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Progress Report: The p53-Deficient Mouse as a Breast Cancer Model

Principal Investigator: Lawrence A. Donehower, Ph.D.

Introduction:

The p53 tumor suppressor gene is mutated in roughly half of all human tumors
examined to date (1). Approximately 30-40% of human breast cancers have p53
mutations, indicating loss of p53 function is a central event in breast cancer
progression (1). Even in those breast cancers where p53 is wild type in structure, it
may be abnormally stabilized or localized within the cell, suggesting possible
disruption of p53-associated growth control pathways (2). In addition to its loss in
spontaneously arising breast cancers, inherited mutations ofthe germ line p53 gene
can also occur, giving rise to a familial cancer predisposition called Li-Fraumeni
syndrome (3,4). The most frequently observed tumor in affected females of Li-
Fraumeni families is breast cancer (5).

The role of p53 in the normal cell appears in large part to be that of a cell cycle
checkpoint protein. In response to a variety of DNA damaging agents, p53 levels in
the cell increase and mediate one of two cell fates: (i) arrest in G1 of the cell cycle, or
(if) apoptosis (6-8). The decision to undergo arrest versus apoptosis may rely on many
factors, including cell type, growth factor levels, and abrogation of function in other
growth-related genes, etc. Regardless of which decision is taken, the end result is to
prevent the cell from DNA synthesis and division in the presence of damaged DNA
templates (9). Thus, the cell is more likely to be spared oncogenic mutations which
could lead to cancer. In the absence of p53 (which may occur in preneoplastic cells
and does occur in p53-deficient mice), it is hypothesized that cells would be more
likely to become tumorigenic through increased mutation rates and genomic instability

(9).

The biochemical mechanisms through which p53 mediates its checkpoint
functions are likely to be complicated, though clearly transcriptional regulation of key
growth related genes is crucial for its G1 arrest function (8,10). Wild type p53 trans-
activates the p21"*""®" gene, which encodes a potent inhibitor of G1 cyclin-
dependent kinases (11,12). Transcriptional activation plays a role in p53-mediated
apoptosis (13), though which p53 targets are critical for apoptosis are unclear. In
other instances, it has been shown that p53 can mediate apoptosis in the absence of
transcriptional activation, suggesting multiple mechanisms by which p53 effects
apoptosis (14,15).

There is significant evidence that p53-mediated apoptosis may play an
important role in suppression of tumors (16-18). Aberrant expression of certain
oncogenes and tumor suppressor genes may induce high levels of p53 (19,20). When
cells are induced to proliferate abnormally by these genes, p53 upregulation may
induce apoptosis and thus protect the organism from early tumors. This role of p53
tumor suppression through apoptosis has been demonstrated in some mouse tumor
models. In situations where Rb function is abrogated in a tissue, G1 arrest capability is
often lost and these abnormally proliferating cells are induced to undergo apoptosis.




In the absence of p53, such Rb-deficient tissues may rapidly form aggressive tumors,
arguing that attenuated apoptosis due to p53 loss is a rate limiting step in tumor
formation (16-18).

Is apoptotic function the primary mechanism by which p53 regulates tumor
progression or are there other mechanisms? A number of in vitro and in vivo studies
suggest that loss or mutation of p53 may have additional important biological effects
on tumor formation and progression (21). Some of these effects of p53 loss on tumor
progression maby be: (1) increased rates of cell proliferation independent of apoptotic
effects; (2) increased levels of genomic instability in the tumor cells which may lead to
further oncogenic lesions; (3) increased rates of angiogenesis, allowing more nutrients
to nascent tumor cells; and (4) increased invasiveness and metastases. All of these
biological effects are measurable, and an important goal of this proposal is to assess
all of these potential tumor progression mechanisms in the context of the Wnt-1/p53
tumor model described below.

Initially, to study the role of p53 in tumorigenesis, we developed a p53-deficient
mouse by gene targeting methods (22). These mice contained either one (p53+/-) or
two (p53-/-) inactivated p53 germ line alleles. In comparison to their normal
littermates, the p53-deficient mice showed accelerated tumorigenesis. Half of all
p53+/- mice developed tumors by 18 months of age, while 100% of p53-/- mice
succumbed to tumors by 10 months of age (23,24). The spectrum of tumors was quite
variable, though lymphomas and sarcomas were most frequently observed (23,24).

While the analysis of tumorigenesis in the p53-deficient mice has yielded a
number of interesting insights, the study of spontaneous tumor formation in these
animals has certain limitations if one wants to examine mechanistic questions in an
efficient, well controlled manner.  For example, the p53-deficient mice develop a
wide array of tumors sometimes with a relatively long latency (particularly the p53+/-
mice). Moreover, since p53+/+ mice rarely develop tumors, control tumors which
develop in a p53-independent manner are difficult to obtain. To circumvent these
disadvantages, investigators have taken two general approaches, either treating the
pS3-deficient mice with a tissue-specific carcinogen or crossing the p53-deficient mice
to a tumor-susceptible transgenic mouse genetically programmed to develop a single
tumor type. The resulting models usually develop a single tumor type in a relatively
short amount of time and control p53+/+ tumors are available to compare to the p53-
deficient tumors.

The model we chose for examination of the role of p53 loss in tumor
progression was the Wnt-1 transgenic/p53-deficient mouse (25). This model was
generated by crossing our p53-deficient mice to mammary tumor susceptible Wnt-1
transgenic mice (26). Whnt-1 transgenic females, which contain a mouse mammary
tumor virus long terminal repeat promoter driving the Wnt-1 oncogene, specifically
develop early mammary gland hyperplasia followed by mammary adenocarcinomas
before 12 months of age in a stochastic manner (26). Thus, our prediction was that
virtually all of the Wnt-1 transgenic females would develop mammary
adenocarcinomas either in the presence or absence of wild type p53. Such mice
would be ideal for exploring the biological and genetic effects of p53 presence and
absence in mammary tumor formation and progression.




Body:

Experimental Methods
Mice

The Wnt-1 mice used in the crosses described here were the offspring of two Wnt-1
males from line 303 described previously (Tsukamoto et al., 1988). These mice were of
mixed SJL X C57/BL/6 genetic background. The p53-deficient mice were from a pure
129/Sv line of mice containing one or two germ-line p53 null alleles (27). The two Wnt-1
males were crossed to heterozygous (p53+/-) 129/Sv females to derive F1 mice of four
possible genotypes (p53+/+; Wnt-1 p53+/+; p53+/-; Wnt-1 p53+/-). F1 p53+/- females
were crossed to F1 Wnt-1 p53 +/- males to obtain F2 mice that carried any of the Wnt-1
p53 genotypes found in the F1 population as well as Wnt-1 p53-/- or p53-/- . To obtain
larger numbers of mice with p53-/- genotypes with or without the Wnt-1 transgene, F2
p53-/- temales were mated to Wnt-1 p53 -/- males. All of the mice were monitored visually
twice weekly for the appearance of tumors for up to one year. When a tumor of roughly
0.5 centimeters in diameter was detected, the age of the mouse was recorded and used to
generate the Kaplan-Meier plots in Fig. 1. Once a tumor reached 1.5-2 cm in diameter,
the tumor-bearing mouse was sacrificed, and tissue sections removed for histopathology.

The remainder of the tumor was frozen at -70°C for nucleic acid analyses.

Genotyping of Mice

We determined the p53 and Wnt-1 genotypes of the offspring from the crosses
using previously described methods (25,26). Briefly, 1 cm of tail was clipped from

weanling mice and incubated overnight at 55-60° C in 500 ul of tail lysis buffer (50 mM
Tris-HCI pH 7.5, 50 mM EDTA pH 8.0, 100 mM NaCl, 5 mM DTT, 200 ug/ml Proteinase
K). Lysates were extracted with phenol chloroform and precipitated in two volumes
ethanol. Pellets were resuspended in 100 ul TE (10 mM Tris-HCI, pH 8.0, 1 mM

EDTA). Five ul of each tail DNA was cleaved with Bam HI (2-16 hr at 37° C) and
subjected to agarose gel electrophoresis on a 0.7% gel. The gel was then blotted to
nylon membranes (Bio-Rad Zetaprobe membranes) and hybridized according to the
Southern blot hybridization procedures of Reed and Mann (28). Wnt-1 probes and
53 probes were utilized simultaneously in the hybridization and were labelled with

’P with an oligo labelling kit provided by Boehringer-Mannheim. Filters were rinsed
and subjected to autoradiography. The p53 wild type allele (5.0 kb), mutant p53 allele
(6.5 kb), Wnt-1 transgene (3.0 kb), and endogenous Wnt-1 gene (2.0 kb) could easily
be differentiated by this procedure.

Loss of Heterozygosity Assays

These assays were performed by Southern blot hybridization procedures
identical to those described above for genotyping except that small pieces of




mammary tumor tissue were used instead of tail. Roughly half of the tumors displayed
loss of the remaining wild type p53 allele while half retained it by Southern blot assay.

Tumor Transplantation Assays

Either 10%, 10°, or 10%tumor cells isolated from primary mammary tumors were
transplanted into the inguinal mammary fat pads of female SCID hosts 8-16 weeks of
age. These tumor cells developed into tumors whose diameter and growth rates were
measured by calipers over a period of 6 weeks. The tumor cells were isolated from the
tumors by mincing with a sterile razor blade followed by a 3 hour incubation at 37°C in
DMEM:F12, collagenase and antibiotics as described by Kittrell et al. (29). The tumor
cells were spun down and then rinsed three times with PBS containing 5% ABS to
inactivate the Collagenase. The cells were then resuspended in DMEM:F12 and an
aliquot was counted on a hemocytometer. Approximately 10 ul containing the
appropriate number of cells were then injected into the inguinal fat pad of female SCID
hosts.

Mitotic Index Counts

A determination of the number of mitotic figures in each tumor section was
performed as follows: Mitotic figures (cells containing obvious condensed
chromosomes in various stages of mitosis) were counted in 10 random high power
fields at or near the edges of standard hematoxylin and eosin stained tumor cross
sections.

BrdU Incorporation

BrdU incorporation was performed using the Cell Proliferation Kit from
Amersham (RPN 20). Briefly, 1 ml of BrdU (from kit) per 50 grams body weight of the
mouse was injected intraperitoneally. The labeling of cells was allowed to proceed for
three hours at which time tumors were harvested and fixed in methacarn fixative
- solution overnight. Samples were then transferred to acetone for at least three hours
and then stored in 95% ethanol until embedding in paraffin. Sections were stained for
BrdU incorporation as follows: Samples were deparaffinized by washing twice in
xylene, twice in 100% ethanol and once in 70% ethanol. Samples were then
rehydrated in PBS for 20 minutes. Endogenous peroxidase activity was quenched by
immersing samples in 3% hydrogen peroxide for five minutes followed by two 10
minute rinses in PBS. The samples were then incubated at 37° C for one hour with
nuclease and Anti-BrdU antibody (Kit), followed by a 20 minute wash with PBST and
10 minutes with PBS. This was followed by incubation with the secondary antibody for
30 minutes at 37° C. Samples were then washed for 10 minutes with PBST and twice
for 10 minutes with PBS. Substrate was provided in the form of DAB in 1x PBS for 10
minutes. Counterstaining is done with Methyl Green for 5 minutes followed by dipping
in butanol, 100% ethanol, and xylene. Samples were then mounted with Permount.




Flow Cytometry

The DNA content of tumor samples was assessed in nuclei isolated from
paraffin embedded samples based on a modification of Hedley's method (30).
Nuclear suspensions were prepared from five 50 um sections, a 4 um section was cut
before and after the 50 um sections to confirm that histologically comparable sections
were being used. The samples were deparaffinized using two 50 minute xylene
washes at 25°C. The cells were then rehydrated using successive incubations with
ethanol, two per dilution, 100%, 95%, 70%, 50% and distilled water. Between each
concentration of ethanol there is a 50 minute incubation at 25°C to make a cell
suspension. To make this a single cell suspension the cells were treated with a 0.5%
pepsin solution at 37°C for 30 minutes. Filtration through a 74 um mesh (Small Parts
Inc., Miami, FL) resulted in a nuclear suspension which was stained using the
Vindelov technique (31). For a procedural control fresh chicken erythrocyte nuclei
(CEN) (Accurate Chemical & Scientific Co., Westbury, NY) were used. A five microliter
solution of a 20,000,000 CEN/mI suspension was added to the sample prior to the
DNA staining step.

The sample used for actual DNA flow analysis was acquired of a FACScan flow
cytometer using the ModFitLT software with doublet discrimination from Becton
Dickinson, San Jose, CA. Twenty thousand events were collected using the gating
parameters of FL2-W versus FL2-A. Histograms were generated to determine the
percentage of cells in each stage of the cell cycle. The Coefficient of Variation (CV)
was determined for the diploid GO/G1 peak for all cases. Only those samples with
CV's of less than 8% were used.

DNA Laddering Apoptosis Assay

Genomic DNA was isolated from frozen tumor tissue by methods similar to
those described for the loss of heterozygosity procedure except that pelleting of the
DNA utilized 30 minute centrifugations rather than five minute centrifugations. Twenty
micrograms of total DNA from each tumor was then run out on a 1.5% agarose gel.
The gel was blotted using standard Southern blot procedures (28) and probed using a
total mouse genomic probe cleaved with Hae Ill and labelled with *P through the oligo
labelling procedure with the High Prime labelling kit (Boehringer-Mannheim).
Following autoradiography of the Southern blot, the radioactivity on the filters was
imaged and quantitated using a Molecular Dynamics phosphorimager. The amount of
hybridization in the low molecular weight ladder bands (apoptotic fragments) of each
lane was divided by the total amount of hybridizing radioactivity (after subtracting
background) in that lane to obtain an estimate of the percentage apoptotic DNA.

TUNEL Assay

The TUNEL assay was performed using the TACS™ 2 TdT In Situ Apoptosis
Detection Kit (Trevigen, Gaithersburg, MD). Briefly, 4 um sections on slides were
deparaffinized by heating at 57°C for 20 minutes followed by placing in xylene for 10
minutes at room temperature. This was followed by another 5 minute xylene wash, a 5
minute 100% ethanol wash, a 5 minute 95% ethanol wash and a 70% ethanol wash



for a further 5 minutes. The slides were then rinsed twice in distilled water for 2
minutes each followed by a rehydration in PBS for 10 min. The samples were then
digested for 10 minutes at room temperature with Proteinase K (Kit). Endogenous
peroxidases were then quenched using 3% hydrogen peroxide for 5 minutes. The
fragmented DNA ends present in apoptotic cells were then extended using TdT, Mn++,
biotin dNTP's in labeling buffer (Kit). This reaction mix was added to the samples and
allowed to incubate at 37°C for 1 hour. The reaction was stopped and rinsed for 2
minutes in PBS. Streptavidin-HRP conjugate was then allowed to bind to the
incorporated biotin-dNTPs at room temperature for 15 minutes. Substrate was
provided in the form of DAB and the color reaction was allowed to proceed for 5
minutes at room temperature. Counterstaining was performed for 5 minutes with 1.0%
methyl green (Kit). Samples were dipped briefly in butanol, 100% ethanol and xylene.
Finally, samples were mounted with Permount.

Immunoblot detection of antibodies in mammary tumors

Equivalent amounts of protein from mouse tumors were separated by SDS
polyacrylamide gel electrophoresis using 15% resolving gels, transferred to Immobilon
P membrane (Millipore), and immunoblotted with either anti-mouse IgG (H+L)
antibodies (Pierce), mouse kappa or lambda chain-specific antibodies (Cappell), or
tumor bearing serum as previously described (32).

Telomerase, telomerase RNA, and telomere assays

The procedures for these assays are described in Broccoli et al. (33) and this
reprint accompanies the progress report.
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Results
(1) Data from first year of grant

To provide the background for the second year's progress, | felt it was
necessary to briefly outline the progress in the first year. First, After crossing the p53-
deficient mice to the Wnt-1 transgenic mice, we monitored tumor formation in the
various categories of offspring. We will focus on the Wnt-1 transgenic females in the
remainder of this report. Appearance of mammary tumors in the Wnt-1 transgenic
females was greatly accelerated in the absence of p53 (p53-/-) (Figure 1). All of the
Whnt-1 p53-/- females developed mammary adenocarcinomas by 15 weeks of age and
very few developed lymphomas or other spontaneous tumors characteristic of the
p53-/- mice. Wnt-1 p53+/+ females showed a delayed mammary tumor incidence with
100% developing adenocarcinomas by 41 weeks of age. Interestingly, Wnt-1 p53+/-
females exhibited the same mammary tumor incidence as Wnt-1 p53+/+ females, even
in those cases where the p53+/- tumor showed loss of the remaining wild type allele.
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In order to obtain insights into the mechanisms by which loss of p53
accelerated tumorigenesis, we analyzed the chromosomal complement of the Wnt-1-
initiated mammary tumors in the presence and absence of p53. Previous in vitro
studies had shown that the loss of p53 correlated with genomic instability. Using two
different methods, classical cytogenetics and comparative genomic hybridization, we
showed that loss or absence of p53 correlated quite well with increased genomic
instability. A summary of the comparative genomic hybridization (CGH) results is
shown on the next page (Table 1). It should be noted here that roughly half of the
pS3+/- tumors lose their remaining wild type allele (referred to as p53+/- LOH) and
roughly half of the tumors appear to retain their wild type allele (referred to as p53+/-
no LOH) as assayed by Southern blot hybridizaton. Sequencing of the p53 ¢cDNA in
four p53+/- tumors which retained the wild type allele showed no point mutations in the
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remaining p53 gene and no downregulation of RNA expression, suggesting that wild
type p53 function is retained in this category of p53+/- tumors.

Table 1. Summary of CGH Abnormalities in Wnt-1 Mammary Adenocarcinomas

p53 Genotype Tumors with Average Number
Chromosome of Chromosome
Abnormalities Abnormalities per Tumor

p53+/+ 2/6 0.3

p53+/- (no LOH) 2/4 1.0

p53+/- (LOH) 8/8 4.2

p53-/- 77 1.7

Tumors missing p53 (p53+/- LOH and p53-/-) showed significantly higher rates
of chromosomal abnormalities, supporting the argument that loss of p53 promotes
genomic instability. Surprisingly, Table 1 also shows that p53+/- tumors which lose
their remaining wild type p53 allele have even more chromosomal abnormalities than
pS53-/- tumors. We are unsure why this would be so, but have speculated that p53+/-
tumors have to undergo more mutations than p53-/- tumors because of environmental
effects (i.e. organisms with no p53 may not be able to express certain extracellular
inhibitors of tumor growth). Interestingly, the chromosomal abnormalities observed in
the p53-deficient tumors were non-random in nature, suggesting a selection for certain
chromosomal lesions which might provide a growth advantage. These results indicate
that genomic instability does play a role in the progression of these tumors and that
loss or absence of p53 may contribute to tumor progression in part through this
mechanism.

(2) Results in second year of grant

In the second year of the grant our primary focus has been to determine some of
the biological mechanisms by which loss or absence of p53 accelerates mammary
tumorigenesis in the Wnt-1 transgenic p53-deficient model. In the first year we
concentrated on the involvement of genomic instability in tumor progression. In the
second year we looked at three potential additional mechanisms: (i) cell cycle
progression and proliferation; (i) apoptosis (programmed cell death); and (iii) telomere
and telomerase effects. The first two parameters are obviously of critical importance
in the growth of the tumor as the tumor growth is a direct function of the rate of cell
division minus the rate of cell death. There has been significant evidence from other
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tumor models that loss of p53 is accompanied by attenuated apoptosis and that this
event might be a rate limiting step in tumor formation (16-18).

(a) mammary tumor growth in the presence and absence of p53

Our first set of studies entailed some followup experiments on the tumor
incidence data shown in Figure 1. The data in Figure 1 measures the time to first
appearance of a visible tumor. Such curves may reflect early events in tumor
formation. However, we wanted to more effectively measure the rates of tumor growth
once the tumor is first observed. To do this, we measured the rate of tumor volume
growth over time after initial observation. Tumor diameters in two dimensions were
measured with calipers at weekly intervals and tumor volumes could then be
estimated from these measurements. We found that while the rate of tumor volume
growth for each p53 genotype was quite variable, the average growth of tumors
missing p53 was faster than those containing p53 (Figure 2).
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We also performed tumor transplantation experiments in which we
transplanted10?, 10°, or10° tumor cells from each tumor and injected them into the
same inguinal mammary fat pad of genetically indentical recipient SCID mice. We
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found that injection of 10* tumor cells often failed to produce any tumors after
transplanting and 10° tumor cells formed tumors so rapidly that it was difficult to

adequately differentiate tumor growth rates. However, virtually all of the
transplantations with 10° tumor cells formed tumors which grew gradually enough to

easily differentiate between fast growing and slow growing tumors. The transplant
experiments also had a number of advantages over the primary tumor measurements.
We were starting with the same number of tumor cells (10°), injected into the same
inguinal mammary fat pad, in genetically identical p53+/+ female SCID hosts between
8 and 16 weeks of age. Therefore, tumor growth rates are more likely to be

dependent only on the properties of the tumor cells and not those of the host. The
transplanted tumor cells were then monitored weekly for tumor outgrowth. Shown
cells were transplanted

below are representative graphs for experiments in which 10°

(Figure 3).
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The results shown in Figure 3 do not show the expected straightforward
owever, the p53+/+ tumors do show

correlation between growth rate and p53 status. H

the slowest growth rates, and the p53+/- LOH tumors, after a slow start, have the
fastest growth rate. Interestingly, the p53-/- tumor cells, which showed the fastest
growth rate as primary tumors, showed slower growth rates than even the p53+/- no

LOH tumors. We speculate that such slow rates may be attributable to an
environmental effect. That is, organisms with intact p53 (such as the p53+/+ SCID
hosts in these experiments) may release an inhibitor of tumor growth which p53-/-
tumor cells have never been exposed to in the primary tumor. Therefore, it may take
more time for the p53-/- tumor cells to evolve the appropriate mutations to overcome
this inhibition. We plan more experiments in the future to corroborate this model.
However, these experiments partially corroborate the primary tumor data that the
absence of p53 tends to result in an increase in mammary tumor cell growth rates. In
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the next sections we attempt to determine some of the mechanisms by which p53 loss
may accelerate tumor cell growth rates.

(b) tumor cell proliferation and cell cycle progression

Probably the most obvious mechanism by which p53 loss could result in
elevated tumor cell growth is through increased rates of cell division. We have shown
previously that early passage p53-/- embryo fibroblasts divide more rapidly than their
p53+/+ counterparts and have higher percentages of cells in S phase (34). To assess
rates of cell division in the mammary tumors in the presence and absence of p53, we
employed three different techniques: (i) mitotic index determinations; (ii) BrdU
incorporation assays; and (jii) flow cytometry on fixed tumor cells. The mitotic index for
each tumor was easily determined by counting the percentage of cells in a tumor in
multiple microscopic fields which are clearly in mitosis through the identification of
condensed chromatids in the fixed H & E sections. Two individuals performed these
counts in a blinded fashion and obtained similar results. These are shown in Table 2
below.

Table 2. Mitotic Index of Wnt-1 Mammary Adenocarcinomas

p53 Genotype Mean Mitoses® # Tumors Examined
p53+/+ 16.7 9
p53+/- (No LOH) 23.8 6
p53+/- (LOH) 40.0 7
p53-/- 37.0 10

®Mean number of mitoses per 10 high power fields

The results above clearly indicate that cells which either lack or lose p53 show
higher frequencies of mitosis as measured by this assay. To confirm that tumors
without p53 also have higher percentages of cells in S phase, we employed a BrdU
incorporation assay. BrdU was injected into the tumor bearing animals three hours
prior to sacrifice. Tumor cells in S phase during this three hour window are detected
by incubation of the tumor sections with an anti-BrdU antibody. Typical results for this
assay on tumor sections are shown on the next page in Figure 4.
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Note that the p53-/- tumor appears to have more staining nuclei than the p53+/+ tumor.
When results such as these were carefully quantitated, we again found that the p53+/-
LOH and p53-/- tumors again had higher percentages of cells in S phase than p53+/+
and p53+/- no LOH tumors. While performing these assays, however, we found that
our BrdU incorporation levels were lower than should have been expected.
Subsequently, we have changed our fixative procedures and have successfully
obtained higher levels of BrdU incorporation consistent with the observations of
others. The BrdU incorporation results so far mirror those observed with the earlier
fixative but sufficient numbers of tumors have not been analyzed yet to make any final
conclusions.

Our final assay for cell proliferation involved flow cytometry on tumor cells from
fixed sections of tumors to determine the DNA index and S-phase fraction. So far,
sixteen Wnt-1/p53 tumors have been examined by flow cytometry and the results are
indicated in Table 3 below. As expected, tumors losing or missing p53 have higher
fractions of cells in S phase. p53+/- LOH show significantly higher S phase fractions
than all other p53 genotypes. This result is consistent with the earlier mitotic index
data. Interestingly, flow cytometry indicated that all four p53+/- LOH tumors were
aneuploid while none of the other twelve tumors (including p53-/- tumors) appeared to
have significant aneuploid fractions. This result is also consistent with the
comparative genomic hybridization data presented in Table 1.

Table 3. Flow cytometry results on Wnt-1 mammary adenocarcinomas

p53 genotype Number Mean S phase fraction  Aneuploidy

p53+/+ 4 7.6% 0/4
p53+/- (no LOH) 3 8.7% 0/3
p53+/- (LOH) 4 18.7% 4/4
p53-/- 5 11.5% 0/5

(c) apoptosis

The growth rate of a tumor is likely to be influenced by at least two processes,
the rate of cell division and the rate of cell death. We have shown strong evidence
above that in the Wnt-1 mammary tumor model the absence of p53 increases cell
divison rates over those seen in tumors with intact p53. However, studies on other
mouse tumor models have indicated that loss of p53 in a tumor cell may be
accompanied by attenuated apoptosis and increased survival (16-18). To determine




whether p53 loss was accompanied by decreased apoptosis in our Wnt-1/p53 model
we analyzed apoptosis by two methods, the TUNEL assay and DNA laddering assay.
The TUNEL assay specifically labels nuclei with free DNA ends. Such free ends are
signature events in apoptotic cells. We employed this assay on both normal and
hyperplastic mammary glands and mammary tumors from the Wnt-1/p53 mice.
Apoptosis levels were very low in both normal and hyperplastic mammary glands in
the presence and absence of p53. Figure 5 on the next page shows representative
pictures of hyperplastic mammary glands assayed by TUNEL. When mammary
tumors were examined by TUNEL assay, we were surprised to find that Wnt-1 tumors
had low levels of apoptosis in both p53 positive and negative tumors and there was
not a significant difference among the tumors.

The compilation of the TUNEL results for the tumor and non-tumor tissues are
shown below in Table 3 and reveal that apoptosis levels remain relatively low and do
not change significantly in the progression from normal mammary glands to malignant
carcinoma.

Table 4. Summary of apoptosis results for TUNEL assay

Tissue Type p53 Status % Apoptotic Cells? Sample #
Normal Mammary Gland ++ 0.20 5
Hyperplastic Mammary Gland  +/+ 0.57 9
Hyperplastic Mammary Gland  +/- 0.23 8
Hyperplastic Mammary Gland  -/- 0.33 3
Mammary Adenocarcinoma ++ 0.75 7
Mammary Adenocarcinoma +/- (no LOH) 0.44 6
Mammary Adenocarcinoma +/- (LOH) 0.61 10
Mammary Adenocarcinoma -/- 0.39 10

*Mean percentage of all samples in a category

p33 status plays little or no role in levels of apoptosis in the tumors in this model and
this was further confirmed by a DNA laddering assay on the tumors. With this assay,
there was not a great difference in the intensity of apoptotic DNA (represented by the
discrete bands in the low molecular weight region of the gel following quantitation with
the Molecular Dynamic Phosphorimager). If anything, we noted that p53-/- tumors had
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marginally higher percentages of apoptotic DNA compared to p53+/+ tumors (data not
shown). Thus, our data supports the hypothesis that the increased tumor growth rate
observed in the tumors lacking p53 is likely to a result of increased proliferation rate
rather than decreased apoptotic function.

(d) antibody deposition in Wnt-1 mammary adenocarcinomas

In a collaborative effort with Wafik El-Deiry at the University of Pennsylvania
School of Medicine, we investigated p21"*""°"" protein expression in p53-deficient
tumors and Wnt-1 mammary tumors. Using primarily immunoblot assays, assessment
of p21 in the tumors tended to be variable and inconclusive. However, it was quickly
noted that tumors from mice which had intact p53 (e.g. Wnt-1 p53+/+ mice) had high
levels of mouse light and heavy chain antibody deposition within the tumor tissue. In
contrast, mice without p53 (e.g. Wnt-1 p53-/- mice) had very low levels of antibody
deposition within the tumor. Six of seven Wnt-1 p53+/+ tumors had high levels of
antibodies, while six of seven Wnt-1 p53-/- tumors had very low levels of antibodies.
Moreover, sera from tumor-bearing Wnt-1 p53+/+ mice recognized multiple antigens in
extracts from their own tumors. Sera from tumor-bearing Wnt-1 p53-/- mice had
substantially reduced reactivity with tumor antigens in their own tumors.

(e) telomere length, telomerase, and telomerase RNA

In collaboration with Titia de Lange at the Rockefeller, we were fortunate in
being able to examine the contribution of telomerase and telomere degradation to
tumor initiation and progression in the Wnt-1 transgenic p53-deficient model (33).
Some models of cancer formation implicate activation of telomerase activity as a
critical event in tumor formation, since normal human cells in culture show both low
telomerase activity and decreasing telomere size with passaging. Immortalized
human cells and tumor cells often show increased telomere size and high levels of
telomerase. It is postulated that early stage tumors may lose telomere function due to
progressive shortening. This may lead to activation of DNA damage checkpoints,
followed by cell cycle arrest and apoptosis. In tumors that have lost the ability to detect
uncapped chromosome ends (e.g. p53-deficient cells), telomere malfunction may lead
to genomic instability and accelerated tumor progression.

To test these possibilities, we compared telomere length, telomerase RNA, and
telomerase activities in the normal mammary glands and mammary adenocarcinomas
of the Wnt-1 transgenic p53-deficient mice. Interestingly, mouse telomere length did
not greatly vary in length between normal and tumor tissue, irrespective of p53 status,
suggesting that decreasing telomere length is not an issue in mouse mammary
tumorigenesis. Telomerase RNA was increased in amount in the mammary tumors
compared to normal mammary glands, but p53 status had no apparent effect on the
telomerase RNA levels. The most dramatic result was the high levels of telomerase
activity observed in mammary tumors but not in the normal mammary glands or
hyperplastic mammary glands (Table 5). There was a slight effect of p53 status on
telomerase activity in the mammary tumors. p53-/- mammary tumors had roughly two
fold more telomerase activity than p53+/+ tumors. However, it is unclear whether this




slight increase in telomerase activity may have a significant effect on tumor initiation
and progression in the p53-/- mice. The most likely conclusion is that loss or absence
of p53 has little or no effect on telomere status in mouse mammary tumors.

Table 5. Activation of telomerase in Wnt-1 mammary tumors
in mice with different p53 genotypes

Type of sample Telomerase activity?

p53-/- normal mammary gland

MG 1-/- 9.3
MG 2-/- 45
MG 3-/- 18.3
Median 9.3

p53+/+ mammary tumor

w2 17
W10 11
W30 36
W134 54
W151 24
Median 24

p53-/- mammary tumor

wos 100
W121 94
Wi54 56
W177 14
w184 55
Median 54

® Telomerase activity is expressed as relative specific activity
normalized to a mouse J558 standard. Average percent activity
was determined from two to six assays.

CONCLUSIONS

The data presented in this report argue that p53 loss or absence may contribute
to tumorigenesis by a variety of different mechanisms. Tumors without p53 appear to
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grow and progress faster than tumors which contain p53. Surprisingly, while other
mouse tumor models have demonstrated that loss of p53 is accompanied by
attenuated apoptosis, we have shown in our model that apoptosis is likely to have little
or no role in tumor progression. The reasons for the apoptotic independence in our
model are unclear but it may have to do with the growth factor environment of the
nascent tumor cells. In vitro assays often show that apoptosis can only be induced in
the absence of certain growth factors. The nascent Wnt-1-initiated tumor cell is bathed
in Wnt-1 growth factor and this may prevent any apoptotic pathways from being
activated. However, this apoptotic independence makes our model particularly useful
in teasing out other p53-dependent mechanisms which may influence tumor
progression.

In the first two years of this grant we have attempted to identify some of these
alternative mechanisms. Among these are increased genomic instability in the
absence of p53 and increased proliferative capacity. Interestingly, while the tumors
with the most genomic instability, the p53+/- (LOH) tumors, have the highest
proliferative rates, they do not arise any sooner than p53+/+ tumors. This suggests
that genomic instability plays a role in tumor progression but not tumor initiation. In
addition, tumor cells missing or losing p53 appear to have a higher percentage of cells
in S phase, suggesting that p53 may play a direct role in decreasing tumor growth rate
through its growth arrest function (through checkpoint inhibition of progression through
G1 and G2 or through direct inhibition of DNA replication).

We also examined the effects of p53 loss on telomere function in the presence
and absence of p53 in our mammary tumor model. Telomeres themselves appear to
maintain their structure during tumor progression, though telomerase activity is greatly
increased. However, this telomerase increase appears to be mostly p53-independent,
arguing against a role for p53 in this particular aspect of the tumorigenesis process.

Finally, through serendipity, we discovered that Wnt-1 mice lacking p53 have
greatly reduced amounts of heavy and light chain antibodies deposited in their tumors
than Wnt-1 mice with intact p53. The Wnt-1 p53-/- mice also seem to be less able to
mount an immune response to tumor antigens that Wnt-1 p53+/+ mice are quite
capable of recognizing. Such results argue that immune surveillance of nascent
tumors in mice lacking p53 may be deficient and this may be part of the reason for the
accelerated tumor incidence in Wnt-1 p53-/- mice (see Figure 1).

In summary, in the second year of this grant, we have attempted to more fully
answer mechanistic questions about the role of p53 loss in mammary tumor
progression in our Wnt-1 p53 model. We have shown that increased genomic
instability and increased cell proliferation rates (independent of apoptosis) accompany
loss of p53. Through collaborative efforts we have also examined telomere status and
immune function in our model. In the next year, we hope to identify other mechanisms
(e.g. increased angiogenesis) and examine particular genes which may mediate these
important mechanisms. We do believe that the results achieved so far validate the
Wht-1 transgenic p53-deficient mouse as a highly useful model for these types of
studies.
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Appendix:

Two reprints published in the last year which describe some of the work
outlined above are appended here:

Donehower LA, Godley LA, Aldaz CM, Pyle R, Shi YP, Pinkel D, Gray J, Bradley A,
Medina D, Varmus HE (1996) The role of p53 loss in genomic instability and tumor
progression in a murine mammary cancer model. In Genetics and Cancer
Susceptibility: Implications for Risk Assessment, Prog Clin Biol Res 395, pp.1-11.

Broccoli D, Godley LA, Donehower LA, Varmus HE, de Lange T (1996) Telomerase
activation in mouse mammary tumors: lack of detectable telomere shortening and

evidence for regulation of telomerase RNA with cell proliferation. Mol Cell Biol
16:3765-3772.
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Activation of telomerase in human cancers is thought to be necessary to overcome the progressive loss of
telomeric DNA that accompanies proliferation of normal somatic cells. According to this model, telomerase
provides a growth advantage to cells in which extensive terminal sequence loss threatens viability. To test these
ideas, we have examined telomere dynamics and telomerase activation during mammary tumorigenesis in mice
carrying a mouse mammary tumor virus long terminal repeat-driven Wnt-1 transgene. We also analyzed
Whnt-1-induced mammary tumeors in mice lacking p53 function. Normal mammary glands, hyperplastic mam-
mary glands, and mammary carcinomas all had the long telomeres (20 to 50 kb) typical of Mus musculus and
did not show telomere shortening during tumor development. Nevertheless, telomerase activity and the RNA
component of the enzyme were consistently upregulated in Wnt-1-induced mammary tumors compared with
normal and hyperplastic tissues. The upregulation of telomerase activity and RNA also occurred during
tumorigenesis in p53-deficient mice. The expression of telomerase RNA correlated strongly with histone H4
mRNA in all normal tissnes and tumors, indicating that the RNA component of telomerase is regulated with
cell proliferation. Telomerase activity in the tumors was elevated to a greater extent than telomerase RNA,
implying that the enzymatic activity of telomerase is regulated at additional levels. Our data suggest that the
mechanism of telomerase activation in mouse mammary tumors is not linked to global loss of telomere function

but involves multiple regulatory events including upregulation of telomerase RNA in proliferating cells.

Telomerase is a cellular RNA-dependent DNA polymerase
that can maintain the tandem arrays of telomeric repeats at
eukaryotic chromosome ends (reference 26; reviewed in refer-
ences 6 and 25). Human and mouse telomerases elongate the
3" ends of chromosomes with strings of TTAGGG repeats (49,
50). This motif is dictated by a short template sequence within
the RNA components of mammalian telomerases (7, 23).
When telomerase is absent, chromosomes show progressive
terminal sequence loss with cell divisions (23, 46, 57), probably
reflecting the fact that the chromosomal replication machinery
cannot duplicate DNA ends (61). The maintenance of the
telomeric repeat array and its associated protein complex is
essential for chromosome stability. Uncapped chromosomes
are sensitive to degradation and fusion and can activate DNA
damage checkpoints (40, 45, 54). Because of its ability to re-
plenish lost telomeric sequences, telomerase is thought to be
required for long-term cell proliferation.

Human telomerase has been implicated in cellular immor-
talization and tumorigenesis. High levels of telomerase activity
have been demonstrated in immortalized cell lines (16, 17, 34,
49) and in the majority of human cancers (references 19 and
34; reviewed in reference 29). In normal human cells, telom-
erase activity is lower (9, 18, 31) or not detectable (19, 34).
These variations in telomerase activity correlate with the dy-
namics of human telomeres. Telomere shortening at a rate of
50 to 200 bp per population doubling is a general phenomenon

* Corresponding author. Mailing address: Box 159, Laboratory for
Cell Biology and Genetics, The Rockefeller University, 1230 York
Ave., New York, NY 10021. Phone: (212) 327-8146. Fax: (212) 327-
7147. Electronic mail address: delange@rockvax.rockefeller.edu.

27

in normal human somatic cells (reference 28; reviewed in ref-
erence 29). In contrast, immortalized cell lines with high te-
lomerase activity have stable telomeres or show telomere elon-
gation (16, 17, 19, 39). One explanation for the increased
telomerase activity in cancer is that restored telomeres confer
a selective growth advantage during tumor progression (re-
viewed in reference 20). According to this model, telomere
shortening in the early stages of tumor development results in
loss of telomeric function, possibly because of a failure to
engage the telomere-binding protein, hTRF (13). This in turn
leads to the activation of DNA damage checkpoints, followed
by cell cycle arrest and possibly apoptosis. In tumors that have
lost the ability to detect uncapped chromosome ends, telomere
malfunction might lead to extreme genome instability. Cells
with high levels of telomerase activity may not experience the
decreased viability associated with telomere malfunction and
eventually dominate the later stages of tumorigenesis.

In order to test the idea that telomere attrition drives selec-
tion of telomerase-positive tumor cells, we have focused on
telomere dynamics and telomerase activation in a mouse tu-
mor model. Mouse telomerase activity has been demonstrated
in a number of immortalized cells, tumors, and normal tissues
(12, 50, 51). However, unlike human somatic cells in which the
telomeres are composed of 5 to 10 kb of TTAGGG repeats (2,
3, 21), murine (Mus musculus) tissues have telomeres that are
remarkably long, with telomeric tracts in the 20- to 50-kb range
(37, 58). Since there is no indication for accelerated telomeric
decline in the murine soma (37), it is expected that the telo-
meric tracts will not be depleted during tumor development,
thereby obviating the need for increased telomere mainte-
nance during tumorigenesis.
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We have employed a murine system in which mammary
tumors are induced by a mouse mammary tumor virus long
terminal repeat-driven Wnt-I transgene, which results in ec-
topic expression of the Wht-1 proto-oncogene in mammary
tissue and salivary glands (60). Wnt-1 transgenic animals have
hyperplastic mammary glands and are predisposed to the de-
velopment of mammary adenocarcinomas. The stochastic ap-
pearance of these tumors is consistent with the idea that tumor
formation requires alterations in addition to expression of
Wnt-1 in the mammary glands. Candidate cooperating genes
(such as int-2, fgf-3, and fgf-4) have been identified elsewhere
(41, 43, 55). Wnt-I-induced tumorigenesis is strongly acceler-
ated in animals lacking a functional p53 gene, possibly because
of increased genomic instability (22). pS3-deficient tumors dis-
play multiple karyotypic abnormalities, including aneuploidy,
dicentric chromosomes, amplifications, and deletions (22).

Here we report that the telomerase activity in What-1 tumors
was increased 10- to 20-fold relative to that measured in nor-
mal and hyperplastic mammary glands. Telomerase RNA lev-
els were elevated twofold in the tumors and correlated with the
expression of histone H4 mRNA in each of the tissues. The
results indicate that telomerase activation in these tumors in-
cludes at least two regulatory events, one of which involves
upregulation of the telomerase RNA with cellular prolifera-
tion. The average telomere array size was not appreciably
altered during tumorigenesis. Since telomerase activation does
not appear to be selected through global telomere shortening,
upregulation of telomerase in tumors may serve a role other
than maintenance of telomere length.

MATERIALS AND METHODS

Cell lines and mouse strains. The mouse myeloma cell line J558 (ATCC TIB6)
was cultured in Dulbecco modified Eagle medium supplemented with 10%
bovine calf serum, antibiotics, and glutamine. The transgenic mice used in this
study have been previously described (22, 60). Normal mammary glands de-
scribed in Table 1 were derived from SJL mice. Wnt-1 transgenic mice used in
this study have been backcrossed to the SJL strain for at least 10 generations; all
hyperplastic mammary glands and mammary tumors described in Table 1 were
harvested from these animals. For the p53-related studies, Wat-1 transgenic mice
were crossed to p53-deficient mice of 129/Sv genetic background (22) and the
resulting progeny were interbred. Wat-1 transgenic offspring of p53*/*, p53*/~,
and p53~/~ genotypes were monitored for mammary tumors. Tumors of 1.5 to
2.0 cm in diameter were harvested. A portion of the tumor was fixed and
subjected to histopathological analysis to confirm the malignancies, and the
remainder was frozen for the analysis performed here.

Protein extracts. All procedures were conducted at 4°C. Cell extract from the
J558 cell line was prepared as previously described with 3-[(3-cholamidopropyl)-
dimethylammonio-1-propanesulfonate] (CHAPS) detergent buffer (34). Extracts
from frozen solid mammary tissues were prepared by disrupting 100 to 250 mg
of tissue in 0.25 to 1 ml of CHAPS buffer with a mechanical homogenizer (9, 34).
The suspension was mixed gently for 30 min and centrifuged at 100,000 X g in a
Beckman TL 100.3 rotor for 30 min. For samples from which DNA plugs for
pulsed-field gradient electrophoresis (see below) were prepared, the lysate was
centrifuged at setting 4 in an Eppendorf microcentrifuge for 15 min to collect the
nuclei before centrifugation of the supernatant at 100 K. For a subset of the
preparations, one-half of the $100 was flash frozen while the remaining super-
natant was first dialyzed against 50 mM KCI-20 mM HEPES(N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid)-KOH (pH 7.9)-0.2 mM EDTA-0.2 mM
EGTA [ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid]-1
mM dithiothreitol-0.5 mM phenylmethylsulfonyl fluoride-20% glycerol for 2 h.
In general, dialysis did not affect the telomerase activity but did remove nonspe-
cific inhibitors of the reactions involved in the telomeric repeat amplification
protocol (TRAP) present in some of the samples. Protein concentrations were
determined by the Bradford assay (Bio-Rad) and bovine serum albumin as a
standard. Western blot (immunoblot) analysis using an antibody which recog-
nizes the heterogeneous nuclear ribonucleoprotein particle D group (32) was
used to confirm protein concentrations and establish the absence of protein
degradation.

Telomerase assay. Telomerase activity was detected by the PCR-based TRAP
assay (34) with modifications and quantitation procedures as described previ-
ously (9). To measure telomerase activity, extract from each sample was first
titrated between 0.1 and 1 pg to determine the protein range at which the TRAP
products were proportional to the amount of protein. As was previously noted
for human cell extracts (9, 63), the TRAP assay of mouse telomerase is quanti-

MoL. CELL. BioL.

tative when 0.05 to 1.0 pg of protein is assayed per reaction. TRAP assay
products were visualized, and quantitation was done with a2 PhosphorImager and
ImageQuant software (Molecular Dynamics). Telomerase activity was deter-
mined by summing the amount of signal present in TRAP assay products and
correcting for background. The summed signal was then normalized to the
amount of protein used to yield specific telomerase activities. The relative spe-
cific telomerase activity was determined by comparing the normalized TRAP
product signals of experimental extracts with the normalized TRAP product
signal obtained by using J558 extract from an assay performed in parallel. The
level of specific telomerase activity in J558 was set to 100% in each assay, and the
relative specific telomerase activities of the experimental extracts are expressed
as a percentage of the specific telomerase activity found with the J558 standard.
For each sample, the relative specific telomerase activity was determined from
two to six independent assays. Similar amounts of protein were used in J558 and
experimental extracts, precluding the need for extensive extrapolation. However,
assays using different protein concentrations within the linear range of the
dose-response curve of the assay resulted in similar values for the relative specific
telomerase activity of any given sample. Samples with low levels of telomerase
activity were mixed with the J558 standard to determine whether they contained
an inhibitor of telomerase. None of the samples discussed in this study contained
an inhibitor of the J558 telomerase standard.

Pulsed-field gel electrophoresis and genomic blotting. Nuclear pellets (see
above) were washed three times in phosphate-buffered saline, cast in low-melt-
ing-point agarose plugs, and treated as previously described (1, 37). Restriction
endonuclease digestions with Mbol, Rsal, and BamHI were carried out according
to manufacturers’ recommendations. DNA was resolved on 1% agarose-0.5X
Tris-borate-EDTA gels with a contour-clamped homogeneous electric field—
DRII apparatus (Bio-Rad) for 20 h at 180 V with a constant pulse time of 5 s at
13°C. The DNA was subjected to acid depurination and transferred to Hybond
N membranes (Amersham) by standard procedures. The telomeric oligonucle-
otide (TTAGGG), was 5" end labeled with [y->*PJATP and T4 polynucleotide
kinase. Hybridizations were carried out as described previously (38) at 65°C. The
filters were washed in 4X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.1% sodium dodecyl sulfate (SDS) at 65°C prior to exposure to auto-
radiographic film.

RNA analysis. RNA was extracted from solid tissues by disrupting the tissue
on ice with a mechanical homogenizer in 10 volumes of 6 M urea-3 M LiCl as
described previously (5). RNAs (15 p.g) were fractionated on 1% agarose-form-
aldehyde gels and transferred to Nytran membranes (Schleicher and Schuell) in
20X SSC. The mouse telomerase RNA probe (mTR [7]) and the histone H4
mRNA probe (kindly provided by N. Heintz, Rockefeller University) were la-
beled by the random priming reaction with 50 ng of isolated insert, [-*?P]dCTP
and [a->?P]JdGTP, and Klenow enzyme. Antisense oligonucleotides complemen-
tary to the mouse 7SK RNA polymerase III transcript (5 CAGCCAGAT
CAGCCGAATCAACCCTG 3' and 5 TGGACCTTGAGAGCTTGTTTGG
AGG 3' [48]) were 5’ end labeled with [y-*?P]JATP and T4 polynucleotide kinase.
Membranes were hybridized sequentially with the mTR and H4 probes as de-
scribed previously (14) at 65°C with intervening removal of the probe by boiling
in 2 mM sodium phosphate buffer (pH 7.2)-15 mM NaCl-0.5% SDS. Final
washes were at 65°C in 40 mM sodium phosphate buffer (pH 7.2)-1 mM
EDTA-1% SDS. Hybridization and washes with the 7SK probes were carried out
as described above for the (TTAGGG), oligonucleotide (above). Membranes
were exposed to autoradiographic film for the generation of the data in Fig. 3 and
to PhosphorImager screens (Molecular Dynamics) for quantitation.

RESULTS

Mouse telomeres do not shorten detectably during tumori-
genesis. Telomeric restriction fragments were analyzed by
pulsed-field gradient gel electrophoresis of DNA from normal
and hyperplastic mammary glands and mammary tumors. In
order to detect telomeric loci, the DNAs were digested with
frequently cleaving restriction endonucleases (Mbol or Rsal)
and probed with a telomere-specific oligonucleotide (Fig. 1).
As expected, on the basis of previous reports of M. musculus
telomeres (37, 58), the bulk of the telomeric fragments migrate
in the 15- to 100-kb range with a peak of hybridization intensity
around 25 to 30 kb. These DNA fragments have been shown to
originate from the physical ends of chromosomes, on the basis
of the telomere-specific in situ hybridization pattern of
TTAGGG repeats (24, 47) and the sensitivity of these loci to
exonuclease BAL 31 (37, 58). The largest telomeric fragments
(50- to 150-kb range) in part originate from centromere-prox-
imal telomeres and contain pericentromeric satellite sequences
(36). These regions show a high degree of polymorphism be-
tween inbred strains as well as between individual mice (36, 37,
58) (Fig. 1).
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FIG. 1. Absence of telomere shortening during mouse mammary tumorigen-
esis. DNAs from normal mammary glands (N), hyperplastic mammary glands
(H), and mammary tumors (T) were cleaved with either Mbol (lanes 1 to 4) or
Rsal (lanes 5 to 10), resolved on contour-clamped homogeneous electric field
gels, and annealed to a (TTAGGG), probe. The DNAs in lanes 1 and 2 are
derived from the same What-1 transgenic mouse. The p53 genotype of the mice is
indicated above the lanes for those samples that originated from crosses involv-
ing mice with p53 deficiencies. The lanes contained similar amounts of DNA with
the exception of lane 6, which was slightly underloaded. The fragments in the 4-
to 10-kb range are thought to be derived from chromosome-internal telomere-
related sequences on the basis of their discrete size and their apparent identical
size in different mice. The migration and molecular size (kilobases) of marker
DNAs are indicated (LM is the limit of mobility).

Telomere size was found to be very similar in four normal
mammary glands from control SJL mice, in four Wht-1-in-
duced hyperplastic mammary glands, and in four mammary
tumors from Wht-1 transgenic mice. In each case, the bulk of
telomeric fragments migrated in the 25- to 30-kb range (Fig. 1
and data not shown). This was true for DNA samples cleaved
with Mbol as well as for those cleaved with Rsal and BamHI.
A side-by-side comparison of the telomeric restriction frag-
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ment patterns of a hyperplastic mammary gland and a mam-
mary carcinoma derived from a single mouse is shown in Fig.
1. No alteration in telomere length was detectable in this or
other tumor samples. In addition, we failed to detect changes
in the length of the telomeric fragments or their annealing to
TTAGGG repeat probes in three normal mammary glands and
eight mammary carcinomas from mice with heterozygous or
homozygous p53 deletions (Fig. 1 and data not shown).

In human cells, increased chromosome instability occurs
when the bulk of the telomeres have shortened to less than 2
kb of TTAGGG repeats (16). The data on the transgenic mice
presented here are incompatible with such a dramatic decline
and argue against transitory changes in telomere length during
tumorigenesis in this system. Although we cannot rule out loss
of a few kilobases from one or more telomeres, this level of
shortening is unlikely to have compromised telomere function
since at least 20 kb of TTAGGG repeats remains at the chro-
mosome ends.

Elevated telomerase activity in mammary tumors. Telomer-
ase activity was detectable by the PCR-based TRAP assay (34)
in each of 15 normal mammary glands, 8 hyperplastic mam-
mary glands, and 24 mammary tumors (Fig. 2). In each case,
the activity resulted in the 6-nucleotide (nt) ladder typical of
telomerase, and in each case pretreatment of the extract with
RNase A inhibited the formation of TRAP products (Fig. 2
and data not shown).

Quantitative analysis was carried out to determine the rela-
tive enzyme activity in the extracts. We have previously shown
that differences in telomerase activity between human tissue
extracts can be determined in a quantitative manner with the
TRAP assay and an internal standard (9). Similarly, we found
that the telomerase levels in mouse cell extracts can be quan-
titated in relation to a standard (see Materials and Methods
section for details). By this method, the specific telomerase
activity (TRAP assay products per microgram of protein) in
each extract is compared with a standard extract derived from
the murine J558 cell line (Fig. 2). The relative specific activity
(averaged from two to five independent assays) is expressed as
a percentage of the specific telomerase activity found in the
J558 standard (Table 1). For each sample, an RNase A diges-
tion is included to confirm that the TRAP products are attrib-

B
p53 ++ ++ +/+ +- +/ -/- /- 1 1 J558
RNase - + - + - + - + - + - + - + - + - + - +

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

FIG. 2. Telomerase activity in normal and hyperplastic mammary glands and in mammary tumors. Telomerase activity was determined in tissue extracts by a
modified version of the TRAP assay (see Materials and Methods for details) and 0.2 to 0.8 pg of protein. The murine myeloma cell line J558 is assayed in parallel as
a standard (lanes 19 and 20). (A) Telomerase activity in normal SJL mammary glands (N, lanes 1 to 4), Wnt-1 transgenic hyperplastic mammary glands (H, lanes 5 and
6), and Wat-1 transgenic mammary carcinomas (T, lanes 7 to 18). (B) Telomerase activity in Wat-1-induced mammary tumors from mice with different p53 genotypes.
Lanes 1 to 18 contain TRAP products obtained with mammary tumor extracts. The genotype of the mice carrying the tumors is indicated above the lanes.
Even-numbered lanes in both panels contain TRAP products obtained with extracts that are treated with RNase A.

29




BROCCOLI ET AL.

TABLE 1. Activation of telomerase in Wnt-1 TG mammary tumors

Type and designation of sample Telomerase activity”

Normal mammary gland

MG 2B .. 4.4(2)
MG 4B... .. 7.6(2)
MG 5B.....coueeee . 27(2)
MG 6B ..5.9(2)
MG 7B....cocinne . 1.2(2)
MG 8B....cccvria ..3.0(2)
MG 10B . 1.5(2)
MG I-1uiiienns .. 1.6 (2)
MG 2..... .. 5.6(2)
MG 4. ..390)
MG 2200.. ..7.8(2)
MG 2300 ... 25(3)
MEIAN ..ottt s 31(n=12)
Hyperplastic mammary gland

BMG 2ot 3.1(2)
hMG 3. 13.8 (4)
BMG 4. s 3.0(2)
hMG 11...... 21(2)
BMG T4t 1.8(2)
BMG K4 ...ttt sesesssaanaenins 11.6 (3)
hMG 1328.. e 9.5 (3)
BMG 1546.....coiiirciiinicicsicsvennisss st 2.1(2)
MEAIAN .ottt sresnes 31(n=28)

Mammary tumor

54 (n = 14)

“ Telomerase activity is expressed as relative specific activity normalized to a
mouse J558 standard. Average percent activity was determined from two to five
assays as indicated in parentheses for each sample.

utable to telomerase. As an additional control, duplicate ex-
tracts were prepared from 12 mammary tissue samples and
found to give reproducible results (data not shown). It should
be noted, however, that these methods do not control for
possible variations in nuclease and protease activities, which
could potentially reduce the recovery of active telomerase in
the extracts.

Quantitative analysis indicated that the telomerase activity
in normal and Wnt-1 transgenic hyperplastic mammary glands
was low, ranging from 1 to 14% of the J558 standard (Table 1).
The median values for 12 normal mammary glands and 8
hyperplastic glands were identical (3.1%) (Table 1). In com-
parison with the normal and hyperplastic glands, the telomer-
ase activity was significantly elevated in the Wht-1 transgenic
mammary tumors (Fig. 2A and Table 1). The majority (13 of
14) of the tumors had telomerase levels that were greater than
30% of the standard (Table 1), and the median specific activity
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was 54%, which is 10- to 20-fold higher than in the nonmalig-
nant tissues (Table 1). These data indicate that telomerase is
upregulated in the majority of the Wat-1-induced mouse mam-
mary carcinomas and that this upregulation occurs at a stage
after the formation of hyperplastic tissues. Elevated telomer-
ase activity has also been documented in human breast carci-
noma (30, 34).

Telomerase activation in p53-deficient mice. Telomerase ac-
tivity was detectable by TRAP assay in all tested normal mam-
mary glands from p53-deficient mice, in malignant mammary
glands from What-1 transgenic mice lacking a functional p53
gene, and in tumors arising in p53 heterozygous mice carrying
the Wht-1 transgene (Fig. 2A and Table 2). Normal mammary
gland samples from p53~/~ animals not carrying the Wat-1
transgene were assayed and revealed a low basal level of te-
lomerase (approximately 9.3% [Table 2]). Similar to what was
observed in mice with functional p53 genes, the telomerase
activity in the p53-deficient mice is consistently elevated in the
What-1-induced mammary tumors (Table 2). These results in-
dicate that p53 function is not required for the suppression of
telomerase in normal tissues or for the upregulation of the
enzyme activity during mouse mammary tumorigenesis.

The Wnt-1 transgenic/pS3-deficient animals used in this
study were derived from crosses of SJL mice carrying the Wht-1
transgene to 129/Sv mice lacking a functional p53 gene. The
resulting F, litters also contained What-1 transgenic animals
with a p53*/* genotype. The telomerase activity in Wnt-1-
induced tumors from five such p53*/* mice was approximately
twofold lower than that in tumors from their p53~/~ litter-
mates (24 versus 54% [Table 2]), suggesting a subtle effect of
p53 status on the activation of telomerase. However, the tumor
telomerase levels in the p53™/* animals from this cross are also
approximately twofold lower than the telomerase activity in
Wht-1-induced tumors in SJL mice (24 versus 54%; compare
Tables 1 and 2). Since SJL. mice have functional p53 genes, this
difference would suggest a strain-specific variation in the level
of telomerase upregulation during mammary tumorigenesis.
Further analysis is required to confirm these minor effects of
genetic background and p53 status on the regulation of telom-
erase.

Correlation between telomerase RNA and histone H4
mRNA. Changes in the steady-state levels of the 430-nt mouse
telomerase RNA (mTR) (7) were determined by RNA blotting
in 6 normal mammary glands, 3 hyperplastic glands, and 11
tumors (Fig. 3A). The mTR signal was normalized to the signal
obtained with probes for 7SK, a highly abundant and stable
RNA polymerase III transcript that is expressed at the same
level in normal and transformed mouse cells (11). Normaliza-
tion of the mTR signals to the RNA component of RNase P
gave the same results (data not shown). Telomerase template
levels were similar in the normal and hyperplastic mammary
glands and were elevated in the tumors, consistent with the
increased telomerase activity in the mammary carcinomas (see
Table 3). Upregulation of mTR did not appear to be affected
by the p53 status of the animals. Although both the telomerase
activity and the mTR levels are enhanced in the tumors, linear
regression analysis indicated that there was no direct correla-
tion between the enzymatic activity and the abundance of the
telomerase RNA in individual samples (Table 3). In addition,
the data indicate that the enzymatic activity is upregulated
more strongly (10-fold) during tumorigenesis than the telom-
erase RNA (2-fold) (Table 3), suggesting that the activation of
telomerase involves multiple levels of regulation. Differential
regulation of telomerase activity and telomerase RNA has also
recently been noted in mouse skin and pancreatic islet tumors
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TABLE 2. Activation of telomerase in Wnt-1 TG mammary tumors
in mice with different p53 genotypes

. . Telomerase
Type and designation of sample activity
537/~ normal mammary gland
MG 1777 et sss s s ss e 9.3 (6)

WO .oorseoeseeresseessseess s soes oo seeee oot 100 (3)
94 (2)
56 (3)
14 (3)
55 (4)

MEQIAN ..o eveirereirierreenrie e rressesasesaesassesssasesnaees

54 (n=5)

“ Telomerase activity is expressed as relative specific activity normalized to a
mouse J558 standard. Average percent activity was determined from two to six
assays as indicated in parentheses for each sample.

The steady-state level of telomerase RNA showed a close
correlation with histone H4 mRNA (Fig. 3 and Table 3), a
marker for cell proliferation. Histone H4 mRNA is specifically
expressed in proliferating cells, with the peak levels occurring
in S phase (reviewed in reference 59). The observed correla-
tion between H4 mRNA and mTR is not simply a consequence
of elevated expression of both markers during tumorigenesis.
The tumors showed a wide range of histone H4 mRNA levels,
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FIG. 3. Correlation of telomerase template RNA with histone H4 mRNA.
(A) Total RNA from normal mammary glands (N, lanes 1 and 2), a hyperplastic
mammary gland from a Wat-1 transgenic mouse (H, lane 3), and three Wat-1
transgenic mammary tumors (T, lanes 4 to 6) was blotted and sequentially
probed for the 430-nt telomerase RNA (mTR), the ~400-nt histone H4 mRNA
(H4), and the 330-nt 7SK RNA (7SK). (B) Relationship between the normalized
levels of mTR and histone H4 mRNA in normal and hyperplastic mammary
glands (open circles) and mammary tumors (filled circles). Steady-state levels of
H4 mRNA and mTR were quantitated from RNA blots similar to the blot shown
in panel A and normalized to 7SK RNA (Table 3). The expression levels on each
axis are given in arbitrary units. Linear regression analysis indicates that mTR
and histone H4 mRNA are closely correlated (P < 0.0001).
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TABLE 3. Comparison of levels of telomerase RNA, histone H4
mRNA, and telomerase activity

Sample? mTR? H4 mRNA® Telomerase®
Normal and hyperplastic
mammary gland®
MG 2 0.29 0.50 5.6
MG 4 0.46 0.36 3.9
MG2200 0.49 0.97 7.8
MG 17/~ 0.21 0.78 93
MG 27/~ 0.42 0.78 4.5
MG 37/~ 0.75 1.5 18
hMG 1328 0.45 0.42 9.5
hMG 1546 0.31 0.72 21
hMG K4 0.31 0.61 12
Median 0.45 0.61 7.8
Mammary tumor?
MT 1328 1.0 1.0 73
MT 1329 0.56 0.48 59
MT 1563 1.3 2.3 _ 56
MT K4 1.2 1.5 357
w2 0.99 1.3 17
w10 0.49 0.48 11
W134 0.98 1.2 54
Wis1 0.31 0.54 24
W98 0.60 1.3 100
w154 12 13 56
w177 0.66 0.80 14
Median 0.98 1.1 56

“ For genotypes of the mice from which these samples are derived, see Tables
1 and 2.

® Telomerase template RNA (mTR) and histone H4 mRNA levels were nor-
malized to 7SK RNA (see legend to Fig. 3).

¢ Relative specific telomerase activities (see Tables 1 and 2).

@ On the basis of Student’s  test, the mTR, H4 mRNA, and telomerase activity
levels are significantly increased in the tumor samples (P < 0.001).

and the mTR levels in these samples fluctuated in concert (Fig.
3B). Thus, the correlation of mTR and H4 mRNA suggests
that the RNA component of telomerase is upregulated in re-
sponse to proliferation. Our data are consistent with a regula-
tion of the telomerase activity that involves both induction of
the telomerase RNA with cell proliferation and an additional
event(s) that affects other components of the enzyme.

DISCUSSION

Mechanism of telomerase activation in mouse tumors. The
work presented here aimed to test the link between telomere
attrition and activation of telomerase during tumorigenesis. To
address this issue, we focused on tumorigenesis in M. musculus.
This animal has extraordinarily long telomeres in its somatic
tissues, estimated to contain TTAGGG repeat arrays in excess
of 20 kb, which should allow for considerable expansion of
malignant cell populations without activation of telomere
maintenance functions. Analysis of telomeres in transgenic
animals confirmed the presence of long telomeric repeat arrays
and indicated no detectable reduction in telomere length in
mammary tumors induced by a mouse mammary tumor virus
long terminal repeat-driven Wnt-1 transgene. On the basis of
our data, general telomere attrition does not appear to consti-
tute a proliferative hurdle in these tumors. Nevertheless, the
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RNA component and the activity of telomerase were clearly
elevated during the formation of mammary carcinomas. A
recent report similarly documented activation of telomerase in
mouse skin carcinomas and in pancreatic islet tumors (8).

Our data demonstrate a strong correlation (P < 0.0001)
between the expression of telomerase RNA and histone H4
mRNA, a marker for cell proliferation. This result suggests
that at least one component of telomerase, its template RNA,
is expressed at higher levels in cells that are actively progress-
ing through the cell cycle. The correlation between mTR ex-
pression and cell proliferation is corroborated by immuno-
staining for proliferation cell nuclear antigen, a factor
associated with DNA polymerase 8. Consistent with the two-
fold increase in H4 mRNA and telomerase RNA, the fre-
quency of proliferating cell nuclear antigen-positive nuclei was
elevated two- to threefold in tumors compared with hyperplas-
tic mammary glands (33). The connection between telomerase
RNA and cell proliferation is also consistent with the higher
levels of mTR in newborn versus adult mouse tissues and the
increased expression of mTR in immortalized fibroblasts (7).
Whether telomerase RNA is actually induced in S phase or
upregulated during the Gy-to-G; transition remains to be de-
termined. In favor of the latter possibility, previous analysis
showed that telomerase activity is present throughout the cell
cycle of Xenopus eggs (44) and a number of mammalian cells
(25). We note that the hyperplastic mammary glands do not
appear to express more mTR, histone H4 mRNA, and telom-
erase activity than normal mammary glands. The lack of te-
lomerase activation and proliferation in these tissues is consis-
tent with the differentiated histology of hyperplastic mammary
glands and their relatively low levels of proliferating cell nu-
clear antigen-cdk2 complexes and other parameters of cycling
cells (52).

In addition to upregulation of telomerase RNA with cell
proliferation, our data suggest that the tumor-specific activa-
tion of telomerase is regulated at a second level. While telom-
erase RNA was increased twofold in the tumors, their telom-
erase activity was 10-fold higher than in nonmalignant tissues.
The target of this second regulatory mechanism could be a
protein component of the enzyme or a telomerase inhibitor.
Elucidation of this issue awaits cloning of the protein compo-
nents of telomerase. We note that our data do not exclude that
this level of regulation is also linked to the proliferative state of
the cells. Telomerase activity is upregulated upon mitogenic
stimulation of human peripheral blood lymphocytes (31), in-
creased during in vitro culturing of primary mouse cells (12),
and repressed during terminal differentiation of human and
mouse cell lines (56). However, in a number of studies the
correlation of telomerase activity with proliferation is less clear
(16, 17, 34), suggesting additional levels of regulation or cell-
type-dependent regulatory pathways. Multiple levels of telom-
erase regulation are compatible with findings with Saccharo-
myces cerevisiae in which a large number of genes affect
telomere dynamics (reviewed in reference 64).

Telomerase function. It is not clear what role telomerase
fulfills in proliferating M. musculus cells. If the enzyme is
needed to maintain telomeres at a 20- to 50-kb length, this
raises the question of why M. musculus requires telomeres that
are approximately 10-fold longer than the 1- to 2-kb telomeres
that appear fully functional in some human and mouse cells (4,
15, 16, 53). Another possibility is that telomerase activity is
required in proliferating cells to add a 3’ overhang to the blunt
ends created by leading strand synthesis (42). However, in two
budding yeasts loss of telomerase activity through inactivation
of their telomerase RNA genes does not diminish short-term
cell viability (46, 57), suggesting that 3’ telomere termini are
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either not required or can be generated by another mechanism.
Another, as yet unexplored, possibility is that a telomerase
protein is required as a structural component of the telomeric
complex (9, 20).

While a structural role for telomerase at telomeres is in
keeping with the moderate upregulation of telomerase RNA in
proliferating cells, it does not explain the 10- to 20-fold in-
crease in telomerase activity observed in tumors. Since there is
no demonstrable telomere shortening during tumorigenesis, it
is unlikely that telomerase activation functions to counter gross
telomeric decline. However, as discussed below, it is possible
that the genomic blots failed to detect one or more shortening
“clock telomeres” that require activated telomerase for their
maintenance. A second possibility is that the activated tumor
telomerase serves to heal damaged chromosomes.

Structure of mouse telomeres. It is pertinent to this study to
consider what is known about telomere structure in M. mus-
culus. An important assumption in our interpretation of the
findings is that all telomeres of this species end in long unin-
terrupted stretches of precise TTAGGG repeats. This view is
consistent with the absence of restriction endonuclease cleav-
age sites in the terminal 20 to S0 kb, with the strong hybrid-
ization of mouse telomeres to telomeric sequences, and with
the presence of TTAGGG repeats on terminal fragments that
have been shortened by ~20 kb through digestion with exonu-
clease BAL 31 (37, 58). Is it possible that one or more of these
telomeres have a different structure? For instance, if one of the
chromosome ends carries a much shorter telomeric stretch, the
decline of this telomere could drive telomerase activation dur-
ing tumorigenesis. Quantitative in situ detection methods will
be required to establish whether normal M. musculus cells
harbor such clock telomeres.

We have also considered the possibility that M. musculus
chromosomes might have long subtelomeric regions of TTA
GGG-related repeats, similar to the blend of variant repeats
found at the base of human telomeres (2, 10). Such sequences
would explain the absence of restriction endonuclease recog-
nition sites and the strong hybridization of the terminal frag-
ments to TTAGGG repeat probes. Yet, these repeats would
probably not function to protect chromosome ends. For in-
stance, the mammalian telomeric protein TRF fails to bind
these sequences (13, 65), and de novo formation of telomeres
requires precise TTAGGG repeats (27). A frequently occur-
ring variant in the subtelomeric TTAGGG-related repeats has
a T—G transversion (TGAGGG) (10), introducing MnlIl
(GAGG) and Hphl (GGGTGA) recognition sites in the ar-
rays. Indeed, these enzymes remove about 2 kb from human
terminal restriction fragments, consistent with the estimates
for the region of mixed repeats at the base of human telomeres
(2). Yet, both MnrIl and Hphl yield telomeric fragments in
M. musculus that are larger than 20 kb (35, 58), arguing against
extensive degenerate telomeric arrays in these telomeres.
Thus, the available evidence is consistent with the presence of
exceedingly long stretches of tandem TTAGGG repeats at M.
musculus chromosome ends.

p53 and telomere dynamics. Two main conclusions can be
drawn from the analysis of mice lacking a functional p53 gene.
First, with regard to telomere dynamics and telomerase regu-
lation, these mice were very similar to the transgenic mice with
functional p53 genes. Although minor regulatory changes can-
not be excluded, we tentatively conclude that the induction of
mTR with cell proliferation and the activation of telomerase
during tumorigenesis do not require p53 function. During im-
mortalization of human cells, telomerase activation is also in-
dependent of p53 function (62). Second, our results are perti-
nent to the genomic instability observed in mammary tumors
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originating in p53-deficient mice (22). The chromosomal ab-
normalities seen in these tumor cells include numerical
changes, amplifications, and dicentrics, which are associated
with telomere shortening in human cells (reviewed in reference
20). However, our results fail to reveal significant telomere
shortening in the Wat-1 transgenic p53~/~ mammary tumors,
suggesting that the genome instability in these p53~'~ tumors
is not due to loss of telomeric DNA.

Comparison of murine and human telomeres. Telomere
dynamics in mice and humans differ. Our results show that the
bulk of the telomeres do not shorten significantly during mouse
tumorigenesis. Therefore, it is unlikely that the telomere-de-
pendent tumor suppressor mechanism proposed for human
cells functions as such in mice. However, in other aspects
telomere metabolism in murine and human cells may be more
similar. Specifically, the regulation of telomerase in normal
and tumor tissues appears comparable in both systems. In mice
and humans, telomerase RNA can be detected in somatic cells,
and in both systems, the enzyme is consistently activated in
tumors. These parallels suggest that insights in telomere dy-
namics and telomerase regulation in mice may bear on the role
of telomerase in human cancer.
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INTRODUCTION

The p53 gene is often mutated or lost in human tumors, including about 30% of
all breast cancers (Greenblatt et al., 1994). In addition, germ line mutations in the p53
gene are linked with an inherited early cancer predisposition called Li-Fraumeni
syndrome (Malkin et al., 1990, Srivastava et al., 1990). The p53 gene encodes a tumor
suppressor protein which can mediate G1 arrest of the cell cycle following DNA damage
(Finlay et al., 1989; Kastan et al., 1992). In some contexts, p53 appears to induce
apoptosis as a result of DNA damage or an intracellular imbalance in growth signals
(Yonish-Rouach et al., 1991; Clarke et al., 1993; Lowe et al., 1993a). Loss of p53 in cells
has been associated with a loss of cell cycle checkpoint control and increased genomic
instability (Livingstone et al., 1992; Yin et al., 1992). Absence of normal p53 function in
a tumor cell is correlated with a poorer clinical prognosis and a resistance to treatment
with various anticancer agents (Lowe et al., 1993b; Lowe et al., 1994).

TUMORIGENESIS IN p53-DEFICIENT MICE

To investigate the role of p53 in mammalian tumorigenesis, we have utilized
gene targeting techniques to generate mice with one or two disrupted germ line p53
alleles (Donehower et al., 1992). These disrupted alleles are null for p53, as they are
incapable of producing intact functional p53. Over 90% of mice nullizygous for p53
(p53-/-) are developmentally normal, but are highly susceptible to early onset tumors
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