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ABSTRACT

Tumor-promoting or antipromoting agents potentially may act directly
on initiated squamous epithelial cells or indirectly through effects on
normal keratinocytes or immune cells. The purpose of this study was to
examine direct effects by comparing in vitro and in vivo treatment of
initiated cell populations with 12-0-tetradecanoylphorbol-13-acetate
(TPA) or retinoic acid. Keratinocytes were initiated by treatment in vitro
with 7,12-dimethylbenz[a]anthracene. Replicate cultures of a cloned ini
tiated cell line were exposed to TPA or retinoic acid with acetone as
control. After an equivalent number of population doublings, cultured cell
sheets were transplanted as skin grafts to athymic nude mice. Replicate
grafts from each in vitro treatment group were then treated with TPA or
retinoic acid for 8 months. Promotion was quantified by tumor incidence
(graft sites with tumor per total sites) and by tumor growth rate. The
findings were as follows: (a) TPA increased tumor incidence whether it
was applied in vitro or in vivo; (b) TPA in vitro favored more progressive
tumors than TPA in vivo;(c) stages of malignant progression from cloned
keratinocytes treated in vitro were histologically identical to those follow
ing treatment of skin in vivo, including papilloma, dysplastic invasive
papilloma, squamous cell carcinoma, and metastasis to lymph node and
lung; (d) retinoic acid treatment in vivo reduced tumor incidence and
tumor growth rate in initiated cells previously exposed to TPA but not in
cells previously exposed to retinoic acid. The results indicated the follow
ing: (a) direct effects of TPA on initiated keratinocyte populations were
a significant component of tumor promotion; (b) factors in vivo modified
the TPA response toward less progressive growth; and (c) the effect of
retinoic acid was modulated by prior treatment history.

INTRODUCTION

Tumor promotion of mouse skin has been suggested to be a
population phenomenon involving two types of indirect effects
on initiated keratinocytes. One hypothesis is that initiated cells
selectively grow within epidermis due to a reduced sensitivity
to differentiation factors compared to surrounding normal ker
atinocytes (1, 2). Other possibilities are that initiated cells are
the direct or indirect targets of growth factor stimulation (3) or
DNA-damaging oxygen free radicals (4-6). These factors could
be generated in part by immune cells which have migrated into
epidermis in response to tumor promoter treatment. With one
exception (7), studies to date have not detected increases in
carcincogen-induced transformation frequency by TPA treat
ment of keratinocyte cultures (8). Hennings has reported a
mixed culture model for tumor promotion in which papilloma
cell colonies selectively outgrow surrounding normal primary
keratinocytes (9). The absence of normal keratinocytes or im
mune cells in culture are possible explanations for an inability
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to detect tumor promotion in several epithelial cell transfor
mation models in vitro.

This study is an approach to determining whether tumor
promotion of initiated keratinocytes can occur in the absence
of other cells. In contrast to two stage carcinogenesis experi
ments performed entirely in vivo (initiation-promotion proto
cols), the initiation event is designed to be identical in all target
cells. Thus, differences in tumor growth following TPA5 treat

ment should be attributable to promotion rather than to quali
tative or quantitative differences among initiation events. Re
tinoic acid was studied in conjunction with TPA because it has
been reported to inhibit TPA promotion, yet act as a weak
promoter when applied alone after DMBA treatment (10, 11).
The current studies demonstrate that TPA treatment of
DMBA-initiated cells in vitro resulted in increased papilloma

formation in vivo. The results suggest that direct effects of TPA
on initiated cells are a component of tumor promotion.

MATERIALS AND METHODS

Cell Culture. A schematic summarizing the experimental design is
shown in Fig. 1. The BALB/c mouse keratinocyte cell strain 291
exhibits the following properties of normal epidermis and primary
keratinocyte cultures: (a) grafts of cultured 291 cells exhibit a normal
epithelium contiguous with epidermis at the wound margin and do not
produce papi Ilomas in response to TPA (12); (b) 291 cells respond to
extracellular Ca2+ (>0.1 mrn) as a differentiation signal (13); and (c)

they express keratin type 14 and epidermal differentiation-associated
antigens pemphigus vulgaris and keratins type 1 and 10(14, 15).

Cell line 291.09 was isolated from a cell clone following treatment
of strain 291 (PI2) with DMBA as described previously (16). Cells
were maintained in Eagle's minimum essential medium with nonessen-
tial amino acids, 5% fetal bovine serum, 1.4 mM Ca2+, and 1% anti-
biotic-antimycotic (GIBCO, Grand Island, NY). Line 291.09 is desig
nated "initiated" based on the following: (a) the cells exhibit altered
response to extracellular Ca2+ (>0.1 HIM),a phenotypic characteristic
of cells initiated in vitro and in vivo (16-18); (b) derivatives of 291.09
produce papi Ilomas (12); and (c) the tumor yield from these cells is
enhanced by tumor promoter treatment as shown in this report. While
initiation should be equivalent in the cloned target cells, the correspond
ing molecular defect is not known. Studies of tumor derivatives from
three independent initiated clones of line 291 indicated that DMBA
initiation occurred without Ha-ras proto-oncogene mutation.6

Animals. Female athymic nu/nu mice with BALB/c background were
obtained at 4-5 weeks of age from HarÃanSprague Dawley, Indianap

olis, IN.
Tumor Promoter/Antipromoter Treatment. Stock chemicals were pro

tected from light and stored at -70Â°C. TPA (LC Services, Woburn,

MA) was diluted in acetone from a 1 mM dimethyl sulfoxide stock
solution to give a final concentration in culture medium of 1.6 x IO"8

M, i.e., 10 ng/ml). All-fra/is-retinoic acid (Sigma, St. Louis, MO) was
prepared fresh in acetone and added to culture medium at a final

'The abbreviations used are: TPA, 12-0-tetradecanoylphorbol-13-acetate,
DMBA, 7,12-dimethylbenz(nr]anthracene; P, cell passage; PD, population
doublings.

6 B. Schneider. G. T. Bowden, K-A. Han, C. Sutler, J. Schweizer, and M.
Kulesz-Martin. unpublished data.
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Fig. 1. Derivation of initiated cell line 291.09 and treatment history in vitro
and in vivo. A single initiated cell colony was isolated from parental keratinocyte
strain 291 following treatment in vitro with 0.2 Â»JMDMBA for 24 h and selective
growth of carcinogen-altered colonies as reported previously (13). Replicate
cultures were treated in vitro as indicated. Cultured cell sheets from each in vitro
treatment group were grafted to fresh full thickness biopsy sites on athymic nul
nu mice. Animals were divided into three groups and grafts were treated with
TPA or retinoic acid for 8 months, with acetone control, as detailed in "Materials
and Methods." Grafts were observed for 10 months.

concentration of 0.5-1 x 10 " M. [At these concentrations TPA (19)7

and retinoic acid (16) induced morphological changes and modulated
transformation frequencies in DMBA-treated epidermal cells.] Acetone
concentration in culture medium was 0.33% by volume. Drugs were
applied to initiated cell cultures 2-3 times/week for approximately 14
weeks beginning at P 28. PD were calculated for each treatment group
as

In
PD =

/Cell density at harvest \
\lnoculated cell density/

In2

Two separate sublines of acetone-exposed cultures, designated acetone-
1 and acetone-2, provided controls for PD in the 2 treatment groups
(TPA, PD 31-33; retinoic acid, PD 27).

Skin Grafting of Cultured Cells. Skin grafting was done based on our
previous finding that s.c. injection was not optimum for tumor growth
of well-differentiated epidermal cells (12). Briefly, confluent cells were
detached as an intact sheet in 16-mm-diameter plastic Petri dishes by
means of 0.25% Dispase (Boehringer Mannheim, Federal Republic of
Germany). Grafts were kept on ice in serum-free culture medium until
placed by means of forceps onto fresh, full-thickness 6-mm punch
biopsy sites, 2/animal, 40-80 sites/treatment group. Sites were pro
tected with Telfa wound dressing (Kendall Co., Boston, MA) and
wrapped with adhesive tape. Tape was removed after 3-4 days and sites
were healed within 14 days. Eighteen days after grafting, TPA or
retinoic acid (16-17 nmol) in 100 p\ acetone was applied twice weekly
for 8 months. The tumor cell graft success rate using this method is
90-100% as tested previously (12).

Quantification of Tumor Promotion. Tumor size was measured every
1 to 2 weeks using a caliper and tumor mass was calculated as

0.4 (tumor length) x (tumor width)2

(20). Mouse weights were monitored every 2-4 weeks. There was no
indication of differential weight loss in TPA- or retinoic acid-treated
animals compared to controls. Animals with primary tumors were
healthy in appearance and behavior. Animals in which metastasis
occurred were sacrificed promptly. Autopsies were performed at the
termination of the experiment. Skin graft sites, tumors, and internal
organs were preserved in buffered formalin, sectioned in paraffin, and
stained with hematoxylin and eosin. Due to the number of observations,
data entry, manipulation, and retrieval were assisted by use of the
computer database program RBASE for DOS (Microrim, Inc.). All
statistical analyses were done using the x2 (two-tailed) test with Yates

correction.

7 Unpublished data.

RESULTS

Papilloma-like growth was detectable early after grafting in
most cases (between days 29 and 42), yet tumor size ranged
widely at the termination of the experiment (day 320-333). In
order to include the results of all tumor size data points in the
analysis, tumor mass was plotted against time for each of the
570 graft sites. A range of tumor growth patterns accounted
for all sites. Three examples are presented in Fig. 2. Tumors
which grew progressively, i.e., exhibited rapid increase in size
to IO3 mm3 or greater, as shown in Fig. 2, A and B, were
designated "progressive" for statistical comparison with others
designated "nonprogressive." Nonprogressive tumors were sta

ble in size as shown in Fig. 2Cor, in a small number of cases,
increased in size slowly without a lag phase. On several sites
tumors regressed and reappeared one or more times.

The tumor incidence and percentage of progressive tumors
for each treatment group are presented in Table 1. The signifi
cance of differences between treated and controls within each
in vitro treatment group is shown; significance of differences
between in vitro treatment groups is noted in the text.

There was no difference between the two independent control
sublines (acetone-1 and acetone-2) for any of the in vivo treat
ments (Groups 1 versus 4, 2 versus 5, or 3 versus 6). In the
absence of tumor promoter treatment initiated cells produced
papillomas in about half of the graft sites (Groups 1 and 4).
Because the cells were not initially tumorigenic following
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Fig. 2. Tumor growth cunes. Tumor mass versus time was plotted for each of
the 570 individual graft sites. The three examples shown are representative of
sites with tumors: I 11rapid increase in tumor mass without a lag phase: (B) a lag
phase of stable tumor size for 40 to 200 days followed by rapid increase in tumor
mass; and (C) stable tumor size, generally not exceeding IO2mm' for the duration

of the experiment.
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Table I Incidence and progressive growth of tumors
The significance of differences between groups was analyzed by means of the

x2 test (two-tailed) with Yates correction. Within each in vitro treatment group,

groups of grafts exposed to TPA or retinoic acid in vivowere compared to control.
Calculations were done on raw data according to site; percentages are shown to
facilitate comparison. Significant differences are designated as follows: *.!'â€¢'
0.05; **, P < 0.01; ***, P < 0.001. (*) indicates borderline significance where P
< 0.055.

TreatmentNo.123456789101112In

vitroAcetone-

1Acetone-
1Acetone-
1Acetone-2Acetone-2Acetone-2RET.A.RET.A.RET.A.TPATPATPAIn

vivoAcetoneRET.A.'TPAAcetoneRET.A.TPAAcetoneRET.A.TPAAcetoneRET.A.TPAGraft
sites
(Â«)404040404040808050404040Tumor

incidence
(% ofsites)484583"585380(*)515182*"7545*75No.

oftumors"Prog.84121210822231723816Nonprog.91218g112298193810Progressive

tumors
(%of

tumors)*472540604827*7174478850*62(*)

" Prog., progressive tumors as shown in Fig. 2, A and B; Nonprog.. nonpro

gressive tumors as shown in Fig. 1C.
* Percentage of tumors Ã©valuableby growth curve. Note that tumors removed

early for histology were not evaluated as progressive or nonprogressive but were
included in tumor incidence data (5 to 8% of sites in most groups; range, 0 to
12%.)

c RET.A., retinoic acid.

DM BA treatment (12, 16) culture alone appeared to be suffi
cient for papilloma formation.

As indicated by tumor incidence, TPA had a significant
promoting effect whether initiated cells were treated in vivo or
in vitro (Table 1: Groups 1 versus 3 and 1 versus 10, P< 0.05,
respectively). In addition, tumor incidence was equivalent in
grafts treated with TPA in vivo regardless of prior in vitro
treatment (75-83% of the graft sites in Groups 3, 6, 9, and 12).
TPA in vivo did not increase further the tumor incidence in
cells treated with TPA in vitro, suggesting that TPA in vitro
had already exerted maximal effects.

In contrast, TPA treatment in vitro and in vivo were not
equivalent according to progressive tumor growth. While tumor
incidence was the same, there were twice as many progressive
tumors in initiated cells treated with TPA in vitro compared to
in vivo (Group 3 versus Group 10, P< 0.001). In addition, there
was a tendency within every in vitro treatment group toward
fewer progressive tumors with TPA in vivo compared to control,
with a significant difference in two cases (Groups 4 versus 6
and 10 versus 12). Thus TPA treatment in vivo favored nonpro
gressive tumor growth; i.e., TPA-dependent tumors tended to
be nonprogressive.

Retinoic acid significantly reduced tumor incidence and pro
gressive growth of TPA-treated initiated cells (Group 10 versus
Group 11). This supports previous studies of retinoic acid and
TPA treatment in vivo (11). The antipromoting effect of retinoic
acid was evident even though retinoic acid treatment began 3
weeks after the last TPA treatment. This suggests that retinoic
acid acted as an antipromoter without direct interaction with
TPA or antagonism to its short-term effects in vivo. Rather, it
suggests that retinoic acid suppresses or reverses the effects of
heritable changes induced by TPA in initiated cell populations.

In contrast to its effects on initiated cells exposed to TPA,
retinoic acid treatment in vivo did not reduce tumor incidence
in cells exposed to acetone or retinoic acid in vitro (Groups 1

versus 2, 4 versus 5, and 7 versus 8). There was a tendency
toward inhibition of progressive growth by retinoic acid in cells
previously exposed to acetone but not in cells previously ex
posed to retinoic acid.

There was no evidence according to tumor incidence for the
weak promoting effect of retinoic acid in the absence of TPA
reported previously (10, 11). However, there was a tendency
toward more progressive tumor growth in cells treated with
retinoic acid in vitro (Groups 1,2,4, and 5 versus 1 and Groups
2 versus 8, P < 0.01, 5 versus 8, P = 0.10, and 11 versus 8, P =
0.18). This effect was suppressible by TPA treatment in vivo
but not by retinoic acid treatment in vivo.

Compared to a normal skin graft (Fig. 3A), tumors harvested
early after grafting (between days 32 and 39, 5 animals///Â»vitro
treatment group) were typical papillomas (Fig. 3Ã„)with the
exception of 4 which showed dysplasia or microinvasion (Fig.
3C). In 15 cases, papillomas detectable grossly on days 29
through 42 were verified histologically as typical papillomas at
the termination of the experiment on days 320 through 333.
This supports gross observations that all tumors were initially
benign. Of 121 animals with carcinomas at the primary site
verified by histology, mÃ©tastaseswere found in 50 animals
(41 %). The carcinomas included well-differentiated, moderately
differentiated and poorly differentiated histolÃ³gica! types as
shown in Fig. 3, D-F. MÃ©tastaseswere localized almost exclu

sively to regional lymph nodes (axillary and inguinal) and/or
lungs (Fig. 3, G, H). The impression from multiple primary
tumors was that reduction in the degree of histological differ
entiation was sequential. Metastasis occurred in 10% (n â€”31),
47% (n = 55) and 60% (n = 35) of animals with well-, moder
ately, and poorly differentiated squamous cell carcinomas as
primary tumors, respectively. Rates of metastasis for animals
with histologically verified primary carcinomas within each of
Groups 1 through 12 (see Table 1) were as follows: acetone-1,
20% (n = 5), 33% (n = 6), 27% (n = 15); acetone-2, 44% (n =
9), 29% (n = 7), 43% (n = 7); retinoic acid, 50% (n = 12), 65%
(n = n), 44% (/, = 9); and TPA, 43% (n = 7), 20% (Â«= 4),
56% (n = 9). Metastasis tended to be decreased by retinoic acid
in vivo in cells treated with TPA in vitro (Group 11) and elevated
in cells treated with retinoic acid in vitro and in vivo (Group 8),
consistent with progressive growth as presented in Table 1.
However, these differences were not statistically significant.

DISCUSSION

Direct effects of the tumor promoter TPA or the antiprom
oter retinoic acid on initiated cells were examined using cloned
cultured cells. Treatment of cells in vitro was done to avoid
indirect influences present in vivo such as normal keratinocytes
or immune cells recruited to epidermis as part of a TPA-induced
inflammatory response. Skin grafting of initiated cells to mice
permitted comparison of in vivo and in vitro responses to TPA
and retinoic acid.

TPA applied to initiated cells in vitro significantly increased
tumor incidence over controls, comparable to TPA applied in
vivo, indicating that TPA could promote through direct effects
on initiated cell populations. TPA was not required for tumor
formation, however, since papillomas were produced in approx
imately one-half of the graft sites without TPA treatment. This
is consistent with the previous finding that a derivative of
initiated cell line 291.09 produced papillomas after equivalent
passage (P42) ( 12) and suggests that TPA accelerated a process
which could occur during culture without TPA. This process
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Fig. 3. Histology of graft sites and tumors. Hematoxylin-eosin-stained sections of graft sites or internal organs with tumor mÃ©tastases.(A) Reepithclialization of
graft site 12 days after transplantation of cultured cells of normal strain 291; secondary structures (sebaceous glands, hair follicles) are absent, as expected for a
transplant site. (II) Papilloma; the epithelial cells of the tumors converged with the surrounding host epidermis similarly to an endogenous tumor. (C) Dysplasia and
local invasion at the internal surface of a papilloma. (O) Well differentiated squamous cell carcinoma. (Â£)Moderately differentiated squamous cell carcinoma. (F)
Poorly differentiated squamous cell carcinoma. (G) Lymph node bearing poorly differentiated metastasis with central keratinization. (//) Lung with micrometastases.
Bars: 10 JIMin A, C, D, E, F; 50 Â¿IMin B, G, H.

may be analogous to promotion in vivo by wounding (21).
TPA treatment in vitro resulted in more progressive tumors

than TPA treatment in vivo. The progressive effect was herita
ble, since it was expressed after transplantation of cells in vivo
weeks after the last TPA treatment in vitro. Progressive effects
of early TPA treatments also were found during two stage
carcinogenesis in vivo in that initial TPA treatments of initiated
skin yield papillomas with a high rate of conversion, while
subsequent treatments yield predominantly benign tumors (22).
However, different effects of in vitro and in vivo treatment by

TPA may be mediated by a component in vivo such as immune
cells (23) or factors which may be produced by keratinocytes
themselves, such as transforming growth factor ÃŸ(24), and to
which papilloma cells may remain responsive (25).

The heterogeneity of histolÃ³gica! phenotype and tumor
growth rates observed appears to be characteristic of multistep
carcinogenesis in epidermal cells, not an aberration of cell
culture or an accumulation of irrelevant spontaneous muta
tions. First, no significant differences were detectable between
two independent control groups (matched to treatment groups
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according to total population doublings between initiation and
grafting). Second, our results are consistent with those from
two stage protocols performed entirely in vivo, particularly with
regard to histological types and sites of metastasis, promotion
by TPA, and antagonism of TPA promotion by retinoic acid.
Third, heterogeneity of phenotype from an equivalent initiation
event(s) is consistent with recent transgenic mouse experiments.
Several laboratories (26, 27)8 have shown that, in transgenic
mice carrying an activated Ha-ras oncogene (and thus the same
initiation defect in all epidermal cells), hyperplasia and papil-

loma formation are not uniform and are stimulated by TPA,
mechanical stimulation (rubbing), or wounding.

The current study does not determine the mechanism(s)
responsible for the observed heterogeneity of progression. How
ever, certain possibilities can be tested readily in this model
because cells are cryopreserved at intermediate stages of pro
moter treatment and stored tissue represents various stages of
histological progression. On the one hand, altered differentia
tion in response to TPA or retinoic acid is a potential epigenetic
mechanism whereby a cohort of papilloma cells could express
phenotypic changes without irreversible defects in a stem cell
population (28). TPA induces a differentiation-associated phe
notype in mouse (29) and human keratinocytes (30, 31) as well
as in cloned initiated keratinocytes, prompting us to suggest
previously that TPA may promote through direct effects on
initiated cell populations (19).

On the other hand, phenotypic changes due to structural
genetic defects are expected to occur focally within a papilloma,
followed by cell selection (32). Trisomy of chromosome 7 (33)
and loss of the normal c-Ha-ras alÃele(34) are associated with
progression of papillomas induced by two-stage protocols in
vivo. In this regard, Boukamp et al. (35) associated an increased
expression of mutated c-Ha-ras with rapid growth of papillomas

but not malignancy. While the reversibility of the effects of
TPA appears to favor an epigenetic mechanism, certain effects
of mutation may also be reversible. For example, Harper et al.
(36) reported suppression of expression of an activated Ha-ras
gene in the differentiated layers of a papilloma as detected by
in situ hybridization.

While no underlying structural genetic defect has been estab
lished, there are changes in expression of certain genes associ
ated with progression in epidermal cells. Aberrant expression
of keratin type 13 (a differentiation-associated keratin of inter
nal surface epithelia) occurs in papillomas along with a decline
in expression of keratin type 1 (a differentiation-associated
keratin of epidermis) (37,38). In the cloned keratinocyte model,
changes in the kinetics of induction of Kl in response to
extracellular Ca2+ or aberrant expression of K13 ( 15) have been
detected in carcinomas, in association with loss of Ca2+-regu-
lated expression of VL30 (an endogenous retrovirus-like se
quence associated with normal epidermal cell differentiation)
(39) and abnormal steady-state levels of putative tumor sup
pressor p53 RNA and protein (40).

On the one hand, retinoic acid acted as an antipromoter in
initiated cells previously exposed to TPA, consistent with its
effects on papillomas induced by two stage protocols or high
dose DMBA in vivo (11, 41). On the other hand, there was a
tendency toward a weak promoting effect of retinoic acid ap
plied in vitro consistent with previous in vivo studies (10, 11).
This effect was detectable by progressive growth but not by
tumor incidence. The progressive effect of retinoic acid was

* D. Roop, personal communication.

reversible by TPA but not by retinoic acid. Further study of the
effect of retinoic acid on cells produced from various initiation
and promotion protocols may be important in view of topical
retinoic acid use in healthy individuals as a wrinkle preventative.

In summary, TPA increased tumor incidence equally well
whether applied to isolated initiated cells in vitro or to grafts of
these cells in vivo, indicating that direct effects of TPA on
initiated keratinocytes were a significant component of tumor
promotion. Retinoic acid reversed increases in tumor incidence
and progressive growth by TPA but had no effect on cells
previously exposed to retinoic acid. Genetic analysis of the
tumor samples may indicate whether tumor progression in the
current study was associated with focal or global changes within
papillomas and which defects may be responsible for the his
tological stages of tumor progression.
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