration to approxi
mately 0.6 mM.

Animal Treatment. The dorsal skin of female SENCAR mice (Fred
erick Cancer Research Facility, Frederick, MD) in the resting stage of
the hair cycle (7-9 weeks of age) was shaved and then initiated a few
days later with 4 fjmol/mouse MNNG (Sigma) in 0.2 ml acetone.
Promotion with 2 Â¿ig/mouseTPA (LC Services Corp-, Woburn, MA),
given twice weekly, was begun 1 week later. Controls for both chemical
treatments received acetone only. At various times during promotion,
treatment was stopped on several mice (usually three to four) from each
group. These mice were set aside for cell preparation 1 week later. One
such cell preparation was made from each group of mice at each time
point. The experiment was terminated after 10 weeks of promotion
when about half of the MNNG plus TPA-treated mice had papillomas
that were readily identifiable, yet small enough (nonpendulous, 1-mm
diameter or less) to be prepared with the intact skin by the techniques
described below. To corroborate any interesting responses of the pap-
illoma-bearing skins, a second preparation of cells from each group of
mice was made 2 weeks after promotion ended. AH remaining MNNG
plus TPA-treated mice had papillomas at that time. No papillomas
were present in the other groups.

Cell Culture. Mice were killed by cervical dislocation, shaved, and
washed twice with Prepodyne Solution (Amsco, Medical Products Div.,

1935

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/7/1935/2430587/cr0470071935.pdf by guest on 19 M

ay 2023



KERATINOCYTES DURING TWO-STAGE CARCINOGENESIS

Erie, PA) and several times with water. After two more 70% ethanol
washes, the dorsal skins were removed and excess fat scraped away
with a rounded scalpel. The skins were then cut into manageable pieces
(about 2 cm across) and placed dermis side down on dry Petri dishes
to permit slight drying. Several minutes later, the pieces of skin were
floated dermis side down in Petri dishes on a trypsin (Grand Island
Biological Co.) solution [0.25 g/100 ml PBS (M. A. Byproducts)] for
l h at 31Â°C,then transferred to room temperature for 2 h.

After trypsinization, the epidermis was scraped from the dermis into
several milliliters of culture medium containing 8% FBS to inhibit
trypsin activity. The epidermal fragments were then minced with scis
sors and slowly stirred at room temperature for 30 min (about 30 ml
total volume). The resultant cell suspension was filtered through nylon
mesh to remove large fragments and then centrifugad at 200 x g for 7
min. The pellet was resuspended in LoCa MEM and 5 ml was layered
over 15 ml of 45% Percoli (Sigma) (maximum 2.0 x IO7 cells/50-ml

tube). This was centrifuged at 450 x g for 15 min to remove debris
(previous experiments indicated that very few viable cells remained
suspended). Cells in the lower half of the Percoli phase were collected,
brought to 50 ml with PBS, and centrifuged at 200 x g for 7 min.

The cells were then resuspended in LoCa MEM, counted with trypan
blue (0.5 mg/ml) (Matheson, Coleman & Bell Manufacturing Chemists,
Norwood, OH) for viability as reflected by dye exclusion, and plated at
1.0 x IO6cells in 3 ml medium/25-cm2 collagen/fibronectin/albumin-
coated [prepared as in (9), but with a MEM-based coating solution]
culture flask. After two days of incubation at 31"C, the cultures were
switched to HiCa MEM and incubated at 37Â°Cfor 1 month with

medium changes (4 ml/flask) twice a week to select for cells resistant
to calcium-induced terminal differentiation. The cultures were then
fixed with neutral buffered formalin (an aqueous solution of 4% form
aldehyde, 4 g/liter monobasic sodium phosphate, and 6.5 g/liter dibasic
sodium phosphate at pH 7.4) and stained with 2 g/100 ml Rhodamine
B (Sigma) in water, after which the foci were counted and sized. Our
previous studies had indicated that although mouse epidermal cells
grew better at 31"C than at 37Â°C(13), calcium selection was not as
effective at 31Â°Cbecause of excessive spontaneous transformation.4

Injection of Cells into Nude Mice. Some of the foci from preliminary
experiments with SENCAR and BALB/c (Frederick Cancer Research
Facility) mice were not fixed but were subcultured, when the flasks
became confluent, with a trypsin-EDTA solution consisting of 0.25 g/
100 ml trypsin (Grand Island Biological Co.) and 0.2 g/100 ml EDTA
(Grand Island Biological Co.) in PBS. Cells from two lines so generated
from mice treated with MNNG plus four TPA treatments were later
injected s.c. at 1.0 x 10* cells/mouse into BALB/c nude mice (Life

Sciences, St. Petersburg, FL) to test for tumorigenicity, with routine
histology of resultant tumors. Mice without tumors were monitored for
at least 3 months.

Statistical Analyses. Appropriate transformations (square root trans
formation for focus counts, logarithmic transformation for focus size)
were used to correct the data to meet the assumptions of analysis of
variance (14). The corrected number of foci per flask was averaged over
all the flasks in each group to give the number of foci per million cells
plated. For sizing of foci, the corrected diameters of all foci in all flasks
of a given group were averaged. The data were reported after undoing
the corrections. To express the data as foci per mouse, the average
number of foci per million cells after undoing was multiplied by the
initial cell yield per mouse (in millions) for each group.

Mean separation subsequent to analysis of variance was done with
the Student-Newman-Keuls procedure. In cases with heterogeneous
variances, Snedecor's approximate test of equality of means was used.

RESULTS

Morphology of Primary Cultures. Epidermal cells from adult
mice continued to proliferate with little terminal differentiation
(6) for several weeks if grown in LoCa MEM at 37Â°C(Fig. IA).

The cells had the distinct cobblestone appearance of epithelial
monolayers without the extensive overlying keratinization char-

D

*

4 D. R. Miller, A. Viaje, and T. J. Slaga, unpublished observations.

Fig. 1. ,1. adult mouse epidermal cells cultured for 6 weeks in LoCa MEM
(phase contrast). The cells retained a basal cell morphology with little terminal
difTerentiation. B, cells from carcinogen-treated mice cultured for 6 weeks in
HiCa MEM (phase contrast). A few senescent cells (S) can be seen next to a
focus of Ca-resistant cells with overlying keratinized debris (KD). C, fixed and
Rhodamine B-stained foci from either MNNG- (M) or MNNG plus TPA-treated
(A/71)cells after 1 month in vitro. Flasks of untreated or TPA-treated cells rarely

had any foci.
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acteristic of terminally differentiating epidermal cells (13). Cul
tures of untreated cells switched to HiCa MEM after 2 days in
vitro and grown at 37Â°Cdeteriorated and eventually died. In

cultures of carcinogen-treated cells, a few cells continued to
proliferate after being switched to HiCa MEM, forming large
foci (Fig. IB) that could be scored after staining with Rhoda-
mine B (Fig. 1C). Cells of these Ca-resistant foci continued to
proliferate as well as differentiate, accumulating the overlying,
squamous keratinization characteristic of keratinizing epider
mal cells in culture (13).

Quantitation of Focus-forming Cells. The epidermis of
MNNG-treated mice contained numerous Ca-resistant cells, as
evidenced by focus production in vitro (Fig. 2). Although the
plating density was too high to justify the use of a term other
than "focus," we assume, since the epidermal cells were dis

persed before plating, that each focus is the result of a single
Ca-resistant cell. The data are expressed as foci per million
cells relative to the MNNG group, since the absolute number
of foci detected varied from one cell preparation to another
(discussed later). Cultures from either control or TPA-treated
mice produced very few foci. The most interesting result here
is that TPA promotion of MNNG-treated mice initially reduced
the number of Ca-resistant cells below what was found with
MNNG alone. As papillomas started to develop in some
MNNG plus TPA-treated mice, Ca-resistant cells accumulated
in the skins of those mice but not in the skins of similarly
treated mice without papillomas. It is possible that this accu
mulation occurred in the papillomas. These differences in focus
production did not appear to be due to differences in plating
efficiency since differences were not apparent (data not shown)
in parallel cultures maintained under nonselective conditions
(in LoCa MEM).

TPA-induced reduction of Ca-resistant cells in the epidermis
of MNNG-treated mice is also apparent if the data are ex
pressed as foci per mouse (Fig. 3). This shows that TPA-induced
hyperplasia was not reducing apparent focus number by merely
diluting out initiated cells with more, normal cells. TPA caused
an actual, early loss of these cells in the epidermis of the mouse

'â€¢MTpaps

45678

Weeks of TPA

Â£?T_CfI
10 10+lw/oTPA

Fig. 2. Focus-forming efficiency (foci per million cells) with 95% confidence
interval, relative to MNNG group. After various times of TPA treatment, cellswere prepared from each group [acetone control (C), TPA only (7"), MNNG only

(M), MNNG plus TPA with (MTpaps) and without (MT) papillomas] and
cultured to detect Ca-resistant cells as evidenced by focus production. Foci in
control and TPA-only treated groups were so infrequent that their statistical
calculations are not shown here (no foci whatsoever were produced at weeks 3, 5,
and 7-9). MNNG plus TPA-treated groups are significantly different from the
MNNG group at the 0.05 (â€¢)level of probability or better. [Actual MNNG-group
means are 2.1, 7.82, 3.95, 10.5, 9.63, 13.4, and 12.6 foci/flask (or million cells),
respectively.]

7 8 9 10 10-Hw/oTPA

Weeks of TPA
Fig. 3. Focus-forming efficiency (foci per mouse) with 95% confidence inter

val, relative to MNNG group. Recalculated data of Fig. 2.

up until papilloma formation. The data are less consistent here,
because the yield of cells varied from preparation to preparation
but had to be taken into account to express the data in this way.
We did not therefore think a complete statistical analysis of
these data would be very informative. The actual number of Ca-
resistant cells per mouse is shown in Table I. The numbers
again fluctuated from experiment to experiment. We have no
reason to assume at this point that this was due to something
other than experimental variation. Overall, the numbers of Ca-
resistant cells without TPA treatment were much greater than
the maximum number of papillomas (about 50) ever produced
on the back of a SENCAR mouse under ideal conditions (our
regimen should have yielded less than five per mouse). With
TPA treatment, there were fewer Ca-resistant cells, but these
cells accumulated with papilloma formation.

Growth Characteristics of Focus-forming Cells. The focus
diameter (Fig. 4) gives an indication of the proliferative ability
of the focus-forming cells. The results are again expressed
relative to the MNNG group because of variation from one cell
preparation to another. Cells from MNNG plus TPA-treated
mice bearing papillomas formed foci that grew more rapidly
than MNNG foci, while foci from MNNG plus TPA-treated
mice without papillomas did not. TPA also caused transient,
statistically significant increases in focus size after 2 and 4
weeks of treatment, indicating an early selection for more
rapidly growing over more slowly growing Ca-resistant cells.
Although our results do not necessarily reflect the growth rates
of these cells in vivo, they do indicate certain absolute differ
ences that exist between TPA-treated and non-TPA-treated
cells.

Some of the flasks with foci from preliminary experiments
were subcultured instead of fixed to allow us to examine the
cells after many further divisions. One epithelial cell line that
arose from BALB/c mice that had received MNNG plus 2
weeks (four treatments) of TPA was not tumorigenic at the
80th population doubling in nude mice. A corresponding line
from SENCAR mice is shown in Fig. 5A. This cell line retained
the differentiated epithelial morphology of cultured epidermal
cells, forming flattened, cornified cells (Fig. SB) over a stratified
in vitro "epithelium" with keratin and desmosomes (Fig. 5C).

This line at the 1Sth population doubling did not form tumors
when injected s.c. into nude mice. Injected at the 102nd dou
bling, however, the line formed macroscopically visible cystic
lesions, one of which is shown in Fig. 5, D and E. Within the
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Table 1 Cells resistant to Ca-induced terminal differentiation in the epidermis of treated mice as evidenced byfocus formation in vitro
Treatment"

Weeks Sample size
ofTPA(flasks)0

28
1 40
2 40
4 40
6 40

101810e

16MNNG

onlyCa-resistant

cells/mouse
(mean)11

195
36.8

140
113
67.413495%

confidence
interval8.1-15

173-218
30.6-43.6
122-161
101-125

57.3-78.4117-152Sample

size
(flasks)39

40
40
4032

27Â»
14*MNNG

plusTPACa-resistant

cells/mouse
(mean)61.7

16
65.1
90.5
60.8

119*
206*95%

confidence
interval51.9-72.3

12-20
53.3-78.1
73.4-109
49.0-73.9
108-130*
180-233*

â€¢For either untreated or TPA-treated cells, the upper limit of the 95% confidence interval was never greater than three Ca-resistant cells/mouse, the mean never
greater than one. For these groups, sample size ranged from 10 to 48 and was most often around 40.

* Data derived from papilloma-bearing mice.
c Repeat of previous time point one week later.

45678

Weeks of TPA
10 10+1 w/o TPA

Fig. 4. Proliferative ability of focus-forming cells, as evidenced by focus
diameter with 95% confidence interval, relative to MNNG group. Numbers in
parentheses refer to number of foci examined in each group. There were so few
control and TPA foci (generally equal to or smaller than MNNG foci) that these
results are not presented. MNNG plus TPA-treated groups significantly different
from the MNNG group at the 0.05 (*) level of probability are indicated. (Actual
MNNG-group means are 5.07, 6.812, 4.76, 5.361, 3.852, 4.961, and 3.23 mm,
respectively.)

cyst were hyperplastic masses of cells, with a well-differentiated,
epithelial structure. As can be seen in Fig. 5D, the epithelial
masses were surrounded by keratin that had accumulated in the
cyst. Local connective tissue formed finger-like stromal projec
tions (Fig. 5, D and E) into the epithelial tumor; however, no
signs of invasion were detected in the surrounding stromal
tissue. The same line injected at the 48th doubling into s.c.
silicone chambers implanted onto preformed granulation tissue
beds in SENCAR mice (15) formed similar noninvasive, exo-
phytic, well-differentiated epithelial tumors.5 These epithelial

structures formed in both nude and SENCAR mice were essen
tially identical histologically to the papillomas produced in
standard two-stage carcinogenesis experiments.

DISCUSSION

No work that has been done so far establishes exactly what
Ca-resistant cells are. Whatever their nature, that they are
specifically produced by carcinogen treatment alone warrants
their further study. As previously mentioned, it has been sug
gested that they are initiated cells. As such, cional expansion

*C. J. Conti, et al., manuscript in preparation.

of these cells /// vivo should result eventually in papilloma
production, a small subset of which would go on to form
squamous cell carcinomas (16). Our data indicate that papil
loma-bearing skin has more of these cells than skin without
papillomas, consistent with the hypothesis that these cells are
initiated cells. Moreover, one cell line that we carried to a high
population doubling eventually did form histolÃ³gica! papillo
mas in vivo. At the same time, that line and another BALB/c
line did not form tumors at a lower population doubling level.
[A more extensive characterization of the in vivo growth prop
erties of such cell lines will appear in a subsequent manuscript.5]

These findings indicate that the early foci that we counted in
vitro, if indeed composed of initiated cells, required further
changes to become tumorigenic. This phenomenon in vivo has
become known as "progression."

Treatment of female SENCAR mice with 2-5 Â¿unolMNNG
followed by 2 Â¿igTPA twice per week never produced more
than three papillomas per mouse.6 In our experiments, we never
found fewer than 11 Ca-resistant cells per mouse at any time
point with MNNG treatment alone. If we assume that Ca-
resistant cells are initiated cells and that there was no cional
expansion in absence of TPA treatment, then there were more
initiated cells than expected based upon the papilloma data.
There are two possible explanations for this: either many of the
Ca-resistant cells do not give rise to papillomas (this is indeed
possible), or a cional expansion of initiated cells had already
occurred prior to our sampling. The latter explanation is indeed
reasonable since there was apparent toxicity at 5 Â¿imolMNNG
in a previous study,6 as evidenced by decreases in papilloma
production and animal survival over a 2-^mol dose. In our
experiments, the lowest yield of Ca-resistant cells was 1 week
after MNNG treatment (Table 1, 0 weeks of TPA). Presumably,
the cional expansion due to MNNG toxicity was still taking
place. This would seem to be in line with other studies in which
MNNG caused an increase in DNA synthesis (after a transient
2-day drop) (17) that did not return to normal until 11 days
after treatment.7

The effect of TPA on MNNG focus production has some
interesting aspects. At all time points prior to papilloma devel
opment, TPA reduced the number of Ca-resistant cells due to
MNNG treatment. Based upon focus size, TPA also preferen
tially decreased the number of the more slowly growing Ca-

6T. J. Slaga, The tumor response in SENCAR mice treated with yv-methyl-
A" niiro A'-nitrobogiunidmc or ethylnitrosourea as initiators, promoters, and

complete carcinogens, manuscript in preparation.
7J. DiGiovanni, University of Texas System Cancer Center, Smithville, TX,

personal communication.
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Fig. 5. Morphology of a cell line arising
from a culture of MNNG plus TPA-treated
cells. . I, low density, epithelial culture at the
86th population doubling (phase contrast). I).
high density culture at the 7th population dou
bling showing overlying, plate-like, cornified
cells (arrows) (phase contrast). C, vertical sec
tion through stratified culture at the 76th pop
ulation doubling (electron micrograph). Des-
mosomes (D) and keratin bundles (A ) can be
seen. D, cross section of noninvasive tumorwith extensive keratinization (A') formed in

nude mice injected s.c. with cells at the 102nd
population doubling (H & E stained). Â£,higher
magnification of tumor showing a hyperplasticepithelium (/:') with keratohyalin granules (ar
rows) and infiltrating connective tissue (("/').
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resistant cells during the early weeks (2-4) of promotion.
MNNG plus TPA-treated mice with papillomas, on the other
hand, produced many more Ca-resistant cells that also grew
much more rapidly. It therefore appears that there was an early
TPA selection against more slowly growing Ca-resistant cells,
but that either this selection was complete by week 6 or was
overshadowed by the putative accumulation of Ca-resistant cells
into the developing papillomas.

If we consider this argument in terms of initiation-promotion
theory, then during early promotion TPA not only selects for
initiated cells over normal cells, but also for more rapidly
growing initiated cells over more slowly growing initiated cells.
The mechanism for this selection may be through TPA toxicity
(18-20), preferentially toward more normal cells (21-23);
whether enhanced terminal differentiation by TPA also plays a
role is unclear (24-27). Following selection, subsequent pro
motion would entail only general effects (e.g., an overall prolif-
erative response to TPA toxicity) with less selective pressure.
Once papillomas have formed, the cellular changes resulting in
papillomatous growth are reflected in culture by an accumula
tion of rapidly proliferating, Ca-resistant cells.

This parallel to the recently described phenomenon of two-

stage promotion (28) is intriguing, to say the least. In two-stage
promotion of initiated mice, only one treatment with TPA is
required for Stage I of promotion, while multiple applications
(Stage II) of other, nonpromoting chemicals such as mezerein
or 12-O-retinoylphorbol-13-acetate (29) can complete the pro
motion process. Neither treatment alone is sufficient. Thus,
repetitive TPA treatment effects two events (one early and one
late) required for promotion. Our findings indicate that the first
event (Stage I) may be a specific selection for more rapidly
proliferating cells. The second event (Stage II) may be a gen
eralized hyperplasia allowing these cells to accumulate.
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