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In a mouse model of multistage tumorigenesis of islet 13-cells, apoptosis was activated concomitant with 
T-antigen oncogene-induced cell proliferation, further increased in the angiogenic stage, and markedly reduced 
in solid tumors. Crosses to p53-null mice confirmed this stage-specific variation as a p53-independent 
apoptotic process. Several apoptosis regulators were expressed, of which bcl-x L was up-regulated in tumors. 
When overexpressed throughout the pathway, bcl-xL protected most oncogene-expressing cells from apoptosis, 
enhancing progression from angiogenic progenitor to tumor without affecting earlier transitions. Further, two 
classes of solid tumor are described, distinguished by size and apoptotic incidence, implicating apoptosis 
regulation in expansive tumor growth. Thus, down-modulation of apoptosis selectively contributes to late 
steps in a tumorigenesis pathway. 

[Key Words: Apoptosis; p53; bcl-xi~ ] 

Received June 10, 1996; revised version accepted July 15, 1996. 

Apoptotic cell death is characterized by distinctive mor- 
phological changes in the dying cell, including mem- 
brane blebbing, cytoplasmic and nuclear condensation, 
chromatin fragmentation, and formation of apoptotic 
bodies (Wyllie 1980). Apoptosis plays important roles in 
a variety of developmental events and in the control of 
tissue homeostasis (Kerr et al. 1987; Oppenheim 1991; 
Raff 1992). It is an active cellular process that is geneti- 
cally controlled, thus making it amenable to genetic ma- 
nipulation. In recent years, there has been an avalanche 
of information on the genes involved in the regulation of 
apoptosis (White 1996). It is increasingly apparent that 
regulation of apoptosis may play significant roles in dis- 
ease processes, including cancer (Thompson 1995). 

The importance of apoptosis in neoplastic transforma- 
tion was realized in retrospect on the basis of the obser- 
vation that the most common genetic change in human 
B-cell follicular lymphoma was a translocation that jux- 
taposed the bcl-2 gene with the immunoglobulin heavy 
chain gene (Ep~-bcl-2) (Bakhshi et al. 1985; Cleary and 
Sklar 1985; Tsujimoto et al. 1985). Subsequently, it was 
found that bcl-2 does not stimulate proliferation, but 
rather confers survival upon cells (Vaux et al. 1988; 
Hockenberry et al. 1990). Thus, this novel class of onco- 
gene regulates cell death (Korsmeyer 1992). Further evi- 

1Corresponding author. 

dence for an interrelationship between cell death and 
cell transformation came from cell-culture studies indi- 
cating that expression of certain growth-stimulatory on- 
cogenes leads to a paradoxical consequence of cell pro- 
liferation and cell death under conditions that restrict 
growth (Evan et al. 1992; White et al. 1994; White 1996). 
In one example, transformed epithelial cells expressing 
adenovirus E 1A accumulate slowly as a result of concor- 
dant cell death, which can be ameliorated by the pres- 
ence of the death-protecting E1B 19K protein or bcl-2 
(White et al. 1994; White 1996). Thus, complete trans- 
formation of a cell may require both increased prolifer- 
ative capacity and protection from apoptosis. 

Studies of animal models have also implicated apop- 
tosis as a component of cancer development. Transgenic 
mice expressing both c-myc and bcl-2 develop tumors 
with a significantly reduced latency period (Strasser et al. 
1990) compared with transgenic animals harboring just 
the c-myc transgene (Adams et al. 1985) or an E~-bcl-2 
hybrid minigene (McDonnell and Korsmeyer 1991). It is 
noteworthy that tumors in the double transgenic ani- 
mals were of a different cell type from those in single 
transgenic mice. Development of these tumors presum- 
ably results from synergy between protection from cell 
death conferred by bcl-2 and the growth stimulatory 
function of c-myc. This and other studies (Howes et al. 
1994; Pan and Griep 1994; Symonds et al. 1994; Ziegler 
et al. 1994) suggest that modulation of apoptosis is im- 
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portant for the growth of tumors. It is presently unclear, 
however, whether apoptosis is differentially regulated in 
the stages of the multistep tumorigenesis pathway that 
characterize most cancers: Does a critical change(s) in 
apoptosis occur in the preneoplastic stages, or is it im- 
portant only in the later stages of tumor progression? 

Induction of apoptosis can be dependent on or inde- 
pendent of p53 tumor suppressor function, according to 
cell type and nature of stimuli. Although most studies 
have focused on the involvement of p53 in regulating 
apoptosis, it is clear from several reports that a p53-in- 
dependent pathway of apoptosis exists (Berges et al. 
1993; Clarke et al. 1993; Lowe et al. 1993b; Strasser et al. 
1994). In fact, many cell types are capable of executing 
apoptosis during embryogenesis through a route inde- 
pendent of p53, because p53-null mice develop normally 
and are generally able to maintain normal tissue homeo- 
stasis (Donehower et al. 1992). Thus, p53-independent 
apoptosis is likely to be a major component of most cells' 
repertoire for inducing cell suicide, the dysregulation of 
which could be important for diseases such as cancer. 

To dissect the contribution of different events to mul- 
tistage carcinogenesis, we studied a transgenic mouse 
model in which the regulatory region of the rat insulin-II 
gene targets expression of the SV40 large T-antigen (Tag) 
oncogene to the [~ cells of the pancreatic islets (the RIP- 
Tag lines} (Hanahan 1985). The Tag oncoprotein exerts 
its oncogenic effect in part through binding to, and in- 
activation of, two tumor suppressor proteins, pRb and 
p53 (Ludlow 1993). The expression of Tag in RIP-Tag 
mice commences at embryonic day 9 at the onset of 
insulin expression in the pancreatic diverticulum and 
persists in the [3 cells of all islets throughout adulthood 
(Alpert et al. 1988). Demonstrating a remarkable pene- 
trance of the neoplastic phenotype, 100% of the mice in 
two transgenic families, RIP1-Tag2 (R1T2) and RIP3- 
Tag2 (R3T2), develop a few islet cell carcinomas by 14 
weeks of age (Hanahan 1985). Tumor progression has 
been shown to be multistep, with several preneoplastic 
stages identified by temporal, histological, and statistical 
criteria. Despite the embryonic onset of Tag expression, 
the first change is not observed until the mice are 4-6 
weeks of age, when individual islets switch on aberrant 
proliferation, characterized by the appearance of mitoti- 
cally active cells scattered uniformly throughout the is- 
let (Teitelman et al. 1988). Although historically referred 
to as hyperplastic or hyperproliferative, these islets are 
populated with cells showing the hallmarks of cellular 
malignancy; as such, these numerous nodules are anal- 
ogous to the multifocal carcinoma in situ (CIS) lesions 
seen in many epithelial cancers. By 8-10 weeks of age, 
some islets acquire an angiogenic phenotype, as deter- 
mined by their activation of new blood capillary growth 
and angiogenic activity in vitro (Folkman et al. 1989). 
Finally, by 11-12 weeks of age, a few solid, encapsulated 
tumors emerge. Statistical analysis of the islet types dur- 
ing the Rip-Tag tumorigenesis pathway reveals that, of 
the -400  islets in the pancreas, eventually 50-75% be- 
come hyperplastic, 10% become angiogenic, and 1-2% 
develop into solid tumors. The multistep nature of the 

pathway indicates that, despite its expression in all [3 
cells of all the islets, Tag expression alone is insufficient 
for tumor development. Thus, further changes need to 
occur, in conjunction with Tag expression, for the elab- 
oration of tumors. We have found that regulation of ap- 
optotic cell death is one of these critical changes. 

The first clue that regulation of apoptosis influenced 
tumorigenesis came from studies of insulin-like growth 
factor 2 (Igf-2) in RIP-Tag mice. Igf-2 was found to be 
expressed concomitant with the switch to hyperplasia 
and thus was a candidate factor responsible for the hy- 
perplastic switch. When its functional contribution to 
tumor development was assessed by intercrossing the 
RIP-Tag mice into an Igf-2-null background, however, 
the most obvious phenotype was a dramatic reduction in 
tumor size; Igf-2-null tumors had the same mitotic index 
as Igf-2 wild-type tumors, but exhibited a fivefold in- 
crease in the incidence of apoptosis. These data pointed 
to a survival, rather than a mitogenic, function for Igf-2. 
Furthermore, it was clear that although Igf-2-positive tu- 
mor cells exhibited a lower propensity to undergo cell 
suicide than Igf-2 null tumors, apoptosis was nonethe- 
less discernible in the wild-type tumors (Christofori et 
al. 1994; Naik et al. 1994). Taken together, these obser- 
vations suggested a potential role for apoptosis regula- 
tion in tumorigenesis, motivating the current study. 

We have investigated the regulation and role of apop- 
tosis, specifically that which is independent of p53, in 
multistage carcinogenesis. We report that apoptosis is 
regulated dynamically in RIP-Tag multistep tumor de- 
velopment, and that its induction is contemporaneous 
with deregulation of cell proliferation in Tag-expressing 
cells. Functional tests reveal that down-modulation of 
apoptosis contributes to the frequency of progression 
from the angiogenic islet stage to solid tumor lesions. 

R e s u l t s  

Apoptosis is dynamically regulated in 
multistep tumorigenesis 

To assess the incidence of apoptosis in the RIP-Tag tu- 
morigenesis pathway, apoptotic cells were visualized by 
a modified TdT-mediated dUTP-digoxigenin nick-end 
labeling (TUNEL) method (Surh and Sprent 1994). Tissue 
sections from 7- to 14-week-old mice were examined. 
Most analysis was done on 10- to 14-week-old mice, be- 
cause pancreas sections from these animals had islets of 
all stages, thus allowing assessment of cell death in all 
islet types within the same tissue sections. This strategy 
ensured that the differences in apoptotic incidence were 
not attributable to differences in sensitivity of the 
TUNEL assay resulting from variations in tissue fixation 
between sections. 

"Normal" Tag + islets from RIP1Tag2 (R1T2) mice 
(Fig. 1Aa, B), as well as nontransgenic islets (data not 
shown}, generally did not exhibit a significant amount of 
cell death. In contrast, apoptosis was clearly detected in 
hyperplastic islets (Fig. 1Ac, B), and reached maximal fre- 
quency in angiogenic islets (Fig. 1Ae, B). In tumors (Fig. 
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Figure 1. Assessment of apoptotic and proliferation indices in RIP-Tag multistep tumorigenesis pathway. (A) Apoptotic cells were 
assessed by TUNEL staining (a,c,e,g), and proliferating cells by BrdU staining (b,d,f,h). Islets of all four stages from one 15-week-old 
animal are shown. (a,b) Normal; (c,d) hyperproliferative; (e,f) angiogenic islets; and (g,h) tumors. The boundaries of normal and 
hyperproliferative islets are marked by arrows; e,f,g,h show part of a single angiogenic islet or tumor. N, normal Tag + islets; H, 
hyperproliferative islets (carcinoma in situ); A, angiogenic islets; and T, large end-stage tumor. Magnification, 80x. The indices of 
apoptotic {BI and proliferating cells (CI are expressed as percentage of total cells within an islet that are positive by TUNEL or BrdU 
staining, respectively. For apoptotic index, the average of median values from three independent rounds of experiments involving 98 
normal, 44 hyperplastic, 41 angiogenic islets, and 15 large tumors from 15 R1T2 animals are shown. For proliferation index, the average 
values for 23 "normal,"  13 hyperplastic 17 angiogenic islets, and 8 tumors from four R1T2 mice are shown. 

lAg, B), however, apoptotic incidence was markedly re- 
duced, by approximately fourfold compared with that of 
the angiogenic stage. A second independent RIP-Tag line 
of transgenic mice, RIP3Tag2 (R3T2), also displayed the 
same pattern and incidence of apoptosis throughout its 
multistep tumor development (data not shown). 

To test the hypothesis that oncogene-induced deregu- 
lation of DNA synthesis (cell proliferation) can lead to 
apoptosis, we determined the mitotic index, as measured 
by bromodeoxyuridine (BrdU) incorporation, of the vari- 
ous stages. As reported previously (Teitelman et al. 
1988), in the transition from normal to hyperplasia, is- 
lets convert from a quiescent state to one that exhibits 
significant mitotic activity (Fig. 1Ab, d,C). The mitotic 
index continued to increase and peaked in angiogenic 
islets, and remained essentially the same in tumors (Fig. 
1Af, h,C). It is notable that the proliferating cells were 

distributed uniformly, as were apoptotic cells, through- 
out islets of all stages. The change in mitotic activity of 
the preneoplastic islets clearly parallels the induction of 
cell death in these stages. These data are consistent with 
a scenario whereby deregulation of cell proliferation is 
accompanied by apoptosis. 

Apoptosis in RIP-Tag tumorigenesis is 
not p53-dependent 

A number of studies have demonstrated a critical re- 
quirement for p53 function in apoptosis (Clarke et al. 
1993; Lowe et al. 1993a, b). In one study involving a 
mouse model of brain tumorigenesis, apoptosis in tu- 
mors was abrogated only when p53 was bound by Tag 
(Symonds et al. 1994). Thus, our observation of signifi- 
cant levels of apoptosis in the RIP-Tag pathway was 
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rather unexpected. To assess the p53 requirement of the 
cell death detected in RIP-Tag islets more definitively, 
we examined R1T2, p53 homozygous null mice. Two 
issues motivated this experiment. First, although it is 
known that Tag binds to p53, we have shown previously 
that residual free, unbound p53 remained within the 
Tag-expressing cells (Efrat et al. 1987). It is thus conceiv- 
able that this p53 species accounts for the apoptosis ob- 
served. Second, it is possible that the high incidence of 
apoptosis in angiogenic islets resulted from hyperinduc- 
tion of p53 or reduction in Tag levels in this particular 
stage of tumorigenesis. 

Tissue sections of R1T2/p53 + / + and R1T2/p53- / -  
mice were analyzed by the TUNEL assay. The incidence 
of apoptosis was determined for both hyperplastic and 
angiogenic islets. As shown in Figure 2, the apoptotic 
index in angiogenic islets was unaffected by the p53 ge- 
notype; the incidence of apoptosis in hyperplastic islets 
(not shown) was also similar between the two types of 
mice. These data demonstrate that the apoptosis ob- 
served in islet cells does not require p53 function, and 
thus is independent of p53. 

Apoptosis regulatory genes are expressed in 
RIP-Tag islets 

The products of many genes have been found to have 
apoptosis regulatory functions; these can be classified as 
transcellular (Igf-2, Fas ligand, etc.) and intracellular. 
Among the best-studied of the intracellular regulators is 
the bcl-2 family of genes. In preliminary RNA-PCR anal- 
yses, we did not detect bcl-2 expression in normal con- 
trol or RIP-Tag islet cells, whereas two other bcl-2 fam- 
ily members, bcl-x L (Boise et al. 1993) and bax (Oltvai et 
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Figure 2. Assessment of p53 requirement for apoptosis in the 
RIP-Tag pathway. Apoptosis in the angiogenic islets of R1T2/ 
p53 + / + and R1T2/p53- / - littermate 10-week-old animals was 
assessed by TUNEL staining. The index was determined as de- 
scribed in the legend for Fig. 1. The mean values from 19 islets 
of 3 R1T2/p53 + / + and 27 islets of 3 R1T2/p53/- animals are 
presented. The variance implied in the error bars reflects the 
continuum of progression within the broad category of angio- 
genic lesions, which range from early angiogenic to fully angio- 
genic, as described previously (Parangi et al. 1995). 

al. 1993), and a gene encoding a bcl-2-associated protein, 
bag-1 (Takayama et al. 1995), were expressed (data not 
shown). Therefore, we employed RNA in situ hybridiza- 
tion to further assess the expression of these genes dur- 
ing tumorigenesis. 

In R1T2 animals, the "death protector" bcl-x L was 
found to be expressed at very low levels in normal (Fig. 
3a), hyperplastic (Fig. 3d), and angiogenic (Fig. 3g) islets, 
but was clearly up-regulated in tumors (Fig. 3j). By use of 
a probe comprising the region that is deleted in the 
death-inducing bcl-xs splice variant (Boise et al. 1993), 
the expression of bcl-x was confirmed to be that of bcl-xL 
(data not shown). Moreover, bcl-xs was not detected by 
RNA-PCR (data not shown). Expression of the death in- 
ducer bax, on the other hand, was high, but relatively 
constant, throughout the tumorigenesis pathway (Fig. 
3b, e,h,k). Similarly, there was a very high and constant 
level of expression of bag-1 in all stages of tumor devel- 
opment (Fig. 3c,f,i,1}. 

Modulation of apoptosis by bcl-x£ 

Our analysis of apoptosis regulatory genes in RIP-Tag 
islets revealed that both positive (bcl-x L and bag-l) and 
negative (bax) intracellular regulators of apoptosis are ex- 
pressed in the RIP-Tag islet cells. These results suggest 
that the observed cell death could be attributed to inter- 
actions among these and other apoptosis regulatory pro- 
teins, with the ratio of these interacting proteins being a 
determinant of the fate of the cells. Therefore, we sought 
to determine if overexpression of bcl-x L could influence 
the apoptotic phenotype in RIP-Tag islets. The fact that 
a gene knockout of bcl-XL results in embryonic lethality 
(Motoyama et al. 1995) precluded examination of the ef- 
fects of its loss of function on tumorigenesis and led us 
to assess its importance by deliberately overexpressing 
bcl-x L throughout the pathway. 

A transgene was created by placement of the human 
bcl-x L cDNA under control of a 9.5-kb rat insulin II 5' 
regulatory region (Fig. 4A). Two independent transgenic 
lines were generated, RIP7-bcl-xL1 and RIP7-bcl-XL2. 
Each was shown to express bcl-xL at levels greater than 
20-fold above endogenous levels, as assessed by immu- 
nostaining, in virtually all islets of the mice as early as 5 
weeks of age (the youngest age examined) (data not 
shown). The RIP7-bcl-XL (R7bxL) mice were healthy and 
did not exhibit any obvious phenotype through one year 
of age. 

To assess the effect of bcl-x L overexpression on apop- 
tosis in the RIP-Tag mice, double-transgenic R1T2/ 
R7bx L mice were generated by use of the RIP7-bcl-XL 1 
line, and the apoptotic indices compared against R1T2 
littermates. In both hyperplastic and angiogenic islets, 
the two stages exhibiting the most prominent apoptosis 
in RIP-Tag mice, cell death was greatly reduced in R1T2/ 
R7bxL mice (Fig. 4B). Most significant, in R1T2/R7bxL 
angiogenic islets, there was a fourfold reduction to the 
level of apoptosis normally seen in R1T2 end-stage tu- 
mors. Thus, in R1T2/R7bx L mice, the incidence of apo- 
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Figure 3. RNA in situ hybridization analysis of 
bcl-XL, bax, and bag-1 expression in RIP-Tag tum- 
origenesis. Expression of bcl-x L (a,d,g,j), bax 
(b,e,h,k), and bag-1 (c,f,i,l) in R1T2 islets of all four 
stages was assessed by RNA in situ hybridization. 
(a-c) Dark-field photomicrographs of normal is- 
lets; (d-f) hyperplastic islets; (g-i) angiogenic is- 
lets, and (j-l) tumors. For hyperplastic, angio- 
genic, and tumors, only a portion of the islet is 
shown; arrowheads demarcate boundaries of islet 
cell and exocrine tissue. To allow reliable quanti- 
tative comparison, expression of each gene is 
shown for islets of all stages from the same tissue 
section. (N) normal Tag + islets; (H) hyperprolif- 
erative islets (carcinoma in situ); (A) angiogenic 
islets; and (T) large end-stage tumor. Magnifica- 
tion 100 x. 

ptosis is restricted at all stages to the baseline frequency 
normal ly  observed only in tumors. 

Down-regula t ion  of apoptosis acts at a late step in 
tumor  progression 

To assess the effect of down-modulat ion of cell death in 
mul t is tep  carcinogenesis, the incidence of angiogenic is- 
lets in 11-week-old R1T2/R7bx L double-transgenics and 
R1T2 single-transgenic l i t termates was compared. Mice 
from both genotypes exhibited a similar  incidence of an- 
giogenic islets (Fig. 5A). Thus, the data demonstrate that 
down-regulation of apoptosis does not significantly alter 
the frequency of the angiogenic stage of this mult is tage 
pathway, a stage characterized by a high apoptotic index. 

In contrast to the lack of effect on the formation of 
angiogenic islets, the tumor incidence in R1T2/R7bx L 
mice  was found to be significantly higher than R1T2 
single-transgenic l i t termates.  The number  of tumors in 
11-week-old mice (an age when tumors normal ly  begin 
to develop) was determined. Tumor  number  was ex- 
pressed as a percentage of the number  of angiogenic is- 
lets in individual  mice, to account for the range in num- 

ber of angiogenic islets that were present in individual 
mice (Fig. 5B). On average, the incidence of progression 
was about 2.5-fold that of R1T2 single transgenic ani- 
mals  (Fig. 5B, Table 1). Thus, down-regulation of apop- 
tosis has a critical impact  on the conversion from the 
late preneoplastic state of angiogenic islets to that of 
islet cell carcinoma. 

To determine if the increased incidence of solid tumor 
formation persists throughout the lives of these mice, 
end-stage (14- to 15-week-old) mice were examined. 
Again, the tumor incidence in R1T2/R7bxL mice was 
significantly higher than in R1T2 mice, showing a 2.6- 
fold increase (Fig. 5C, D, Table 1). The double-transgenic 
mice often had a striking increase in tumor  number;  in 
some instances, individual mice developed >45 tumors 
(these pancreases had a grape-like appearance), whereas 
the highest number  of tumors ever observed in a R1T2 
single transgenic animal  was 17. The range in tumor 
numbers  observed among animals  of each genotype 
l ikely reflects the range in number  of angiogenic islets 
that developed in these mice  (see Fig. 5A). Nevertheless, 
the range in tumor number  per mouse observed in R1T2/ 
R7bx L double-transgenic mice  was statist ically signifi- 
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Figure 4. Targeted overexpression of bcl-xL in the pathway. (A) 
The gene used to generate RIP7-bcl-x L (R7bxL) transgenic mice 
consisted of a human bcl-x L cDNA controlled by 9.5-kb of the 5' 
rat insulin regulatory region, the first intron of the rat insulin 
gene and the MHC class II Ea terminator sequence. Total length 
of transgene was about 14 kb. (B) The effect of bcl-x L overex- 
pression on islet cell apoptosis was assessed by TUNEL staining 
of normal, hyperplastic, and angiogenic islets from R1T2 mice 
(filled bars), and compared with that of R1T2/R7bx L double- 
transgenic animals (hatched bars). The average of median apo- 
ptotic values from two independent rounds of analysis involv- 
ing 98 normal, 27 hyperplastic and 40 angiogenic islets from 3 
R1T2/R7bxL mice and 55 normal, 30 hyperplastic, and 33 an- 
giogenic islets from three littermate R1T2 animals are shown. 

cantly higher and nonoverlapping with that  of the R1T2 
animals (Fig. 5D). Prel iminary analysis of a second line, 
R3T2, again revealed a similar increase in tumor  inci- 
dence of R3T2/R7bxL mice as compared wi th  R3T2 sin- 
gle transgenics (data not  shown). Thus, persistent down- 
regulation of apoptotic cell death at all stages of neopla- 
sia results in increased propensity to progress to solid 
tumors. 

Apoptosis is down-regulated in two discrete steps in 
solid tumors 

In the R1T2/R7bx L double-transgenic mice, we were un- 
able to rigorously compare cumulat ive tumor  volume 
because of the increased propensity of these mice to die 
of insul inoma-induced hypoglycemia. Therefore, we 
used an al ternative method to assess the effect of apop- 
tosis on tumor  growth. We reasoned that  if down-regu- 
lat ion of apoptosis is impor tant  for tumor  growth, then 

apoptotic incidence would be inversely correlated with 
tumor size in R1T2 single-transgenic mice. 

Pancreas sections from 10- to 15-week-old R1T2 mice 
were examined for apoptosis wi th  the TUNEL assay. 
These sections generally presented mul t ip le  tumors that  
could be categorized as nascent  small  tumors and large 
mature tumors. The apoptotic incidence of these tu- 
mors, as well as angiogenic islets in the same sections, 
was determined. The data showed a clear inverse corre- 
lat ion between apoptosis and tumor  size (Fig. 6). Unex- 
pectedly, the incidence of tumor  apoptosis fell clearly 
into two discrete groups, wi th  small tumors  exhibiting 
an intermediate incidence relative to angiogenic islets 
and large end-stage tumors (Fig. 6). 

D i s c u s s i o n  

In this study, we have examined the regulation of apop- 
tosis and its role in the RIP-Tag mouse model  of multi-  
step carcinogenesis. Our data revealed a progressive in- 
crease in apoptosis that  peaked in angiogenic islets and 
was subsequently reduced in two steps in solid tumors. 
The apoptotic process did not  require the act ivi ty of the 
p53 tumor  suppressor, a known regulator of apoptosis. 
Furthermore, we demonstrated funct ional ly  that  reduc- 
t ion of apoptosis, a l though not  affecting the preneoplas- 
tic stages, significantly enhanced tumor  progression, as 
reflected by increased incidence of tumors developing 
from the angiogenic precursor stage. Finally, we pre- 
sented evidence supporting a role for cell-death regula- 
tion in expansion of established tumors. 

Apoptosis accompanies deregulated cell proliferation 
in preneoplastic stages 

A number  of studies have suggested that, under condi- 
t ions that  l imit  cell growth, induct ion of apoptosis ac- 
companies the enhanced cell proliferation resulting from 
either oncogene expression or inact ivat ion of negative 
cell-cycle regulators (Evan et al. 1992; Jacks et al. 1992; 

Table 1. Tumor incidences of R1T2/R 7bxL and R1 T2 mice 

Percent of 
angiogenic islets 

Genotype Age (weeks) that are tumors a S.D. 

R1T2, bcl-xn 11 20.91 2.37 
R1T2 11 8.47 5.41 

Average no. 
Genotype Age(weeks) tumors/animaP S.D. 

R1T2, bcl-XL 14-15 32.82 10.45 
R1T2 14--15 12.38 3.46 

aThe difference in tumor incidence of R1T2/R7bx L and R1T2 
mice, both at 11 and 14-15 weeks of age, is statistically signif- 
icant with P < 0.001, as determined by the Student's t-test. The 
tumor incidence in 11-week-old and 14- to 15-week-old R1T2/ 
R7bxL mice represents values which are 2.5- and 2.7-fold that of 
R1T2 single-transgenics, respectively. 
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Figure 5. Analysis of angiogenic progenitor and tumor incidences in bcl-x L overexpressing mice. (A) Angiogenic islets from 11-week- 
old R1T2/R7bxL and R1T2 littermates were isolated by retrograde perfusion with collagenase solution. Angiogenic islets were 
identified as those that exhibited a reddish patch (caused by hemorrhaging) in a white background. The incidence in individual mice 
is shown. (B) To determine the frequency of conversion from angiogenic progenitor islets to tumors, the number of tumors in each 
mouse was also determined and expressed as a percentage of the sum of angiogenic islets and tumors found in the same animal (C) 
Tumor incidence exemplified in two 14.5-week-old mice. Tumors isolated by microdissection from a single RtT2 (C, left) and 
R1T2/R7bx c (C, right) animal are shown; each red spheroid represents a single encapsulated solid tumor. Magnification, 20x. (D)The 
difference in tumor incidence in mice of both genotypes is reflected in the statistical determination of tumor number in these mice. 

Howes et al. 1994; Morgenbesser et al. 1994; Pan and 
Griep 1994; White et al. 1994; White 1996). In this study, 
we have provided in vivo evidence correlating the on- 
set of unscheduled oncogene-driven cell proliferation 
with  apoptosis during the preneoplastic stages of neo- 
plastic transformation.  Despite expressing the Tag onco- 
protein, normal  prehyperplastic islets are quiescent, 
wi th  a corresponding absence of apoptosis. Hence, ex- 
pression of an oncogene itself does not appear to be suf- 
ficient to cause apoptosis if proliferation is not activated. 
In hyperplastic and angiogenic islets, Tag apparently in- 
duces aberrant cell proliferation under conditions that do 
not initially include a sufficient repertoire of confirma- 
tory signals for that  decision, of which Igf-2 represents 
one class (Christofori et al. 1994; Naik  ct al. 1994) and, 
herein, the bcl-2 family members  describe a second. 
Consequently,  a significant number  of the cells in the 
early stages undergo cell death, consistent wi th  a previ- 

ous study documenting c-myc-induced cell prolifer- 
tion and death under serum starvation in vitro (Evan et 
al. 1992). 

The incidence of apoptosis in RIP-Tag preneoplastic 
stages increases wi th  increasing cell proliferation, but is 
quenched in tumors.  Tumors  represent a dramatic in- 
crease in size ( - 5 0 0 - 1 0 0 0 x  on average) compared with 
angiogenic islets, even though their mitot ic  index is no 
higher than the preceding preneoplastic stage. We con- 
clude that  the accumulat ion of cells comprising the tu- 
mor mass must  result from a significant reduction in cell 
death within these tumors.  Thus, both cell proliferation 
and death protection collaborate in the etiology of can- 
cer. 

Protection from cell death does not  affect early events 
in tumorigenesis 

Because angiogenesis in mature  tumors  increasingly ap- 
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Figure 6. Analysis of apoptotic incidence in small and large 
tumors. The TUNEL assay was utilized to assess the incidence 
of apoptosis in small and large tumors, with angiogenic islets 
included as a reference point. Each data point represents the 
index for a single islet or tumor; a total of 15 angiogenic islets, 
10 small tumors, and 10 large tumors from nine mice aged 10 to 
15 weeks were analyzed. The differences in apoptotic incidence 
between angiogenic islet and small tumor and between small 
and large tumor are statistically significant {P<0.001 in each 
case) by the Student's t-test. 

pears to serve as a down-modulator of apoptosis (Holm- 
gren et al. 1995; Parangi et al. 1996), the cell-death inci- 
dence we observed in angiogenic islets was unexpectedly 
high. This  conundrum led us to ask whether  one of the 
effects of the stepwise increases in apoptosis was to l imi t  
the number  of hyperplastic islets (50% of - 4 0 0  islets) 
that progress to the angiogenic stage. We hypothesized 
that if this were true, then conferring protection to all 
Tag-expressing cells by coexpressing the bcl-x L death 
protector would accelerate the accumulat ion of the an- 
giogenic preneoplastic lesions. Our data, however, dem- 
onstrate a s imilar  incidence of angiogenic islets in both 
R1T2/R7bxL and R1T2 mice, a correspondence that ar- 
gues against a functional  role for death-resistance in the 
preneoplastic stages. Thus, the high apoptotic index in 
angiogenic islets may  be symptomat ic  of the microenvi- 
ronment  at this stage, but not a determinant  of it. 

Protection from apoptosis functionally contributes to 
formation of tumors from angiogenic progenitors 

Studies in an imal  models (Howes et al. 1994; Pan and 
Griep 1994; Symonds et al. 1994) and human  cancers 
(Bedi et al. 1993) have indicated a correlation between 
reduction of apoptosis and tumor formation. However, it 
was unclear when  and where regulation of apoptosis 
played a role in the development  of these tumors. In one 
pert inent  study, Tag-driven brain tumors in mice devel- 
oped faster when  p53 was inactivated; tumor formation 
was correlated wi th  lower apoptosis (Symonds et al. 
1994). However, since p53 has mul t iple  functions, in- 

cluding control of cell growth and death, regulation of 
the mitot ic  checkpoint (Cross et al. 1995), and suppres- 
sion of angiogenesis (Dameron et al. 1994), inact ivat ion 
of such a mul t i funct ional  factor could have effects in 
addition to reduction of apoptosis that contributed to 
tumor development. Therefore, in the present study we 
examined the direct consequence of ablating apoptosis 
during mult is tep tumorigenesis.  We genetically engi- 
neered mice to express a gene, bcl-XL, the sole known 
function of whose product is conferral of protection from 
apoptosis (Boise et al. 1993). RIP-Tag/RIP-bcl-x L mice 
exhibited a marked decrease in cell death in preneoplas- 
tic stages, to levels comparable to those normal ly  ob- 
served in single-transgenic RIP-Tag tumors. But there 
was no change in the incidence or t iming of the preneo- 
plastic stages. In contrast, there was a significant -2 .5-  
fold increase in the cumulat ive  incidence of solid tumors 
that arose out of angiogenic progenitors. This  result, 
therefore, clearly demonstrates a functional  conse- 
quence of down-regulation of apoptosis in the transit ion 
from angiogenic islets to tumors. Hence, we present di- 
rect in vivo evidence that protection from apoptosis in 
preneoplastic cells can enhance progression to neoplasia. 

Apoptosis is a likely modulator of tumor size 

Several lines of evidence support the conclusion that 
protection from apoptosis contributes to subsequent 
growth of islet cell carcinomas, following their progres- 
sion from the angiogenic progenitor stage. First, in this 
study we showed that tumor size correlates closely with 
reduced apoptosis. Moreover, the incidence of apoptosis 
in small  and large tumors fell into two clusters, indicat- 
ing discrete steps in the transi t ion from the high apop- 
tosis characteristic of angiogenic islets to the low level 
in large end-stage tumors; smal l  nascent  tumors were 
found to exhibit  a discrete intermediate  apoptotic index. 
This two-step feature identifies two stages of progression 
wi th in  the classification of solid tumors and suggests 
that the transition from a smal l  to a large tumor requires 
a specific change that leads to further protection from 
death; reduced apoptosis is not s imply  an effect of tumor 
growth, but rather is an actively regulated process that 
causally contributes to it. The second line of evidence 
comes from R1T2 mice that lack IGF-2, a cytokine that 
confers survival function (Barres et al. 1992; Harrington 
et al. 1994). R1T2/Igf-2-null mice  developed tumors that 
were markedly reduced in size, wi th  the same high mi- 
totic index as those from wild-type animals,  but exhib- 
iting a striking increase in apoptosis (Christofori et al. 
1994; Naik et al. 1994). Third, in R1T2 mice  treated with 
angiogenesis inhibitors, vessel density was halved and 
tumors were also dramatical ly  reduced in size (Parangi et 
al. 1996). Again, al though the proliferation index was 
unchanged relative to untreated animals,  there was a sig- 
nificant increase in apoptosis. Taken together, these ob- 
servations establish a clear correlation between tumor 
growth and levels of cell death, and thus provide strong 
support for regulation of tumor  size by apoptosis. 
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Apoptosis in RIP-Tag islet cells is not p53 dependent 

Previous studies have clearly established the require- 
ment  for p53 funct ion in oncogene-induced apoptosis of 
a number  of cell types (Debbas and White 1993; Hermek- 
ing and Eick 1994; Howes et al. 1994; Pan and Griep 
1994; Symonds et al. 1994; Wagner et al. 1994). In the 
present study, however, we have determined that p53 
expression is not required for apoptosis in Tag-express- 
ing islet cells. The observation that RIP-Tag/p53 - / -  
mice  have a s imilar  apoptotic phenotype to singlc-trans- 
genic RIP-Tag mice suggests that Tag blocks any apop- 
tosis-inducing funct ion of p53 in these cells. Moreover, 
even if p53 can contribute to apoptosis in this cell type, 
it is clearly not essential, given the dynamic  regulation 
of apoptosis seen in both types of mice. 

Although p53-dependent death is clearly an important  
component  of the apoptotic response of many  cell types 
to a variety of s t imul i  (Clarke et al. 1993; Lowe et at. 
1993a, b), unt i l  now, the importance of p53-independent 
apoptosis in cancer was not apparent. One recent study 
suggested that p53 loss actually sensitizes some cells to 
taxol-induced apoptosis (Wahl ct al. 1996). Beyond that 
specific clue, the fact that p53-null  mice develop nor- 
mal ly  (Donehower et al. 1992) argues that the p53-inde- 
pendent pathway is an important  component  of devel- 
oping tissues'  capabili ty to execute apoptosis. In this 
study we have extensively characterized a pattern of p53- 
independent  apoptosis that is dynamical ly  regulated in a 
mul t is tep tumorigenesis  pathway. Moreover, we present 
evidence correlating ini t ia t ion of deregulated cell prolif- 
eration wi th  induct ion of p53-independent cell death, 
the abrogation of which  resulted in a significant en- 
hancement  of tumor development.  

Multiple regulators of cell death in RIP-Tag islet cells 

Collectively we have identified both intracellular and 
transcellular regulators of apoptosis in RIP-Tag islets 
(Fig. 7). In the present study, we showed that both posi- 
tive (bcl-XL and bag-l) and negative (bax) intracellular 
regulators are expressed at significant levels in the RIP- 
Tag islets (Figs. 3, and 7A). One can postulate that if 
functional  p53 was present in the islet cells, it too could 
potential ly modulate  apoptosis in these cells as an intra- 
cellular regulator (Fig. 7B). Regarding transcellular regu- 
lators, we have shown previously that the secreted pro- 
tein Igf-2 serves as a down-modulator  of apoptosis in this 
pathway (Christofori et al. 1994). In addition, two recent 
studies have implicated angiogenesis as a paracrine reg- 
ulator of apoptosis in tumors, both in this model (Parangi 
et al. 1996) and in a classical transplantation model of 
Lewis lung carcinoma (Holmgren et al. 1995). 

The presence of Igf-2 and angiogenesis, while demon- 
strably important  for main ta in ing  low cell death in es- 
tablished tumors, apparently cannot account for the 
down-regulation of apoptosis observed in the transit ion 
from angiogenic islets to tumors, as each parameter has 
s imilar  characteristics in both stages (Fig. 7A). Two in- 
tracellular regulators, bag- 1 and bax, are also expressed at 
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Figure 7. Summary of apoptosis regulatory factors expressed in 
RIP-Tag multistep tumorigenesis. (A) A number of protective 
regulators of apoptosis are differentially expressed during the 
multistep progression of RIP-Tag tumorigenesis. The increase 
in bcl-x L expression coincides with the reduction in apoptosis 
observed in the transition from angiogenic progenitor islets to 
tumors. Igf-2 expression and angiogenesis, on the other hand, 
are induced in angiogenic islet progenitors and remain rela- 
tively unchanged in tumors. Note, however, that neovascular- 
ization of angiogenic islets and tumors may differ qualitatively; 
it is possible that new blood capillaries in angiogenic islets are 
less developed and more prone to hemorrhage compared with 
those found in established tumors. (N) normal Tag + islets; (H) 
hyperproliferative islets (carcinoma in situ); (A) angiogenic is- 
lets; (ST) small nascent tumor; and (LT) large end-stage tumor. 
(B) The survival or death of oncogene-expressing islet f~-cells is 
likely to be determined through the integration of signals from 
multiple intra- and transcellular apoptosis regulatory factors. In 
addition, it is possible that p53, if it were not inactivated by the 
Tag oncogene, would also be an effector of apoptosis. 

s imilar  levels in these stages. Therefore, it is reasonable 
to conclude from the functional  tests afforded by the 
forced overexpression of bcl-x L in double transgenic 
mice that the observed up-regulation of endogenous bcl- 
x n in the standard (single transgenic) tumorigenesis path- 
way contributes to the significant reduction in apoptosis 
that is evident in the solid tumors. We suspect that an 
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addit ional ,  as-yet -undef ined modu la to r  of apoptosis is 
also involved,  for the fol lowing reasons: (1) transgene- 
dr iven overexpress ion of bcl-x L does no t  comple te ly  ab- 
rogate apoptosis  in  Tag oncogene-expressing cells (Fig. 
4), and (2) there  is no obvious difference in the levels of 
Igf-2, bcl-XL, or angiogenesis  w h e n  smal l  tumors  having  
in t e rmed ia t e  apoptosis  are compared  w i th  large tumors  
showing  low apoptosis  (Fig. 7A). 

The  observa t ion  tha t  these  diverse apoptot ic  regula- 
tory factors are each func t iona l ly  involved  in cont ro l l ing  
cel l -death decis ions  in islet  B cells is indicat ive  of a 
m e c h a n i s m  tha t  in tegrates  signals f rom both  trans- and 
in t race l lu la r  factors (Fig. 7B). The  exis tence of mul t ip l e  
apoptosis  regulatory signals in this  one cell type may  
have  i m p o r t a n t  imp l i ca t ions  for the prevent ion  or treat- 
m e n t  of cancers;  d is t inc t  componen t s  of the  apoptot ic  
pa thway  could  po ten t i a l ly  be targeted s imul taneous ly .  
Moreover,  the evidence tha t  these signals can each reg- 
u la te  apoptosis  in  the absence of wild- type p53 func t ion  
engenders  o p t i m i s m  for the  deve lopment  of effective 
t r e a tmen t  strategies for the - 5 0 %  of h u m a n  cancers in 
w h i c h  p53 is e i ther  m u t a t e d  or absent,  par t icular ly  be- 
cause we have  demons ta t ed  in two previous studies 
(Christofori  et al. 1994; Parangi et al. 1996) that  the 
growth  of es tabl i shed islet  cell tumors  wi th  abrogated 
p53 (via the Tag oncogene) can be res t ra ined by increas- 
ing the  inc idence  of apoptosis.  In tha t  light, it is notable  
tha t  m a n y  cancers  have been shown to have elevated 
express ion of e i ther  bcl-2 or i ts  func t iona l  homolog  bcl- 
x L (McDonnel l  et al. 1992, 1993; Schott  et al. 1995; Th- 
ompson  1995), and e i ther  Igf-2 or its fami ly  members  
(Osborne et al. 1989; Yee et al. 1991). Hence, these 
classes of dea th  protectors  could well  present  a t t ract ive 
targets for the  deve lopmen t  of cancer therapies  tha t  an- 
tagonize the i r  funct ions .  

M a t e r i a l s  a n d  m e t h o d s  

Tissue preparation 

For the TUNEL assay, mice were perfusion fixed with 4% 
paraformaldehyde, and then the pancreas was removed and 
postfixed in 4% paraformaldehyde overnight. Tissues were then 
dehydrated through 50%, 70%, 80%, 95%, and 100% ethanol 
and xylene, followed by embedding in paraffin (Paraplast). Sec- 
tions of 5-~m thickness were used for staining. For BrdU stain- 
ing, tissues were prepared as above, except that mice were in- 
jected intraperitoneally with 100 ~g of BrdU per gram body 
weight 2-3 hr prior to sacrifice. For in situ hybridization, mice 
were also perfusion fixed with 4% paraformaldehyde, followed 
by removal of pancreas and an overnight postfixation in 4% 
paraformaldehyde. Tissues were then immersed in 30% sucrose 
for about 6 hr before being embedded in OCT compound (Tissue 
Tek). Cryosections of 10-~m thickness were used for in situ 
hybridization. 

TUNEL assay 

Staining for apoptotic cells was performed essentially as de- 
scribed previously (Surh and Sprent 1994) with some modifica- 
tions. Paraffin tissue sections were deparaffinized in xylene, re- 
hydrated through an alcohol series, and then pretreated in pro- 

teinase K (1-2 }zg/ml) for 10 min at room temperature. Gibco- 
BRL TdT reaction buffer supplemented with 0.15 M NaC1 and 
0.05% bovine serum albumin (BSA) was used. Digoxigeninqa- 
beled dUTP (Boehringer Mannheim) was used at a concentra- 
tion of 3 mM. TdT reaction conditions were 200 U/ml  enzyme 
(Gibco BRL) for 30 min at 37°C, followed by incubation with 
peroxidase-labeled anti-digoxigenin antibody (Boehringer Man- 
nheim) at a concentration of 5 U/ml  for 30 min at room tem- 
perature. Labeled cells were detected by treatment with diami- 
nobenzidine and H202, with a reaction time of - 4  min. 

In situ hybridization 

In situ hybridization was performed as described previously 
(Naik et al. 1994). The bcl-x c probe comprised a PCR fragment 
of 765 bp amplified with specific primers for murine bcl-x (5' 
primer: 5'-TTGGACAATGGACTGGTTGA-3'; 3' primer: 5'- 
GTAGAGTGGATGGTCAGTG-3'), and the bax probe con- 
sisted of a 492-bp PCR fragment amplified with primers specific 
for murine bax (5' primer: 5'-TTTCATCCAG-3'); 3' primer: 
5'-TCAGCCCATCTTCTTCCAGATG-3'); cDNA from a [3 tu- 
mor cell line, [~TC-3, was used. Cloning into plasmid pAMP19 
was done by use of the UDG cloning system (Gibco BRL), ac- 
cording to the manufacturer's instructions. Following this, 
SalI-SpeI fragments from the pAMP19 plasmids containing the 
respective PCR fragments were subcloned into pBluescript KS- 
between SalI and SpeI. Antisense riboprobe synthesis was per- 
formed with T7 polymerase on plasmids tinearized with SalI. 
The bag-1 probe comprised a 659-bp PCR fragment amplified 
from mouse spleen cDNA with murine bag-l-specific primers 
(5' primer: 5'-ATGGCCAAGACCGAGGAGAT-3' and 3' 
primer: 5'-TCATTCAGCCAGGGCCAAGT-3'). The PCR frag- 
ment was end filled and subcloned into the EcoRV site of pB- 
luescript KS-. For synthesis of probes, the plasmid was linear- 
ized with SpeI and T3 polymerase was used. 

BrdU immunohistochemistry 

Tissues prepared for BrdU staining, as described above, were 
immunostained as described previously (Naik et al. 1994), with 
some minor modifications. Tissues were treated with Protease 
Type XXIV (Sigma) instead of proteinase K for 30 sec. Reaction 
time for diaminobenzidine treatment was 4 min. 

Generation of Ri T2, p53-null mice 

R1T2 mice of C57/B16 strain were first crossed with p53-null 
mice of FVB/n background. F 1 R1T2/p53 +/-  and p53 +/-  ani- 
mals were intercrossed to generate R1T2/p53 - / -- and wild-type 
R1T2 mice. We have determined previously that apoptosis in 
islet cells is not affected by this mixed genetic background. 

Generation and breeding of RIP7-bcl-x L mice 

A 0.8-kb EcoRI fragment of human bcl-x L was released from 
pSFFV-bcl-x L (courtesy of Dr. Craig Thompson, Univ. of Chi- 
cago) and blunt-end ligated into the RIP7 vector at the ClaI site; 
the RIP7 vector consists of a 9.5-kb 5' regulatory region for the 
rat insulin II gene, the first intron of the insulin gene, and a 
pBluescript backbone. The transgene DNA was linearized at the 
SalI site, purified by CsC1 banding and prepared for injection 
into fertilized one-cell embyos derived from matings of FVB/n 
males and females. Injection of transgene DNA was performed 
as described previously (Hanahan 1985). Two independent 
founder lines were obtained. These lines were subsequently 
backcrossed into C57/B16 for at least two generations; most 
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animals analyzed were backcrossed for three to four genera- 
tions. 

Assessment  of angiogenic islet, and tumor incidence 

Angiogenic islets and tumors from 11-week-old mice were iso- 
lated by retrograde perfusion with collagenase solution through 
the common bile duct (Lacy and Kostianovsky 1967). Angio- 
genie islets were identified as islets with a reddish patch on a 
whitish background, and tumors were identified as solid encap- 
sulated large islet structures with an overall red hue. In the 
analysis of 14- to 15-week-old mice, animals were maintained 
on a high-carbohydrate diet; mice were fed ad libitum with 10% 
sucrose water and a high-carbohydrate solid food (Teklad Diet). 
This diet enabled us to partially ameliorate deaths from insulin- 
oma-induced hypoglycemia in mice that bore high tumor bur- 
den. Indeed, in initial determinations of tumor incidence, our 
data were obscured by the selective deaths of these mice. Tu- 
mors from 14- to 15-week-old mice were isolated by microdis- 
section. In some cases, tumors were processed for paraffin em- 
bedding, as described above, and subsequently immunostained 
for insulin. 
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