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ABSTRACT

The role of apoptosis in the pathogenesis of skin cancer was analyzed in
mice bearing a Bcl-x, transgene expressed under the control of the keratin

14 promoter. No spontaneous tumors developed in the skin of these
transgenic mice. ltil-\, transgenics also failed to develop skin lesions
following treatment with the chemical mutagen 9,10-dimethyl-l,2-benz-
anthracene, or the tumor promoter O-tetradecanoylphorbol-13-acetate.
However, Bcl-x, transgenics developed a two-fold greater number of

benign papillomas than control littermates following treatment with the
combination of 9,10-dimethyl-l,2-benzanthracene and 0-tetradecanoyl-
phorbol-13-acetate. More significantly. Bcl-x, transgenic mice developed
invasive squamous cell carcinoma earlier and more frequently than wild-

type controls in response to the chemical agents. These data suggest that
Bcl-x, cannot functionally substitute for a mutagenic initiator or mito-
genie promoter in tumorigenesis. In contrast, Bcl-x, ovcrexpression can

dramatically increase the malignant conversion rate of benign tumors,
suggesting that inhibition nf apoptosis can contribute to tumor progres
sion.

INTRODUCTION

Carcinogenesis is a multistep process that involves the sequential
acquisition of genetic lesions within a cell (1, 2). These lesions alter
the growth characteristics of the cell, leading to clonal expansion and
ultimately to dissemination of fully transformed cell progeny (3).
Many genes implicated in the pathogenesis of cancer encode regula
tors of cell cycle progression (4). Mutations that permit deregulated
proliferation fall into two general classes. One class involves the
activation of proto-oncogenes. In most instances, the action of this

class of genes is to promote cell proliferation. The other class of
mutations involves the inactivation or loss of tumor suppressor genes,
in most instances resulting in a loss of cell cycle checkpoint control.
Overexpression of a proto-oncogene in transgenic mice (e.g. c-Juti,
c-m\c, and Ha-ra.v) does not typically result in spontaneous tumori
genesis (5-9). In contrast, homozygous inactivation of a tumor sup

pressor gene (p53 and pl6) has been found to result in animals that are
prone to develop spontaneous tumors in vivo (10, 11).

One explanation for this dichotomy is provided by in vitro viability
assays on cells derived from these animals. Cells that overexpress a
proto-oncogene such as c-myc demonstrate an increase in prolifera

tion. However, in most cases, this increased proliferation is offset by
a commensurate increase in apoptotic death (12, 13). In contrast,
fibroblasts lacking the tumor suppressor genes p53 or piÃ³ demon
strate increased resistance to PCD,3 consistent with the idea that tumor

suppressor proteins both inhibit proliferation and promote apoptosis
(13-15).

Received 1/9/98; accepted 3/18/98.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1 Supported by NIH Research Supplement for Underrepresented Minorities
POIAI35294 (lo J. C. P.). NIH Grant CAI 1921-02 (to C. B. T.), and by the American
Society of Clinical Oncology Young Investigator Award (to C. M. R.).

2 To whom requests for reprints should be addressed, at Gwen Knapp Center for Lupus

and Immunology Research. University of Chicago. 924 East 57th Street, Room R4I3A.
Chicago, IL 60637.

'The abbreviations used are: PCD. programmed cell death: DMBA. 9.10-dimelhyl-
1,2-benzanthracene: TPA. O-tetradecanoylphorboi-13-acetate.

Many potential carcinogens have been studied by rodent skin
exposure (16, 17). These studies have led to the generation of a basic
model of tumorigenesis in which chemical carcinogens are classified
into two distinct groups based on their putative mechanisms of action.
One group consists of genotoxic substances that act as tumor initia
tors, whereas the other consists of compounds that are not directly
mutagenic but can promote or drive the expansion of initiated cells.
Some chemical agents function both as initiators and promoters and
are known as complete carcinogens (18). These observations have led
to a two-stage model of chemical carcinogenesis (19). Sequential

exposure to first an initiator followed by a promoter can lead to the
clonal outgrowth of benign papillomas. a fraction of which often
progress to invasive squamous cell carcinoma (20).

Initiation can be viewed as a mutagenic event that increases the
cellular responsiveness to proliferative stimuli. Even in the absence of
an exogenous mutagen, there can be a surprisingly high rate of
ongoing intrinsic mutation in mammalian cells, primarily by DNA
adduci formation, as a result of endogenously produced oxidunts.
Ames and colleagues (21, 22) have estimated that a typical cell may
contain 47,000 oxidative adducts of 8-methyl-deoxyguanosine alone.

1 of about 20 measurable DNA adducts. Skin cells in particular may
be at an even higher risk for undergoing mutagenic initiating events
because of the DNA-damaging effects of UV radiation. Despite the
high-level exposure to both endogenous and exogenous mutagens. the

frequency of mutations resulting in significant clonal expansion in the
skin is low. This has led to the suggestion that mutations activating a
proto-oncogene also result in alterations in growth control, inducing

PCD. By eliminating cells demonstrating aberrant growth control,
apoptosis provides a mechanism to guard against the accumulation of
potentially harmful cells. A prediction of such a model is that if PCD
were inhibited, acquisition of oncogene-activating mutations alone

might be sufficient to promote the development of malignant growth.
Tumor promoters are thought to be required to drive the expansion

of an initiated clone (23, 24). Such proliferation is associated with the
outgrowth of cells that display loss of heterozygosity at tumor sup
pressor gene loci. Two-stage chemical carcinogenesis protocols for

the skin use phorbol esters or other mitogenic agents to promote
clonal expansion of an initiated cell. The resultant expansion typically
culminates in a benign, noninvasive tumor. The size of such a benign
tumor ultimately is limited by factors that include the vascular supply
of oxygen and nutrients, tissue boundaries, and terminal differentia
tion programs. Several reports have indicated that initiated tumor cells
have increased sensitivity to environmental stresses such as hypoxia
or metabolic substrate deficiencies. These factors promote PCD and
limit the size of the resulting papillomas.

Most animals whose skin is treated sequentially with a tumor
initiator, such as DMBA, and a tumor promoter, such as TPA, develop
papillomas. However, after withdrawal of these agents, most of these
benign lesions either regress or remain stable (25. 26). This phenom
enon has allowed the delineation of a third stage of carcinogenesis,
termed progression, which is critical to the evolution of a fully
malignant phenotype in vivo. Tumor invasion and metastasis appear to
involve the acquisition of additional genetic alterations that permit the
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growth and expansion of cells within a nonphysiological microenvi-

ronment (27).
The relevance of PCD control in the development of epithelial

malignancies has not been established. To evaluate the role of apop-

totic inhibition in all phases of carcinogenesis, transgenic mice have
been generated that overexpress Bcl-x, in the epidermis under the
control of the K14 promoter. We used a well-defined, two-stage
carcinogenesis protocol to evaluate the ability of the Bcl-x, apoptotic

inhibitor to replace either a mutagenic initiator or mitogenic promoter
in papilloma formation in the skin. We then used the same system to
evaluate the ability of an apoptotic inhibitor to facilitate tumor pro
gression to malignant squamous cell carcinoma.

MATERIALS AND METHODS

Mice. The K14-Bcl-x, transgene vector and the generation of K14-Bcl-x,

trunsgenic mice have been described previously (28, 29). Mice were screened
by PCR using primers to the Bcl-x, cDNA. The CD1 mice used for the tumor

induction experiments were at least 6 to 7 weeks of age. Littermate controls
were utilized in each experiment to reduce the possibility of genetic bias.

Chemicals. DMBA and TPA were purchased from Sigma Chemical Co
(St. Louis. MO). DMBA and TPA were dissolved in reagent grade acetone
(Fischer Scientific. Pittsburgh, PA).

Chemical Treatment. An area ~ 1.5 X 2.5 cm was shaved on the right and

left dorsal flanks of the mice. Four days after shaving, animals were started on
the following treatment protocols. For the Bcl-x, promotion experiment. 50 ^.g

of DMBA in I(X) fil of acetone were applied to the shaved dorsal skin on the
left side. An equivalent volume of acetone was applied on the shaved right side
as a control. For the initiation experiments. 10 nmol of TPA in HX) Â¿Â¿Iof
acetone was administered twice weekly for at least 16 weeks on the left dorsal
flank of the mice. Acetone was provided on the right dorsal flank over the same
time period as a control. For the combined chemical protocol. 50 Â¿igof DMBA
was applied on the left dorsal flank, followed 7 days later by 10 nmol of TPA
applied twice weekly for 16 weeks. As a control, the right side was treated only
with TPA. The mice were shaved once every 2 weeks after initiation. Once
tumors developed, mice were monitored by weight and for activity. If animals
became moribund due to tumor burden, they were sacrificed, and the skins
were fixed and examined by H&E staining. For the short-term keratinocyte

response to DMBA. the mice were treated with HX) ng of DMBA and
sacrificed 24 or 48 h after treatment. The skin was fixed, and sections were
prepared for histopathology.

Histology. Skin and tumors removed from mice that had been treated with
DMBA. TPA. or both were fixed in 10% neutral buffered formalin and
embedded in paraffin. Sections were stained with H&E.

RESULTS

Bcl-x, Transgenic Mice Do Not Develop Skin Tumors Sponta
neously. Animals in which a Bcl-x, transgene was selectively ex

pressed within the skin under the control of the keratin 14 promoter
have been described previously (29). The Bcl-x, transgene is ex-

Tublc I The difference in papitloma formation with initiation alone or promotion
alone ax compared with initiation and promotion in combination is statistically

significant with P < 0.0001 as determined hy x~ analysis

TPA DMBA DMBAHTA

Wild-type
Bcl-x,. Tg0/8 0/100/10 0/1020/20 20/20

pressed throughout the epidermis and prevents apoptosis induced by
UV-B irradiation yet does not appear to affect normal keratinocyte

differentiation. No spontaneous epidermal tumors have been observed
in over 3(X) Bcl-x, transgenic mice monitored over a 3-year period.
Thus, Bcl-x, overexpression does not appear to predispose the skin to

the spontaneous generation of tumors of epidermal origin.
Because Bcl-x, does not appear to function as a complete carcin

ogen, we next sought to determine whether Bcl-x, could function
either as an initiator or promoter as defined by the two-stage chemical

carcinogenesis model. To examine these possibilities, the skin of
Bcl-x, transgenic and wild-type mice was treated with either DMBA.

TPA. or both. DMBA is a polycyclic aromatic hydrocarbon that reacts
with adenine residues and results in an A to T transversion (30). TPA
is classically considered a tumor promoter because it acts as a mitogen
to induce the clonal expansion of initiated cells without directly
affecting genomic integrity. The combination of these two agents has
been studied extensively as a model of two-stage carcinogenesis.

Bcl-x, Fails to Function as an Initiator. To determine whether a
constitutively expressed Bcl-x, transgene could functionally replace
an exogenously applied initiator, the left dorsal flanks of wild-type
and K14-Bcl-x, mice at 6-8 weeks of age were treated with 10 nmol

of TPA twice weekly for >4 months in the absence of initiation.
Observation of treated mice up to 12 months demonstrated that TPA
treatment failed to elicit a tumorigenic response in either group, as
determined by both gross and histological examination of the skin
(Fig. \A and Table 1). As a control, both DMBA and TPA were
provided on the right dorsal Hanks of animals from both transgenic
and control groups. In agreement with previous studies, papillomas
became evident on the right flanks approximately 6 weeks after
starting DMBA and TPA on all animals tested (Fig. 1C and Table 1,
Refs. 31 and 32).

Bcl-X[ Does Not Substitute for a Tumor Promoter. Previous

studies have suggested that antiapoptotic proteins may serve in con
junction with oncogene products to promote tumor formation (33).
This suggests that the Bcl-x, transgene might promote tumorigenesis

if combined with a chemical mutagen such as DMBA. To test this
possibility, wild-type and K14-Bcl-x, mice 6 â€”¿�8 weeks of age were

given a single initiating dose of DMBA and were then observed for at
least 12 months. Previous work has shown that a single, similar dose
can give rise to papillomas on certain strains of highly susceptible
mice. However, 12-18 months after chemical application, no observ-

A. B. C.

Fig. 1. The presence of a Bcl-x, Iransgene does not result in the development of papillomas or carcinomas in animals treated with either DMBA or TPA alone. A. representative
epidermal section from KM-Bcl-x, transgenic mice after treatment with TPA alone, twice weekly for a period of 1C)months. H. epidermis of a KI4-Bcl-x, transgenic mouse 10 months
after DMBA application. C'. K14-Bcl-x, transgenic murine skin displaying papilloma formation after combined DMBA and TPA application 8 weeks after initiation.
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Fig. 2. Bcl-x, overexpression is able io inhibit the apoptotic response to a chemical
mulagen. The shaved epidermis of wild-type or KI4-Bcl-x, transgenic mouse skin was
treated with I(K)/ig DMBA or acetone. After 24 h, the mice were sacrificed, and apoptotic
cells were identified histologically. At least three mice per data point and three sections
per mouse were analyzed. Burs. SE.

able lesions arose in either group of mice (Fig. \B and Table 1).
Microscopic examination of at least six representative sections per
mouse revealed no histological abnormalities in the mutagen-exposed

skin of these mice. Again as a control, DMBA at the equivalent dose
followed by biweekly TPA administration to the dorsal skin of these
mice consistently generated papillomas beginning approximately 5
weeks after DMBA treatment (Table 1).

Bcl-x, Can Inhibit Mutagen-induced Cell Death. One explana
tion for the failure of Bcl-xL to function as an initiator or promoter

might be an inability to protect potential precursor cells from death
induced by ongoing mutagenesis. DMBA treatment is known to cause
cell death in keratinocytes. To verify that the Bcl-xt transgene could

inhibit PCD in response to DMBA treatment, DMBA was applied to
the shaved dorsal skin of wild-type and K14-Bcl-x, transgenic mice.

After 24 h, histological examination of the treated skin was performed
(Fig. 2). In wild-type animals, many keratinocytes were observed to

have the morphological characteristics of sunburn (apoptotic) cells:
dark pyknotic nuclei, diffuse cytoplasmic staining, and the loss of
cell-cell contacts (34). In contrast, K14-Bcl-xL transgenic epidermis

had a marked reduction in the number of apoptotic cells in the treated
skin. Similarly, examination at 48 h did not reveal any significant
level of apoptosis in K14-Bcl-xL transgenic epidermis (data not

shown).
Bcl-x, Increases Tumor Incidence in Mice Treated with Both

an Initiator and Promoter. Control and transgenic mice were
treated with both DMBA and TPA and monitored for the development
of papillomas and carcinomas. Papillomas appeared within a similar
time period (~5 weeks after initiation) on the treated skin of both
wild-type and K14-Bcl-xL mice. However, the number of papillomas
arising during this initial period of TPA exposure on K14-Bcl-x,
transgenic mice was approximately twice that of the wild-type control
mice. The increased frequency of papilloma formation on K14-Bcl-x,
transgenic mice was sustained throughout the entire 16-week course

of TPA treatment (Fig. 3). Despite the increased number of papillo
mas, tumor size did not vary significantly in wild-type and K14-
Bcl-xL transgenic mice during the course of TPA treatment. The gross
appearance of the early stage nodules as well as the more advanced
benign papillomas was similar in wild-type and K14-Bcl-X[ trans

genic skin. Histological examination of these papillomas from both
wild-type and K14-Bcl-xL mice demonstrated intact basement mem
branes despite numerous invaginations of the dermis by the papillom-
atous growths. Tumors from both groups of mice displayed hyper-

keratosis, indicating that keratinization of the skin was not abrogated.
Thus. Bcl-xL overexpression did not appear to alter the timing or

morphological characteristics of benign tumor growth but was able to
increase the number of observable papillomas induced by the com
bined treatment with DMBA and TPA.

Bcl-x, Overexpression Results in Enhanced Malignant Conver-
D Wildtype sion of Benign Papillomas. Wild-type and Bcl-x, transgenic mice

treated with DMBA and TPA were also monitored for the develop-
~XL 9 ment Of invasive squamous cell carcinoma. Lesions demonstrating

malignant features were noted in the skin of transgenic animals
starting 5-6 months after initiation. Characteristic features of these

lesions included central ulcÃ©rationand the absence of hyperkcratosis,
presumably resulting from a loss of the epidermal differentiation
program and an elevation of surrounding skin attributable to tumor
invasion below the epidermis. In all cases, malignant conversion was
confirmed by microscopic analysis of histological sections. For com
parison, tumors from wild-type mice at similar timepoints were ana
lyzed. In contrast to the benign papillomas observed on the wild-type
mice, the malignant lesions on the BC!-X! transgenic animals were

characterized by invasion through the basement membrane into the
dermis and underlying muscular layers and a lack of differentiation
(Fig. 4).

Approximately 55% of the K14-Bcl-x, mice developed squamous

cell carcinoma within 7 months of treatment with DMBA (Fig. 5). In
contrast, no wild-type mice had evident carcinomas at 7 months. At 9
months after DMBA exposure, 17% of the wild-type mice had devel
oped squamous cell carcinoma compared with ~70% of the K14-

Bcl-xL transgenic mice (Fig. 5 and Table 2). In 22% of the wild-type

mice, the benign papillomas completely regressed, and the dorsal skin
of the mouse returned to a histologically normal epidermis (Table 2).
None of the K14-Bcl-xL transgenic mice displayed complete papil
loma regression. Invasive carcinomas in the K14-Bcl-xL transgenic
mice were significantly more advanced than carcinomas in wild-type

mice at a given time after initiation as determined by size and depth
of penetration into the dermis. Multiple lung mÃ©tastaseswere found in
one of the K14-Bcl-X[ transgenic mice, whereas no metastatic tumors
were observed in any of the wild-type mice.

-Dâ€” Wildtype

O Bcl-xLTg

Time in weeks
Fig. ÃŒ.Bcl-xL is able to act synergistically with DMBA and TPA to increase the

papilloma yield. Wild-type or KI4-Bcl-x, transgenic mice were treated with M) ^tg of
DMBA. followed by 16 weeks of promotion with 10 nmol of TPA. twice weekly.
Papillomas were counted bi-weekly during the TPA treatment interval. The 5- and
16-week limepoints represent the initial time of tumor appearance and the cessation of
TPA treatment, respectively. At least 15 mice/group were analy/ed. The results presented
are representative of three independent experiments.
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A. C.

B. D.

Fig. 4. Histology of DMBA/TPA generated tumors on the dorsal skin of wild-type KI4-Bcl-xL transgenic mice. Transgenic mice that displayed a transformed phenotype were
sacrificed, and tumors were sectioned and stained with H&E. For comparison, lesions from u wild-type mouse were also examined. A, a wild-type tumor â€”¿�2months after completion

of TPA treatment (6 months after initiation). Despite extensive invaginations of the epidermis into dermal tissue, a basement membrane remains clearly demarcated. This section is
representali ve of all tumor masses on wild-type mice examined from 6-9 months after DMBA treatment. K and C histology of tumors from two independent KI4-Bcl-X[ mice 6 months
after initiation. Normal differentiating epithelium is present adjacent to invasive carcinoma; note the absence of stratum corneum. D. malignant keratinocytes from a K14-Bcl-xÂ¡

transgenic mouse invading the muscle layer beneath the dermis.

DISCUSSION
To analyze the potential roles of apoptotic inhibition in tumorigen-

esis, transgenic mice that overexpress Bcl-xL within the epidermis
were evaluated using a two-stage chemical carcinogenesis protocol.
Observation of the Bcl-xL transgenic mice demonstrated that en

hanced cell survival did not lead to the spontaneous formation of skin
tumors. Bcl-xL overexpression also was not able to functionally

replace the initiating or promoting agent in this model system, despite
inhibiting PCD induced by an exogenously applied mutagen. How
ever, Bcl-Xj did increase the number of macroscopic benign tumors

generated by sequential exposure to DMBA and TPA. Furthermore,
Bcl-xL significantly augmented the malignant conversion of benign

tumors to invasive squamous cell carcinoma.
Mammalian cells are normally subjected to a large number of

endogenously generated DNA adducts that may contribute to mu-

tagenesis in replicating cells (35). Previous studies have suggested
that the rate of genomic repair is not sufficient to eliminate all
newly generated lesions in proliferating cells such as basal kera
tinocytes (36-38). In spite of this deficiency, the rate of sponta

neous tumor formation in the skin is remarkably low. It has been
postulated that PCD constitutes a primary mechanism to eliminate
genetically altered cells (39). Here we demonstrate that apoptotic
inhibition by Bcl-xL overexpression in the skin can dramatically

increase survival of basal keratinocytes exposed to a potent muta

gen. Despite the potentially high endogenous mutation rate com
bined with the inhibition of mutagen-induced PCD. treatment of
K14-Bcl-xL transgenic mice with the mitogenic promoter TPA did

not result in hyperplastic growth.

ro

O

O
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u
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o

Wildtype

Bcl-X|_ Tg

20-

Months post initiation

Fig. 5. Malignan! conversion occurs in the skin of K14-Bcl-x, transgenic mice more
rapidly and al significantly higher frequency than in wild-type mice. After TPA treatment
was stopped, mice were examined twice weekly to determine potential malignant con
version. Mice that contained tumors displaying features described for squamous cell
carcinoma (see text) were sacrificed, and progression was confirmed hisiologically.
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Table 2 The difference in carcinoma development between Bcl-xt transgenic ami wild-
type mice is statistically significant with P < 0.01 tix determined by ^ analysis

Lnd points tor the experiment were cither the development of a carcinoma or the tumor
status on the dorsal skin of treated mice 10 months after DMBA initiation, 6 months after
TPA. The data presented are from a single experiment, representative of two independent
experiments.

TumorstageRegressed

Benign
Malignan!
TotalWild-type3

(22%)
9(64%)
2(14%)

14Bcl-x,.

Tg0(0%)

5(31%)
11(69%)
16

Analysis of olher skin transgenic lines has revealed that some gene
products, when overexpressed, could substitute for a mutagenic initi
ator (8, 40, 41 ). Mice overexpressing Ha-Ras or TGF-a in the skin did

not spontaneously develop skin tumors, but the presence of latent
"initiated" cells was revealed by TPA-promoted clonal expansion.

Analogously, it was possible that endogenously generated mutations
preserved by Bcl-xL overexpression resulted in the presence of latent
precursors in the Bcl-x, transgenic skin that only required mitogenic

stimulation for clonal expansion. However, this did not appear to be
the case. One potential explanation for this difference is that the rate
of endogenously generated mutations in the Bcl-x, transgenic mice

may not be sufficient to produce a detectable number of initiated cells.
If spontaneous tumorigenesis in Bcl-xL transgenic mice were lim

ited only by an insufficiently low endogenous mutation rate, then
treatment of these mice with the mutagen DMBA alone might have
been expected to result in tumor growth. DMBA exposure did result
in the generation of initiated cells in both wild-type and Bcl-x,

transgenic animals, as demonstrated by clonal expansion with TPA.
However. Bcl-x, expression alone did not allow the expansion of
DMBA-initiated cells in the absence of a mitogenic promoter.

An explanation for the absence of spontaneous or DMBA-initiated
hyperplastic growth in K14-Bcl-xL transgenic mice may be that ini

tiated cells remain subject to inhibitory cell cycle checkpoint controls.
Initiating proto-oncogene mutations that drive inappropriate cell cycle
entry also result in a concomitant increase of checkpoint-mediated
apoptosis (42, 43). Although Bcl-x, overexpression has been shown
to suppress checkpoint-mediated apoptotic pathways in response to
cell cycle phase-specific toxins, Bcl-xL may not overcome check
point-mediated cell cycle arrest (44). Thus, apoptotic inhibition by
Bcl-xL may increase the number of surviving initiated cells after

mutagen exposure. However, in the absence of a proliferative stimulus
to overcome cell cycle arrest, these cells may be unable to contribute
to tumorigenesis.

Keratinocytes may also possess a mechanism to eliminate cells
undergoing mutation that is independent of the apoptotic pathway
regulated by Bcl-2 family members. The epidermal maturation pro

gram may play a critical role in reducing the number of initiated cells
that might otherwise contribute to tumorigenesis in the skin. We have
shown previously that Bcl-x, overexpression has no effect on the

gross or histolÃ³gica! appearance of the skin in these transgenic ani
mals (29). This suggests that epidermal differentiation comprises a
unique homeostatic mechanism that suppresses net cell accumulation
in the skin. Although PCD is inhibited by Bcl-xL. terminal differen

tiation may negate many mutagenic events, preventing the genetically
altered keratinocytes from contributing to clonal expansion.

Although Bcl-xL was unable to functionally replace a classical
initiator or promoter. Bcl-x, overexpression increased the papilloma
incidence approximately 2-fold after sequential DMBA and TPA
treatment. Enhanced cell survival by Bcl-xL overexpression did not
evidently alter the appearance, growth rate, or size of benign papil-
lomas, suggesting that Bcl-xL did not synergize with TPA promotion.
Rather, these observations suggest that Bcl-x, overexpression permit

ted the survival and expansion of an increased number of initiated
cells responsive to chemical promotion. This is consistent with the
observation that Bcl-x, significantly augmented the survival of basal

keratinocytes exposed to a potent mutagen.
The most important functional role of apoptotic inhibition in tu

morigenesis appears to be during the progression to malignant trans
formation. Conversion of benign pupillomas to malignant carcinoma
is normally a low frequency event in chemically induced tumors,
occurring in about 15-20% of DMBA/TPA-treated wild-type mice
(16, 45-48). In contrast. ~70<# of the K14-Bcl-x, transgenic mice

treated in an identical manner developed invasive squamous cell
carcinomas, and these carcinomas arose more rapidly after mutagen
exposure than those in wild-type mice. The difference in incidence is
larger than would be expected based simply on the 2-fold increase of

benign tumors serving as potential precursors of carcinoma in the
KI4-Bcl-x, transgenic mice.

These data suggest that apoptotic inhibition may play a critical role
enabling premalignant lesions to overcome obstacles associated with
malignant transformation. Benign tumor growth is limited by hypoxia.
nutrient supply, and physical barriers (49). Overcoming these limita
tions requires acquisition of multiple genetic alterations in pathways
controlling angiogenesis, invasion, growth factor autonomy, and sur
vival within nonphysiological microenvironments (50-53). Previous

studies have suggested that genomic instability functions as an im
portant initiator of PCD (54. 55). Ectopie Bcl-x, expression may

augment the survival of premalignant cells during the period of
precipitous genetic changes leading to malignant conversion.

Carcinogenesis has been broadly defined in three sequential stages:
initiation, promotion, and progression. An initiating event results in
the acquisition of mutations that predispose a cell to inappropriate
proliferation. Promotion allows for the clonal expansion of initiated
cells. Benign tumor progression to malignancy has been shown to
require multiple additional genetic alterations and not simply contin
ued promotion. Our data suggests that apoptotic inhibition plays
important roles in at least two phases of carcinogenesis in which cells
are undergoing critical genomic damage. Apoptotic inhibition may:
(a) increase the survival of mutagen-initiated precursors responsive to

mitogenic promotion: and (b) increase the rate of conversion from
benign tumors to malignant carcinomas.
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