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Abstract

The effects of altered p53 expression on tumorigenesis and development

by Lucy A. Godley

This thesis examines the consequences of altered p53 expression in

vivo. Specifically, I describe (i) the effects of p53 absence on mammary

tumorigenesis, and (ii) the results of p53 overexpression during murine

kidney development.

By mating p53 deficient mice to mice predisposed to the formation of

mammary tumors, my collaborators and I have examined the characteristics

of murine mammary tumors with or without p53. Wnt-1 transgenic mice

(Wnt-1 TG) develop mammary tumors more rapidly when lacking p53

protein, are less fibrotic, and contain more anaplastic cells than tumors that

express p53. Approximately half of the Wnt-1 TG p53 +/- mice display loss of

the wild-type p53 allele within mammary tumors, while the remaining

tumors retain one wild-type p53 allele. Three measurements of genomic

stability, chromosome counts, comparative genomic hybridization, and

Southern/Northern blotting, demonstrate an increase in genomic instability

in tumors that lack p53.

As a complement to our studies of p53 deficiency on mammary

tumorigenesis, I constructed transgenic mice that overexpress wild-type p53

in a variety of tissues. The predominant phenotype in wild-type p53

transgenic mice is progressive renal failure as a result of abnormal embryonic

kidney development and die of renal insufficiency. The p53 transgene is

expressed early during kidney development in the ureteric bud. This



structure normally invades the metanephric mesenchyme and participates in

a reciprocal inductive interaction. In p53 transgenic mice, the differentiation

of the ureteric bud is altered as early as embryonic day 14.5 (e14.5). Proper

induction of the undifferentiated mesenchyme does not take place between

days e16.5–e17.5, and these cells die of apoptosis at e17.5. Consequently, the

full differentiation potential of the kidney is not attained, and the transgenic

kidneys grow to half of their normal size. The expression of at least two

differentiation markers is altered in p53 transgenic animals, suggesting that

the function of the existing nephrons may be compromised.

Thus, p53 protein levels must be kept within precise limits: too much

during development can have deleterious consequences, and not enough

during tumorigenesis may render tumors more aggressive.
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CHAPTER ONE:

INTRODUCTION



Cancers develop from the accumulation of mutations in three classes

of genes: proto-oncogenes, tumor suppressor genes, and genes involved in

DNA repair systems.

Mutations found in cancers involve genes that comprise three groups:

proto-oncogenes, tumor suppressor genes, and genes that encode proteins in

DNA repair systems. Generally, proto-oncogenes encode proteins that

stimulate cell growth, while proteins expressed from tumor suppressor genes

inhibit cellular proliferation. A third group of genes has recently been

implicated in human cancers, and these encode proteins that function in the

DNA mismatch repair system. When mutated, these genes predispose to

increased genomic instability and cancer. While genes that belong to this

third class are all involved in the same cellular process, proto-oncogenes and

tumor suppressor genes encode proteins with diverse functions: growth

factors, tyrosine kinase receptors, non-receptor tyrosine kinases, intracellular

signaling molecules, and transcription factors.

Mutations that disturb proto-oncogene function promote cell growth

by increasing the activity of their encoded proteins. This occurs through a

variety of means, including gene amplification (with accompanying increased

gene transcription), gene point mutation, or by chromosomal translocation.

Thus the mere overexpression of some genes is sufficient to predispose cells

to transformation. Genes of this sort do not have to be mutated to promote

cell growth, and DNA amplification suffices to increase cell proliferation. For

example, amplification of the nuclear transcription factor c-MYC occurs in

carcinomas of the lung, breast, and cervix (Bishop 1991). Other genes

activated in human cancers by DNA amplification include the tyrosine

kinases ERB B1 and HER-2/neu/ERB B2, as well as the nuclear proteins L



MYC, N-MYC, and K-SAM (Bishop 1991). A variety of loci are found to be

amplified in sporadic breast carcinomas: int-2/FGF-3, c-MYC, HE R

2/neu/ERB B2, and PRAD-1/cyclin D1, each of which is accompanied by

increased gene transcription when amplified (Zhou et al. 1988; Lidereau et al.

1988; Ali et al. 1989; Escot et al. 1986; Slamon et al. 1987; Lammie et al. 1991).

Although the neu proto-oncogene was originally isolated from rat

neuroblastomas where it commonly undergoes mutation (Bargmann et al.

1986), the gene is rarely mutated in human breast cancers (Slamon et al. 1987;

Slamon et al. 1989). Overexpression of the protein phosphatase CDC25B is

found in about 30% of human breast cancers, although DNA amplification

has not yet been analyzed (Galaktionov et al. 1995).

In contrast, other genes must be mutated to promote tumorigenesis.

Such genes include: c-FMS, H-RAS, K-RAS, and N-RAS (Bishop 1991). In

many leukemias, point mutations activate c-FMS, the receptor for colony

stimulating factor 1. The RAS genes represent the genes altered most

frequently by point mutation in human cancer. These genes encode

cytoplasmic proteins that participate in the signal transduction from many

growth factor receptors. The RAS protein is found in two states, an inactive

GDP-bound form, and an active GTP-bound form. When activated, RAS

signals to downstream effectors while hydrolyzing its bound GTP. GTPase

activating proteins (GAPs) stimulate GTP hydrolysis by RAS, and therefore

drive RAS into its inactive state. In tumors, mutated RAS proteins are able to

bind GAPs, but their GTPase activities are unchanged. Mutant RAS proteins

are constitutively activated and continue to signal to downstream targets.

RAS mutations are found in a variety of tumors, including carcinomas of the

pancreas, gallbladder, colon, endometrium, thyroid, and lung, as well as in

about 30% of myeloid leukemias.



Two main types of chromosomal translocations occur in human

tumors: those in which the gene for a T-cell receptor or an immunoglobulin

comes close enough to a proto-oncogene to activate it, and those in which a

fusion gene is created by linking two coding regions of two different genes

(Rabbitts 1994). For example, Burkitt's lymphoma is characterized in 90% of

cases by a translocation that positions the c-MYC gene under the control of the

immunoglobulin heavy chain genes. Within B cells that normally express

immunoglobulin genes, the chromosomal translocation results in increased

c-MYC expression. The Philadelphia chromosome, found in chronic

myelogenous leukemia, is formed by a translocation that fuses the BCR and c

ABL genes to produce a protein that possesses both of the parent proteins'

enzymatic functions, serine and tyrosine kinase activites.

Tumor suppressor genes encode proteins that inhibit cellular growth.

These genes are lost within tumors, such that a tumor retains a mutated gene

allele, while losing the other normal allele (Knudson 1993). This

phenomenon is referred to as loss of heterozygosity (LOH). Because LOH is

suggestive of a region containing a tumor suppressor gene, tumors are often

screened for regions displaying LOH relative to normal tissue as a way to scan

for mutations in tumor suppressor genes. A mutant tumor suppressor gene

can result either by somatic mutation within a particular tissue or can be

inherited. Interestingly, these two modes of acquiring genetic changes in

tumor suppressor genes predispose to different classes of tumors. For

example, inherited mutations of Rb predispose only to the development of

retinoblastoma, whereas somatic mutations of Rb are found in almost all

small cell lung carcinomas, in a portion of bladder and breast carcinomas, and

in many sarcomas (Weinberg 1991). Similarly, inherited mutations of p53 as

seen in patients with Li-Fraumeni syndrome are associated with only a



limited number of tumor types (breast, brain, and soft tissue sarcomas)

(Malkin et al. 1990; Srivastava et al. 1990), while somatic mutations are found

in almost every type of human cancer. In fact, p53 is the gene most

commonly mutated in sporadic human tumors (Greenblatt et al. 1994). In

cancers with p53 alterations, one p53 gene allele is usually mutated, and the

second copy is lost by chromosomal deletion, often involving an entire

chromosome arm.

Mice lacking functional p53 genes, generated by homologous

recombination in embryonic stem cells, are like patients with Li-Fraumeni

syndrome in that they are predisposed to a small number of tumor types,

mostly T cell lymphomas, osteosarcomas, and hemangiosarcomas

(Donehower et al. 1992; Jacks et al. 1994; Purdie et al. 1994). However, these

tumor types differ from those most commonly seen in patients with Li

Fraumeni syndrome. Notably, p53 deficient mice lack the protein altogether,

while patients with Li-Fraumeni syndrome express a mutant p53 (see below).

A similar phenomenon is seen with genetically engineered Rb-deficient mice.

Although patients who inherit a mutated Rb allele are highly susceptible to

retinoblastoma and occasionally develop osteosarcomas, mice with one

defective Rb allele develop only pituitary adenomas (Lee et al. 1992; Jacks et al.

1992; Clarke et al. 1992). Thus inactivation of tumor suppressor genes in both

mice and humans increases tumor susceptibility, although the types of

tumors that arise differ for at least some tumor suppressor genes.

Several tumor suppressor genes have been implicated in human breast

cancer. Inherited mutations in p53, BRCA1, and BRCA2 predispose to

familial human breast cancer (Malkin et al. 1990; Srivastava et al. 1990; Miki

et al. 1994; Futreal et al. 1994; Wooster et al. 1994). In sporadic breast cancers,

both p53 and Rb are targets for mutation (Greenblatt et al. 1994; Weinberg



1992), in contrast to BRCA1. To date, no mutations in BRCA1 have been

found in sporadic human breast cancers (Futreal et al. 1994), but the BRCA1

protein seems to be mislocalized to the cytoplasm (Chen et al. 1995). Several

loci commonly undergo loss of heterozygosity in sporadic cases, suggesting

the presence of tumor suppressor genes at these sites: 14, 3p, and 11p

(Callahan and Campbell 1989).

In addition to gene mutations and chromosome loss observed in

cancers, the instability of microsatellite repeat length within hereditary

nonpolyposis colon cancer (HNPCC) and possibly other cancers represents a

third mode of genetic rearrangement in cancers. The presence of such

instability suggests that cells within these tumors are unable to repair DNA

mutations. Such genes had not previously been considered in tumorigenesis

models. By analyzing the sequences of genes homologous to the DNA

mismatch repair genes of E. coli, mutations of MSH2 (a mutS homolog), as

well as the mutL homologs MLH1, PMS1, and PMS2 were identified in

HNPCC cases (Fishel et al. 1993; Leach et al. 1993; Bronner et al. 1994;

Papadopoulos et al. 1994). Mutations in MSH2 comprise 42% of HNPCC

mutations, while alterations of MLH1 constitute 28% of HNPCC cases. A

minority of HNPCC tumors involve mutations of PMS1 (2%) and PMS2 (4%).

The human version of mutL is a heterodimer of MLH1 and PMS2 proteins

(Li and Modrich 1995), and the human MUTS protein consists of a

heterodimer MSH2 and another protein, p160 (Drummond et al. 1995). The

function of PMS1 is currently unclear.

The effect of increased genomic instability of the type seen in HNPCC

cases may be twofold: First, cells that are unable to correct errors within the

DNA may accumulate mutations within proto-oncogenes or tumor

suppressor genes. In some colon cancer cells that display microsatellite



instability, the type II TGF-B receptor is inactivated by mutation of short

repeats within the coding region (Markowitz et al. 1995). Since TGFB is a

repressor of epithelial cell growth, inactivation of its receptor by mutation

probably provides a positive growth signal. Second, transcription may be

altered within cells that contain particular repeat expansions. For example, a

hypervariable minisatellite around the H-ras gene binds members of the

rel/NF-kB transcription factor family (Krontinis 1995). Mutations of this

minisatellite occur in some acute leukemias and carcinomas of the urinary

bladder, colon, and breast. The mutant alleles of this repetitive DNA locus

can increase H-ras transcription in some cell lines, and may do the same in

vivo, thus contributing to the tumorigenic process.

The process of tumorigenesis involves a progressive series of histologic

and genetic alterations from a primary cell.

In order for a tumor to develop, an ordered series of mutations must

occur within a primary target cell. The identity of the mutations and the

order in which each arises within the target cell depend upon the cell type

giving rise to the tumor. These molecular changes usually accompany a

distinct series of histologic stages, including hyperplasia, dysplasia, carcinoma

in situ, neoplasia, and metastasis. Each of these progressive stages possesses

characteristic features. When a tissue becomes hyperplastic, it enlarges due to

an increase in cell number, the cells being otherwise normal. Dysplastic

tissue contains cells with altered morphology, but without all of the

distinctions of transformed cells. Neoplasias are composed of cells that are

anaplastic and pleomorphic with hyperchromatic nuclei. Tumor cells have

an increased mitotic index and have lost the ability to stop growing upon



cellular contact (contact inhibition), thus resulting in a loss of tissue

architecture.

A tumor mass consists not only of the transformed cells, but also

contains stromal cells. In intimate contact with the primary neoplastic cells,

the stroma provides both structural support and sustains the tumor cells'

nutritional requirements by importing the tumor's blood supply. Tumors

may first be confined within certain tissue boundaries (carcinoma in situ), but

soon develop the capacity to grow outside of normal tissue limits. The ability

to metastasize characterizes malignancies, the most dysregulated of the

tumorigenic states. Metastasis of a primary tumor involves detachment of

the tumor cells from each other and degradation of the surrounding

extracellular matrix. Once past the basement membrane of the primary

tissue, tumor cells pass through connective tissue and cross another basement

membrane to gain access to the lymphatic or venous circulatory systems.

Tumor cells pass easily through vessels to lodge at distant sites and begin

growing as metastases. Some tumors, notably cervical carcinomas, pass

through each of the stages described above. Others may only develop through

some of them.

Understanding the molecular events that allow a tumor cell to make

each of these transitions has been undertaken for a variety of tumor systems.

The analysis of both human colon and esophageal carcinomas has yielded

consistent molecular changes that accompany distinct pathologies. Both the

colon and the esophagus allow easy access for the biopsy of samples, and both

develop through a series of well-characterized, easily identifiable histologic

stages. Thus particular mutations can be associated with specific histologic

stages and ordered. Such an analysis has led to the implication of a variety of

proto-oncogenes and tumor suppressor genes in these systems.



For example, Vogelstein and colleagues have outlined the progression

of colorectal tumors (Fearon and Vogelstein 1990). A normal epithelial cell

first loses function of the tumor suppressor gene APC to become hyperplastic.

The transition from hyperplasia to primary adenoma corresponds with a loss

in DNA methylation. Further development into a late adenoma

accompanies mutation of K-ras followed by loss of the DCC tumor suppressor

gene. Finally, loss of p53 function occurs late, being found only in malignant

carcinomas.

Reid et al. have performed a similar analysis for esophageal

adenocarcinoma (Neshat et al. 1994). In this case, esophageal pathology begins

with the development of Barrett's esophagus, a replacement of the normal

squamous epithelium by a metaplastic columnar epithelium. Patients with

gastroesophageal reflux often present with Barrett's esophagus, as it is

thought that chronic bathing of the esophagus with stomach acid causes the

dysplastic response. The progression of disease from Barrett's esophagus to

esophageal carcinoma is associated with increased aneuploidy within the

tumor cells, with cancers often containing multiple aneuploid cell

populations. Loss of chromosome 17p which contains the p53 locus along

with p53 mutations are the first consistent chromosomal abnormalities

detected (Ramel et al. 1992). These changes are found increasingly as

esophageal pathology becomes more severe: in 5% of patients with Barrett's

esophagus without metaplasia, 15% with Barrett's esophagus and low-grade

dysplasia, 45% with high-grade dysplasia, and 53% with adenocarcinoma. The

loss of p53 function always preceeds the loss of chromosome 54, which is

found in 75% of esophageal carcinomas (Boynton et al. 1992). Chromosome

5q contains A PC, and it is possible that the loss of this gene drives

chromosome 54 loss. Thus in two tumors derived from the digestive system,



colorectal and esophageal carcinoma, consistent gene arrangements occur

involving chromsomes 17p and 54. The order of those rearrangements,

however, distinguishes the two.

Transgenic mouse models of tumorigenesis provide experimentally

manipulatable systems in which the multi-step model for tumor progression

can be studied. The development of fibrosarcomas in mice transgenic for

bovine papilloma virus 1 (BPV-1) proceeds through four distinct histologic

stages that mimic the natural disease in cattle: normal skin, mild

fibromatosis, aggressive fibromatosis, and fibrosarcoma (Lacey et al. 1986). By

examining transgenic tissues as well as cell lines derived from transgenic

mice, Hanahan et al. have deduced a series of changes that accompany the

histologic alterations seen in this model (Christofori and Hanahan 1994).

Activation of the BPV genome signals the transition from normal skin into

the mild hyperplastic state. Numerous changes occur during the transition

from mild fibromatosis to the aggressive form: up-regulation of the BPV

genes E5 and E 6 as well as the cellular genes jun B and c-jun,

neovascularization and the release of br'GF (Kandel et al. 1991b), loss of

diploid chromosome number, and mutation of the p53 gene. The final

transition from aggressive fibromatosis to fibrosarcoma is accompanied by a

further up-regulation of the junB and c-Jun genes with an increase in AP-1

DNA binding activity due to Jun-Fos as well as Jun-Jun dimers (Bossy-Wetzel

et al. 1992). Two consistent chromosomal rearrangements are found during

this last phase of tumor progression: loss of chromosome 14 (mostly at region

C2) and duplication of chromosome 8, which contains the jun B gene

(Lindgren et al. 1989).

The development of mice expressing the simian virus 40 (SV40) large

T antigen (SV40 Tag) under the control of the rat insulin promoter (Rip1Tag2
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transgenic mice) has provided another tumorigenesis model with

characteristic histologic and molecular alterations (Hanahan 1985). These

transgenic mice develop insulinomas in about 1-2% of the islets of

Langerhans and must pass through a well-characterized series of stages before

developing into malignant tumors: islets that express Tag, a state of

hyperproliferation, induction of angiogenesis, and solid tumor formation.

Although 100% of the islets express Tag, only a small fraction progress all the

way to the fully transformed state, suggesting that additional genetic events

are required for tumor development. By examining many candidate genes,

Christofori et al. found that increased expression of insulin-like growth

factor-II (IGF-II) accompanies the transition to hyperplasia (Christofori et al.

1994). To test whether high IGF-II expression is necessary for this transition,

two experiments were performed. First, antisense oligonucleotides against

IGF-II suppress DNA synthesis within 3 tumor cell lines. Second, the

Rip1Tag2 transgenic mice were crossed with IGF-II deficient mice (DeChiara et

al. 1990). IGF-II normally undergoes genomic imprinting such that maternal

allele expression is repressed. When RiplTag2 transgenic mice were

generated that contain one IGF-II deficient allele derived from the father, 3

cell tumors still form, because genomic imprinting is relaxed from the

maternally-derived IGF-II allele. When the IGF-II deficiency is bred to

homozygosity within the RiplTag2 transgenic background, the mice develop

fewer tumors of severely retarded size. Thus Christofori et al. have identified

a factor, IGF-II, that along with Tag contributes to the progression of

insulinomas.

The induction of angiogenesis represents a discrete phase in tumor

development.
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The nutritional needs of tumors with diameters greater than 2mm are

met only by the formation of new blood vessels (angiogenesis), whereas

tumors less than 2mm in diameter are able to survive by acquiring their

nutrients via diffusion (Fidler and Ellis 1994). The number and density of

microvessels within a tumor as assessed by immunocytochemistry correlate

with the tumor's potential to metastasize (Weidner et al. 1991). For breast

cancer, microvessel counts provide an independent predictor of metastasis

(Weidner et al. 1991). The induction of angiogenesis is often a discrete stage

in the development of tumors and is dictated by a balance between angiogenic

stimulatory and inhibitory molecules. In the BPV-1 transgenic mice described

above, bFGF is found to be cell-associated in the earliest mild fibromatosis

stage, while the presence of secretory basic fibroblast growth factor (bFGF)

correlates with the aggressive fibromatosis and fibrosarcoma stages (Kandel et

al. 1991a). Other factors which promote the formation of new blood vessels

include acidic FGF, vascular endothelial growth factor (VEGF), and

angiogenin (Folkman 1995). A potent angiogenesis inhibitor is

thrombospondin, a protein whose expression is upregulated by the p53 tumor

suppressor (Dameron et al. 1994). Since many tumors contain mutant p53

proteins, they may be unable to produce thrombospondin and therefore be

more efficient at generating their own blood supply.

An interesting phenomenon exists in surgical oncology whereby

removal of a primary tumor seems to stimulate the growth of some distant

metastases. Modelled within the mouse by Lewis lung carcinoma cells, these

primary lung tumors produce angiostatin, a fragment of plasminogen

(O'Reilly et al. 1994). This factor inhibits angiogenesis in distant metastases

while presumably being inactive at the site of the primary tumor.
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Administration of angiostatin to mice lacking primary tumors represses

metastatic growth. Since the equivalent human fragment contains the same

activity within the mouse system, angiostatin presents significant therapeutic

potential.

Telomerase activity is present within cancers.

The telomerase enzyme is a riboprotein complex that uses a template

sequence within its RNA component to synthesize the thousands of tandem

DNA repeats present at the ends of all chromosomes (Greider and Blackburn

1985; Yu et al. 1990). In culture, normal human cells divide for a fixed

number of generations before undergoing senescence (Harley 1991). Normal

human cells contain undetectable levels of telomerase, and it is thought that

with successive rounds of DNA replication, the chromosome ends become

progressively shorter due to lagging strand DNA synthesis (Watson 1972;

Olovnikov 1973). Without telomerase activity, cells are incapable of

lengthening their telomeres, and they cease dividing when the telomeres

reach some critically short length.

Many cancer cells, in contrast, have the property of being immortal in

culture. Additionally they possess telomerase activity (Kim et al. 1994). In

one study, 98 out of 100 cancer cell lines and 90 out of 101 primary biopsies

from a wide range of cancer types were positive for telomerase activity (Kim

et al. 1994). Thus in cancers, the activation of telomerase may be crucial to

avoiding the natural progression to senescence seen in human cells. The

stage at which telomerase activity is activated is not known for any tumor

type. Interestingly, normal mouse cells differ markedly from human cells in

that they do possess telomerase activity (Prowse and Greider 1995) and
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spontaneously immortalize in culture (Macieira-Coelho and Azzarone 1988).

How telomerase activity varies within mouse models of tumorigenesis

remains to be tested.

The degree of apoptosis is an important determinant in the

development of cancer.

Apoptosis, or programmed cell death, regulates many normal

developmental processes in vivo, including kidney organogenesis, formation

of individual digits on fore- and hind-limb buds, mammary gland

involution, and neuronal circuit-forming. Certain cellular features are

hallmarks of apoptosis, including blebbing of nuclear membrane,

chromosome condensation, and DNA fragmentation into nucleosomal units.

Tumors may form when cells live inappropriately, failing to die of apoptosis.

The link between cancer and apoptosis is emphasized by the fact that many of

the genes implicated in cancer normally function in the apoptotic program.

The ratios of proteins encoded by members of the Bcl-2 gene family are

key regulators of apoptosis. The founding member of this gene family, bel–2,

was originally cloned from the t[14;18) breakpoint in follicular B cell

lymphomas (Oltvai and Korsmeyer 1994). As a consequence of this

translocation, the bel-2 gene is placed under the control of the

immunoglobulin heavy chain locus, causing the gene to be overexpressed in

B cells. The manner in which this overexpression predisposes to tumor

formation was made clearer when experiments in transgenic mice showed

that bel-2 overexpression results in an expansion of splenic follicular center

cells with progression to malignant lymphomas and protection from some

apoptotic inducers (Vaux et al. 1988; McDonnell et al. 1989; Strasser et al. 1990;
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McDonnell and Korsmeyer 1991). Conversely in the setting of bcl-2

deficiency, the lymphoid system is particularly vulnerable, with the thymus

and spleen undergoing massive apoptotic involution (Veis et al. 1993).

Although it is not entirely clear how bel-2 protects a cell from apoptosis, the

protein represses the effects of free radicals inside cells, and it may be a

component of an antioxidant pathway (Hockenbery et al. 1993). Bcl-2 acts

through association with bax, a protein containing similar domains to bel-2.

Bax itself promotes apoptosis (Oltvai et al. 1993), suggesting that it is the ratio

of these two proteins that determines a cell's fate. Notably, the tumor

suppressor p53 induces the expression of bax (Selvakumaran et al. 1994;

Miyashita et al. 1994; Miyashita and Reed 1995; see discussion of p53 below).

A second pair of apoptosis-regulating proteins is also contained within

the bel-2 family. Two proteins are produced by alternative splicing from the

bcl-X gene to generate bcl-Xs (small form) and bel-XL (long form) (Boise et al.

1993). When bcl-Xs is produced within a cell in excess to bel-xl, apoptosis is

favored. In contrast, when a cell contains more bcl-XL than bcl-Xs, the cell is

protected from programmed cell death. The apoptosis pathway seems not to

be composed of simple pairs of proteins like bel-2/bax and bel-xl/bcl-Xs that

mediate the degree of cell death within a cell. Additional proteins have been

identified in screens for binding partners of these components. To date, two

such interacting factors have been isolated. Bad preferentially

heterodimerizes with bel-xl and represses its effects, although its binding to

bcl-2 has little consequence (Yang et al. 1995). Bag-1, a protein without

significant homology to the bcl-2 family members, cooperates with bel-2 in

protecting cells from apoptosis (Takayama et al. 1995). Thus within

individual cells, complex interactions among components of this pathway

probably dictate cellular fates.
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In addition to members of the bel-2 gene family, c-myc is a gene

implicated in both cancer and apoptosis. A transcription factor that acts

through heterodimerization with max, c-myc induces apoptosis in cells

deprived of growth factors or arrested with cytostatic drugs. The domains of

c-myc that are required for transcriptional activation are the same as those

needed for apoptosis, suggesting that the protein mediates its apoptotic effect

through the transcriptional activation of target genes. Bcl-2 and c-myc can

cooperate to transform B cells (Vaux et al. 1988; Strasser et al. 1990; McDonnell

and Korsmeyer 1991), with lymphomagenesis stemming from a suppression

of c-myc-induced apoptosis (Marin et al. 1995).

Mouse models for human mammary tumors have been generated

using mouse mammary tumor virus and transgenic mice.

The mouse mammary tumor virus (MMTV) causes mammary

adenocarcinomas in mice (Hilgers and Bentvelzen 1979) and therefore has

been used to study murine mammary tumorigenesis. Through the

examination of MMTV proviruses in MMTV-induced mammary tumors,

common integration loci have been identified and cloned. These integration

loci (designated int- ) were found to be overexpressed in the corresponding

mammary tumors, implying a cis-transcriptional transactivation of these

neighboring sequences by the MMTV long terminal repeat (LTR) (Nusse and

Varmus 1982). To confirm their significance in the development of murine

mammary tumors, several of these int loci have been used to create

transgenic mice that overexpress a particular int gene in the mammary gland.

Some of these transgenic mice have subsequently been infected with MMTV

to identify genes that cooperate with the transgene in mammary
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tumorigenesis. With another cycle of cloning and sequencing, additional

MMTV integration sites have been identified. The MMTV-insertionally

activated genes identified from MMTV infection of non-transgenic and

transgenic animals are members of several gene classes: the Wnt gene family

(wnt-1, wint-3, and wnt-10b), the Fibroblast growth factor (FGF) gene family

(int-2/FGF-3, hst/FGF-4, AIGF/FGF-8), and the Notch gene family (int-3).

Both Wnt and FGF genes encode secreted proteins, in contrast to members of

the Notch gene family, which contain transmembrane domains.

The first MMTV integration site that was cloned from an MMTV

infected tumor is wmt-1, formerly known as int-1 (Nusse and Varmus 1982;

van Ooyen and Nusse 1984). This gene is the founding member of a large

gene family found in a diverse group of organisms, including C. elegans, D.

melanogaster, X. laevis, and M. musculus (Nusse and Varmus 1992). All

members of the family encode Cys-rich, glycosylated, secreted growth factors

which are fundamental to inductive interactions (Bradley and Brown 1990;

Papkoff and Schryver 1990). In the mouse, whi genes are crucial to the proper

patterning of the developing brain (McMahon and Bradley 1990; Thomas and

Capecchi 1990; Thomas et al. 1991), limb buds (Parr and McMahon 1995), and

kidney (Stark et al. 1994). When secreted, writ-1 is associated with the cell

surface (Bradley and Brown 1990; Papkoff and Schryver 1990), although its

receptor is not known. Some mammary gland cell lines are morphologically

transformed by the ectopic expression of writ-1 (Rijsewijk et al. 1987, Jue et al.

1992). Few components of the wint-1 signaling pathway have been identified

in mammalian cells, although it is known that the binding of 3-catenin to E

cadherin is stabilized by wht-1 expression (Bradley et al. 1993; Hinck et al.

1994). Much more is known of the signal transduction pathway for w8, the

wnt-1 ortholog in Drosophila. Genetic studies have implicated a variety of
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genes, including dsh, Sgg/zw3, and arm, in the w8 signaling pathway (Nusse

and Varmus 1992). Current studies are examining the relevance of

orthogonal genes in other systems (see Appendix B).

In order to demonstrate that overexpression of writ-1 transforms the

mammary gland in vivo, transgenic mice were generated using a transgene

that mimics an MMTV-insertion at the wint-1 locus (Tsukamoto et al. 1988).

The transgene in these Wnt-1 transgenic (Wnt-1 TG) mice contains the

MMTV LTR in the opposite transcriptional orientation to the genomic wint-1

sequence. 100% of both male and female Wnt-1 TG mice develop

hyperplastic mammary glands which are predisposed to becoming tumorous.

50% of Wnt-1 TG virgin females develop mammary tumors by 6 months of

age, while 15% of Wnt-1 TG males develop mammary tumors by one year of

age. Although Wnt-1 TG mice develop hyperplasia in all ten mammary

glands, usually only one progresses into a mammary tumor. With time,

other mammary tumors or metastases to the lungs or lymph nodes may

form. This stochastic nature of mammary tumor development suggests that

wnt-1 overexpression is necessary but is not sufficient for mammary tumor

formation. Additional genetic or epigenetic events must accompany wint-1

expression to form mammary tumors. Two general approaches have

exploited the Wnt-1 TG mice to identify genes that cooperate with wnt-1 in

mammary tumorigenesis: (1) crossing Wnt-1 TG animals with other

genetically engineered mice (Kwan et al. 1992; Donehower et al. 1995) and

Chapter Two of this thesis, and (2) using MMTV to infect Wnt-1 TG animals

(Shackleford et al. 1993).

The observation that wºn t-1 and in t-2/FGF-3 could both be

independently activated by MMTV within the same tumor suggested that

these two genes might cooperate in carcinogenesis (Peters et al. 1986).
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Therefore, the Wnt-1 TG animals were crossed with int-2/FGF-3 transgenic

animals (Muller et al. 1990) to see if bitransgenic animals exhibited an

accelerated rate of mammary tumor formation. Like Wnt-1 TG mice, int

2/FGF-3 transgenic females develop mammary gland hyperplasia. However,

int-2/FGF-3 transgene-induced hyperplasia rarely progresses to the formation

of mammary tumors. int-2/FGF-3 transgenic males develop benign prostatic

hypertrophy and exhibit no phenotype in the mammary gland. To generate

mice carrying both the Wnt-1 as well as the int-2/FGF-3 transgenes, Wnt-1 TG

males were crossed to int-2/FGF-3 transgenic females (Kwan et al. 1992).

Bitransgenic animals of both sexes develop mammary tumors at an increased

rate, with the acceleration particularly dramatic in males (Figure 1-1). This

increased rate of tumor formation in bitransgenic animals suggests that the

secretory proteins encoded by wint-1 and int-2/FGF-3 interact in mouse

mammary tumorigenesis.

Further evidence for the cooperation between Wnt and FGF genes

came from examining MMTV proviral integration sites following MMTV

infection of Wnt-1 TG animals (Shackleford et al. 1993). MMTV infection of

Wnt-1 TG animals accelerates wnt-1 tumorigenesis (Figure 1-1), suggesting

that, in this context, MMTV activates the transcription of genes that cooperate

with wnt-1. The sites of retroviral integration revealed loci previously cloned

from MMTV-induced mammary tumors as well as novel loci. Notably, the

endogenous wnt-1 locus in the Wnt-1 TG mice is never used as a site for

MMTV integration, since the Wnt-1 transgene mimics an MMTV-integration

at the wmt-1 locus. Of the sites used by MMTV to accelerate tumorigenesis,

members of the FGF gene family are prominent, representing about half of

the total number of integrations. The FGF genes which cooperate with wnt-1

in this setting are: int-2/FGF-3, hst/FGF-4, and AIGF/FGF-8. Since many
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other FGF genes are cloned, Shackleford et al. were able to screen for MMTV

insertions into each of them by Southern blotting. This analysis excluded all

of the other known FGF gene family members as sites for MMTV integration.

The molecular mechanism for the cooperation between members of the Wnt

and FGF families is not known, but it is not confined to this system of

mammary tumorigenesis. Cooperation has also been observed for induction

of mesoderm by Xwnt-8 and br'GF (Christian et al. 1992) and in the

development of limb buds (Martin 1995).

Transgenic mice with phenotypes in the mammary gland have been

generated from genes implicated in mouse mammary tumorigenesis by

MMTV-infection as well as from many of the genes involved in human

breast cancer (Table 1-1). The first such transgenic mouse created was the

MMTV/c-myc transgenic mouse, which used the MMTV LTR to drive

expression of c-myc in the mammary gland (Stewart et al. 1984). Two of the

other systems, those of the Wnt-1 TG and the int-2/FGF-3 transgenic mice,

have been described above. Certain features are common to some or all of

these transgenic models:

1. Mammary gland phenotypes are generally stronger in females than

in males. This is probably due to two factors: (a) The female mammary gland

contains many more cells than does a male mammary gland. In some mouse

strains, the male gland contains virtually no epithelial cells; (b) The female

hormonal milieu provides a natural growth-stimulus to the epithelial cells

which give rise to the mammary adenocarcinomas. In some of these

transgenic mice, pregnancy is a prerequisite to the formation of the mammary

tumors. The increased estrogen during pregnancy stimulates mammary

epithelial cell growth in addition to activating the MMTV LTR, one of the

promoters often used to target transgene expression to the mammary gland.
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2. The mammary tissue-specific promoters most commonly used are

the MMTV LTR or the whey acidic protein (Wap) promoter. The MMTV

LTR contains glucocorticoid-responsive enhancer elements that stimulate

transcriptional activity within mammary gland cells (Hynes et al. 1984). Thus

the MMTV LTR can be used either as a promoter/enhancer which is the

manner most often used, or it can be used in the opposite orientation as a

transcriptional enhancer. The only transgenic mouse system that uses the

latter configuration of the MMTV LTR is the Wnt-1 TG mice (Tsukamoto et

al. 1988). The Wap promoter normally drives expression of a protein found

exclusively in milk and is activated during pregnancy. Consequently,

phenotypes in male animals are rare when the Wap promoter drives

transgenic expression.

3. In addition to expression in the mammary gland, the MMTV LTR

also commonly directs expression to the salivary glands, Harderian glands,

and the genito-urinary tract. Occasionally phenotypes are observed in these

organs.

4. With one exception, when mammary adenocarcinomas appear in

these transgenic mice, they appear with time and in a subset of the mammary

glands. This stochastic nature of tumorigenesis suggests that in almost all

cases, transgene expression alone is not sufficient for cellular transformation.

Additional genetic or epigenetic events must occur to allow a tumor to

develop. Strategies similar to those taken with the Wnt-1 TG mice have been

used with some of these other transgenic systems to explore the multistep

nature of carcinogenesis.

Classic experiments involving primary rodent fibroblasts established

the requirement for activation of more than one proto-oncogene for cellular

transformation (Land et al. 1983). The hypothesis that emerged from this
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work was that at least two proto-oncogenes, one encoding a nuclear protein

and the other a cytoplasmic protein, had to be mutated in order for

transformation to occur. To test this supposition within the context of the

mammary gland, the MMTV LTR driven v-H-ras and c-myc transgenic mice

were crossed (Sinn et al. 1987). Bitransgenic mice developed mammary

tumors at an accelerated rate, though still only a subset of mammary glands

within bitransgenic animals became cancerous. This suggests that although

tumorigenesis is able to occur faster with the activation of two genes,

additional genetic events must be acquired before full oncogenic status is

attained. In the context of primary rodent fibroblasts in vitro, overexpression

of both v-H-ras and c-myc is sufficient to transform cells, but this is not the

case within the mammary gland in vivo.

When two genes cooperate in tumorigenesis, there is an acceleration in

the rate of tumor formation. This has been observed by creating Wnt-1 and

int-2/FGF-3 bitransgenic mice as well as by generating v-H-ras and c-myc

doubly transgenic mice, as described above. Another approach that has been

used with transgenic mice within the context of the mammary gland has been

to cross two lines of mice that have opposite phenotypes to ask which

phenotype is dominant. While members of the transforming growth factor

(TGF) 3 family are known inhibitors of cellular proliferation, TGFO is a

potent mitogen. When used to make transgenic mice under the control of

the MMTV LTR, these genes gave predictable results within the mammary

gland (see Table 1-1). While MMTV LTR driven TGFB results in mammary

gland hypoplasia (Pierce Jr. et al. 1993), MMTV LTR-TGFo: transgenic mice

develop mammary gland hyperplasia which progresses to mammary

adenocarcinoma (Matsui et al. 1990). Since in vitro results had shown TGF■ ,

to be dominant to the effects of TGFo. (Coffey et al. 1988), the two transgenic
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lines were crossed to see if the same would be true in vivo (Pierce Jr. et al.

1995). Bitransgenic mice are completely resistant to the development of

mammary tumors, thus supporting the notion that within epithelial cells

generally, and in mammary gland cells specifically, the effects of TGFB are

stronger than those of TGFo.

Not only do transgenic mice provide reagents that allow assessment of

gene interactions in vivo via crossing or retroviral infection experiments,

they also provide tissue samples that can be examined by a variety of means

to learn how the proteins of interest function. Muller et al. have used the

MMTV LTR-wild-type neu transgenic mice (Guy et al. 1992b) to understand

how overexpression of the neu proto-oncogene promotes cellular

transformation. When mammary tumors which arise in these mice were

tested for the intrinsic kinase activity of the neu protein, it was found to be

elevated (Guy et al. 1992b). By examining the RNA produced from the

transgene in the mammary tumors, Muller et al. could detect RNAs of altered

sizes (Siegel et al. 1994). These truncated RNAs are produced as a result of in

frame deletions of the transgene that occur during the development of these

mammary tumors. These deletions cover only 7-12 amino acids of the neu

receptor, in the extracellular domain just proximal to the transmembrane

domain. When transfected into rat-1 fibroblasts, these truncated neu

receptors have transforming activity.

Once activated, the neu receptor interacts with cytoplasmic proteins to

elicit the transformed phenotype. Neu-induced mammary tumors contain

elevated levels of c-Src kinase activity due to an increase in the enzyme's

specific activity (Muthuswamy et al. 1994). This activated c-src physically

associates with the neu receptor. Thus the MMTV LTR-neu transgenic mice

develop mammary tumors through somatic mutation of the neu transgene
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with consequent activation of the neu receptor, followed by elevation of the

tyrosine kinase activity of Src. That activated src transforms mammary

epithelial cells is shown directly by transgenic mice in which the MMTV LTR

is used to drive expression of an activated src allele, Y527F (Webster et al.

1995). Female mice carrying this transgene are predisposed to the

development of focal mammary gland hyperplasias which progress in most

cases to scirrhous carcinomas. Additionally the mice have a defect in their

lobuloalveolar development within the mammary gland, making them

unable to nurse pups.

The tumor suppressor protein p53 acts in a diverse set of cellular

pathways.

Originally, p53 was described as a protein that bound large T antigen

(Tag) (Linzer and Levine 1979; Lane and Crawford 1979) (Figure 1-2),

suggesting that p53 plays a role in cellular transformation. This hypothesis

was further supported by the discovery that p53 also bound the adenovirus

E1B 58kD protein (Sarnow et al. 1982). One property of these p53-Tag or p53

E1B 58kd complexes or of the p53 from chemically-transformed cells is that

the protein has a longer half-life than the p53 from normal cells (Linzer and

Levine 1979; Oren et al. 1981; Reich et al. 1983; Rogel et al. 1985; Crawford et al.

1981; Dippold et al. 1981). When uninfected cells were found that express a

p53 with a similar half-life to that found in transformed cells, the p53 was

found to be complexed to the heat shock protein, p88 (Pinhasi-Kimhi et al.

1986). Investigators assumed at the time that the p53 they were examining in

infected cells was the same as that in uninfected cells. When the gene that

encodes p53 was finally isolated and sequenced, it was thought to be the
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normal, wild-type sequence (Bienz et al. 1984; Pennica et al. 1984). When this

gene was introduced into primary rat embryo fibroblasts along with a mutant

H-ras gene, the cells became transformed (Eliyahu et al. 1984; Parada et al.

1984; Jenkins et al. 1984). Furthermore, the overexpression of p53 in Rat-1

cells rendered the cells highly tumorigenic (Eliyahu et al. 1985). Thus, p53

was considered an oncogene.

However when one p53 clone (Pennica et al. 1984) failed to cooperate

with activated H-ras in the primary rat embryo fibroblast transformation assay

(Finlay et al. 1988; Hinds et al. 1987), questions were raised as to the wild-type

sequence of the p53 gene. Two differences existed between the transforming

and non-transforming p53 clones. First, the transforming clone was a

genomic clone and therefore contained introns, while the other was a cDNA

version of the gene. Second, there was a single base difference between these

two forms within the coding region. By creating fusion genes between these

two clones, it was established that the presence of the base difference

coincided with transformation activity (Hinds et al. 1989). Thus, the genomic

clone which encoded Val135 was determined to be mutant. Wild-type p53

encodes Alal.35.

With this knowledge, much of the previous work was re-evaluated.

The p53 that displayed a longer half-life was found to be mutant p53 and was

bound to heat shock proteins, probably because it was somewhat unfolded.

Wild-type p53, with a very short half-life, can be extremely difficult to isolate

from cells, and therefore was missed in early experiments. When bona fide

wild-type p53 was introduced into primary rat embryo fibroblasts, it did not

transform the cells. It repressed the transformation induced by adenovirus

E1A or by mutant H-ras plus mutant p53 (Finlay et al. 1989). Thus, p53 was

accepted as a tumor suppressor gene. The ability of p53 mutant proteins to
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drive the wild-type protein into a conformation with a longer half-life

suggested that these mutants act in a dominant negative fashion to the wild

type protein (Milner and Medcalf 1991; Bargonetti et al. 1992). This coincides

with data demonstrating p53's existence as a tetramer (Friedman et al. 1993),

and suggests that when the mutant protein binds the wild-type in such an

oligomer, the complex alters the structure of the wild-type protein (Bargonetti

et al. 1992).

As described above, the p53 tumor suppressor gene is the gene most

commonly altered in human cancers (Greenblatt et al. 1994). p53 function is

most often lost by a combination of mutation, either inherited or, much more

frequently, somatically acquired, and loss of the wild-type p53 allele-bearing

chromosome. Figure 1-2 indicates the sites most often mutated in human

cancers. Besides p53 point mutation, p53 is lost via other mechanisms in

particular tumor types. In these unusual examples, p53 mutation is

unnecessary, as the protein's function is inhibited by alternative means. In

many osteosarcomas for example, p53 function is curtailed by overexpressing

the MDM-2 gene, whose encoded protein is known to inhibit p53 activity

(Oliner et al. 1992; Momand et al. 1992). Normally a nuclear protein, p53 is

ineffective when retained in the cytoplasm. Nearly 100% of undifferentiated

neuroblastomas and approximately 30% of inflammatory breast cancers

possess cytoplasmic wild-type p53 (Moll et al. 1995; Moll et al. 1992). Viral

proteins bind to and inactivate p53. In cervical carcinomas that show

epithelial cell infection by certain strains of human papilloma virus (HPV),

the p53 protein is degraded by a ubiquitin-dependent pathway induced by the

virally-encoded E6 protein (Werness et al. 1990; Scheffner et al. 1990). p53 is

mutated in those cervical carcinomas that are not HPV-infected (Scheffner et

al. 1991). As described above, SV40 Tag and the adenovirus E1B protein both
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bind to and inactivate p53 (Linzer and Levine 1979; Lane and Crawford 1979;

Oren et al. 1981; Sarnow et al. 1982).

The abrogation of p53 function by mutation, inhibitor binding, or by

degradation is critical to the formation of many tumors. p53 has been

associated with a variety of cellular functions, including transcriptional

activation, binding to proteins involved in DNA repair, transcriptional

repression, induction of G1 cell cycle arrest, and induction of apoptosis

(Figure 1-2, Table 1-2). Exactly how these functions are interconnected within

a cell is not presently clear and presents a challenge for future experiments.

The first biochemical activity identified for p53 was its ability to bind

nonspecifically to DNA (Lane and Gannon 1983). When fused to a DNA

binding domain, p53 can activate transcription (Fields and Jang 1990; Raycroft

et al. 1990), suggesting that p53 is a site-specific transcriptional activator

(Figure 1-2). p53 binds DNA sequences that contain two or more consensus

elements: 5’-XXXC(A/T)(T/A)GYYY-3', where X represents purines and Y

represents pyrimidines (Kern et al. 1991; Vogelstein and Kinzler 1992) and

activates transcription from promoters containing this sequence (Kern et al.

1992; Farmer et al. 1992; Unger et al. 1992). However mutant p53 proteins, like

those found in tumors, are unable to bind to this sequence and hence are

incapable of activating transcription (Kern et al. 1992; Farmer et al. 1992;

Unger et al. 1992). Furthermore, these mutants are able to prevent the wild

type protein from activating transcription, probably due to their ability to

form tetramers with the wild-type protein (Friedman et al. 1993). SV40 Tag

bound p53 is similarly incapable of transcriptional activation providing a

model for how SV40 binding interferes with p53 function (Farmer et al. 1992).

Likewise, the cellular MDM-2 protein inhibits p53's activity by blocking its

acidic activation domain (Oliner et al. 1993). The central core region of p53 is
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known to participate directly in DNA binding, but this activity is modified by

phosphorylation sites at the C-terminus of the protein (Prives 1994;

Bargonetti et al. 1993). Interestingly one site in particular, Ser315, is

phosphorylated specifically by cyclin-dependent kinases that act during the S

and G2/M phases of the cell cycle, and this phosphorylation activates p53's

DNA binding activity (Wang and Prives 1995).

When activating transcription, p53 binds DNA as well as components

of the TFIID complex (Chen et al. 1993), specifically the transcriptional

coactivators TAFII40 and TAFII60 (Thut et al. 1995). Thus, p53 binds to a

particular DNA sequence found in various promoters (see below) and

activates gene transcription by contacting specific proteins of the TFIID

complex. Several studies have shown a requirement for p53's transcriptional

activity in mediating cellular growth suppression (Pientenpol et al. 1994;

Crook et al. 1994).

p53 can interact not only with components of the TFIID complex, but

also with at least one protein, ERCC3, found in TFIIH (Wang et al. 1994).

TFIIH acts in basal transcription as well as in excision repair. It is not known

which of these two functions is affected by p53 binding. p53 is also known to

interact with another component of the excision repair pathway, RPA (Dutta

et al. 1993; Li and Botchan 1993). RPA is a single-stranded binding protein

that associates with the transcriptional activation domain of p53 (Dutta et al.

1993; Li and Botchan 1993). The ability of p53 to recognize mutations in DNA

seems to be mediated by its C-terminus, which binds to insertion or deletion

mismatches (Lee et al. 1995). These lesions cause one strand of DNA to

contain more bases than the other strand, thereby forcing the DNA to contain

a kink. p53 binding to such DNA forms is stable and suggests that p53 may

recruit other proteins to the site of DNA damage. It is possible that by binding
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to DNA lesions such as insertion or deletion mismatches, p53 binds other

proteins like ERCC3 and RPA, which are part of the machinery to repair the

damage (Jayaraman and Prives 1995). Short single strands of DNA stimulate

the transcriptional activity of p53 via this same C-terminal domain

(Jayaraman and Prives 1995). p53 transcriptionally activates GADD45 (Kastan

et al. 1992), a gene that encodes a protein that interacts with PCNA, a protein

directly involved in DNA replication and repair (Smith et al. 1994). The

transcriptional activity of p53 may mediate other downstream consequences

(see below).

In addition to its ability to promote transcription, p53 is also able to

repress transcription of promoters that lack p53 consensus binding sites. In

these instances, p53 has been shown to mediate this effect by binding to

TATA-binding protein (TBP) (Seto et al. 1992; Mack et al. 1993) or to CCAAT

binding factor (Agoff et al. 1993). When a promoter lacks p53 binding sites,

p53 may bind components of the transcriptional machinery, in effect

preventing them from activating transcription (so-called "squelching").

Exactly which combination of genes is activated or repressed by p53 to induce

a particular phenotype is under intensive investigation.

As Figure 1-2 indicates, p53 can be divided into domains that have

distinct functions. Structurally, these domains fold into individual units.

Both the oligomerization domain and the central core domain comprising

amino acids 102-292 have been analyzed in detail. p53's oligomerization

domain, encompassing amino acids 319-360, has been analyzed by solution

and crystal structures (Clore et al. 1994; Lee et al. 1994; Jeffrey et al. 1995). Such

analyses demonstrate that p53 tetramers form from a union of two dimers.

The interface between the two dimers is held together by both hydrophobic

and electrostatic interactions. The crystal structure of the core domain reveals
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much of how p53 binds to DNA and how particular mutations interfere with

this binding (Cho et al. 1994). The core domain forms a 3 sandwich from

which emerges two large loops and a loop-sheet-helix motif, both of which

contact the DNA. A zinc atom coordinates with the two large loops,

stabilizing them. R248, the residue most commonly mutated in human

cancers, makes contacts with sugar and phosphate groups within the minor

groove. Residues from the loop-sheet-helix structure interact with DNA in

the major groove. Generally, the tumor-derived mutations fall into one of

two classes. In one type as exemplified by mutations at amino acid 248,

specific contacts are lost between the protein and the DNA, thus

compromising binding affinity. In the other, mutations alter the folding of

the protein so that the protein is unable to bind to DNA specifically. An

example of the latter-type mutation occurs at amino acid 175, a residue that

normally stabilizes the two large loops.

The functions of the tumor suppressor p53 revealed by genetically

altered mice complement those defined by earlier in vitro studies.

The importance of removing p53 function for tumor development is

underscored by the myriad of ways p53 function is eliminated. In order to

model p53 dysfunction in vivo, various transgenic mouse systems have been

created: p53 deficient mice (Donehower et al. 1992; Jacks et al. 1994; Purdie et

al. 1994), cell lines derived from them, and p53 transgenic mice (Lavigueur et

al. 1989; Howes et al. 1994; Li et al. 1994; Harvey et al. 1995; Nakamura et al.

1995).

The observation that p53 deficient mice are susceptible to many

different tumor types establishes the importance of p53 function in mice
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(Donehower et al. 1992; Jacks et al. 1994; Purdie et al. 1994). Several factors

affect the spectrum and incidence of tumors that form in p53 deficient mice:

genetic background (Harvey et al. 1993a), gene dosage (Harvey et al. 1993b;

Jacks et al. 1994; Purdie et al. 1994), carcinogen exposure (Harvey et al. 1993b),

and radiation exposure (Kemp et al. 1994), demonstrating that these mice

present a manipulable model for carcinogenesis. The observation that most

p53 deficient mice are developmentally normal (Sah et al. 1995; Pan and Griep

1995) suggests that p53 function is not essential for cell division. Several

experiments argue that p53 may be acting at multiple levels within the cell to

prevent transformation.

As has been done with mouse models of mammary tumorigenesis,

several experiments have utilized the p53 deficient mice to explore their

tumor susceptibility. Since a variety of tumors contain mutations in both Rb

and p53 and because several animal viruses target the inactivation of both

gene products, the p53 deficient mice were crossed to mice containing one

defective Rb allele (Williams et al. 1994). p53 -/- Rb +/- mice display a

decreased mortality and develop novel tumor types, including tumors of the

pineal gland and islet cell tumors as well as exhibiting novel pathologies like

bronchial epithelial hyperplasia and retinal dysplasia. The latter observation

may help to explain why humans develop retinoblastoma when they inherit

one mutant Rb allele, whereas mice do not. Murine retinal cells may require

the acquisition of additional rare genetic mutations in addition to a second Rb

mutation. By adding p53 deficiency to their genetic constitution, these cells

may then be predisposed to transformation. A similar result was obtained by

crossing HPV-16 E7 transgenic mice to p53 null mice. Rb function is

effectively eliminated within retinal photoreceptors via the HPV E7

transgene, since HPV E7 protein binds to and inactivates Rb function
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(Weinberg 1991). When combined with p53 deficiency poorly differentiated

photoreceptor tumors are able to develop in HPV E7 transgenic mice (Howes

et al. 1994).

To understand how p53 deficiency contributes to tumorigenesis, cells

from p53 deficient mice have been used in a variety of experiments to

implicate p53 in controlling progression through the cell cycle. Some p53

containing cells respond to Y-irradiation by G1 cell cycle arrest, while cells that

lack p53 are unable to halt progression through the cell cycle (Kastan et al.

1991; Kuerbitz et al. 1992). During the arrest phase, normal cells are able to

repair any DNA damage before replication in S phase. p53 may be mediating

this effect through the transcriptional activation of one of its target genes,

p21/WAF-1/Cip-1 (Harper et al. 1993; El-Diery et al. 1993), which encodes an

inhibitor of G1 cyclin dependent kinases (CDKs) (Harper et al. 1993; El-Diery et

al. 1993; Xiong et al. 1993; Gu et al. 1993; Noda et al. 1994). Mouse embryonic

fibroblasts that are unable to produce p21/WAF-1/Cip-1 protein are also

incapable of undergoing G1 cell cycle arrest, implicating this protein as an

essential factor in the G1 checkpoint pathway (Deng et al. 1995). In contrast,

p53 deficient cells, by continuing steadily into S phase, may render any DNA

alterations permanent by copying them. p53 is therefore regarded as a protein

crucial to the G1 checkpoint function of cells that monitors the appropriate

entrance of cells into S phase.

One manifestation of the breakdown of this function is the ability of

p53 deficient cells to acquire gene amplifications more efficiently than cells

that possess p53 (Livingstone et al. 1992; Yin et al. 1992; Donehower et al.

1995). There seems to be some specificity as to the types of mutations that are

recognized by the p53-dependent G1 checkpoint, since p53 deficient mice do

not acquire point mutations in a transgene target more readily than wild-type
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mice (Sands et al. 1995). In addition to its role as a component in the G1

checkpoint, p53 may participate in a G2 checkpoint, since p53 deficient cells

are unable to arrest following treatment with mitotic spindle inhibitors (Cross

et al. 1995). Primary p53 deficient fibroblasts become aneuploid after only a

few generations in vitro, possibly as a result of loss of both checkpoint

functions (Harvey et al. 1993c). Thus, p53 may first recognize some DNA

mutations directly (as described above), and then subsequently stimulate

transcription to arrest the cell cycle and repair the alterations.

In the context of DNA damage, p53 overexpression can cause G1 cell

cycle arrest as described above. In other cell types and in response to

particular stimuli, p53 overexpression can also induce apoptosis (Yonish

Rouach et al. 1991). By examining the requirement for p53 in the induction of

apoptosis within thymocytes in vivo, p53 was shown to be necessary for

programmed cell death within these cells. Although p53 containing cells

undergo apoptosis in response to Y-irradiation, p53 null cells do not die of

programmed cell death (Lowe et al. 1993b; Clarke et al. 1993). p53 is also

crucial to the apoptosis associated with Rb deficiency within the lens, since

p53 -/- Rb +/- mice exhibit significantly less apoptosis in the lens

(Morgenbesser et al. 1994). The role of p53 in mediating apoptosis is critical to

at least some tumorigenesis models as demonstrated by Symonds et al.

(Symonds et al. 1994). In this system, choroid plexus tumors that lack p53 are

more aggressive and contain fewer apoptotic cells than those tumors that

contain p53. p53 dependent apoptosis has been demonstrated in many

systems, and some, but not all of them, require the transactivation function of

p53 (Haupt et al. 1995; Sabbatini et al. 1995). In these cases, p53 may mediate

apoptosis through transcriptional activation of the bax gene (Miyashita and

Reed 1995).
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Transgenic mice that express wild-type human p53 under the control of

the O-crystallin promoter develop microphthalmia due to improper lens cell

differentiation (Nakamura et al. 1995). These cells undergo apoptosis as a

consequence of their defective differentiation. When crossed to a mutant

transgene under the control of the same promoter, the phenotype is rescued,

demonstrating the requirement for wild-type p53 for apoptosis in this setting.

In another system, a p53 mutant, R172L, which displays wild-type activity by

several criteria, causes hypoplasia of the mammary gland when expression is

targeted to this organ via the Wap promoter (Li et al. 1994). Again, this

phenotype is due to increased apoptosis in the affected organ.

These results imply that one of the reasons that human tumors

containing mutant p53 may be so difficult to treat successfully with

chemotherapeutic agents is that they are unable to undergo apoptosis

following treatment. This hypothesis has been borne out by studying the

ability of p53 deficient cells to die in response to chemotherapy. p53 is

required by cells in vitro to undergo apoptosis in response to Y-irradiation or

treatment with certain forms of chemotherapy (Lowe et al. 1993a). A similar

result is obtained when examining tumors in vivo that contain or lack p53

(Lowe et al. 1994). Following Y-irradiation or treatment with adriamycin,

those tumors that express p53 contain many apoptotic cells and regress. In

contrast, p53 null tumors grow under similar conditions and contain few

apoptotic cells. Furthermore, acquisition of p53 mutations in tumors that

express p53 render these tumors resistant to treatment. A similar correlation

is seen in human breast cancer, where radiotherapy in combination with

chemotherapy, especially involving tamoxifen, is of less therapeutic value in

tumors that contain p53 mutations (Bergh et al. 1995). Point mutations that
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occur within p53's conserved domains II and V confer a significantly poorer

prognosis (Bergh et al. 1995).

p53's roles in cell cycle checkpoint control and in apoptosis probably

both contribute to p53's role in tumorigenesis. Tumors possess two

characteristics, each of which could be controlled in part by p53. Tumors

exhibit altered chromosomal stability, possessing increased numbers of

rearranged, mutated chromosomes, as well as multiple populations of

aneuploid cells. In addition, tumor cells generally have a higher mitotic

index than normal cells. Additionally, p53 containing tumors may produce

thrombospondin, while those deficient for p53 may lack this angiogenesis

inhibitor and therefore be able to grow more effectively. The degree to which

these properties contribute to any one tumor probably depends on the tumor

type and the genetic composition of its constituent cells.

Although studies of p53 deficient mice have been fundamental in

furthering an understanding p53's roles in cell cycle control and apoptosis for

tumor development, they do not precisely model the most common human

tumor condition, acquisition of mutant p53. By introducing various p53

alleles into p53 null cells, Levine et al. demonstrated that while p53 deficient

cells are unable to form tumors in nude mice, those transfected with several

p53 mutant alleles do promote tumor formation (Dittmer et al. 1993). This

result suggests that mutant p53 proteins contain a function not exhibited by

p53 null cells. Therefore, a more accurate model for human cancer would

involve the expression of mutant p53 in the background of p53 deficiency.

Initially, Bernstein et al. generated p53 transgenic mice that express a

murine p53 gene encoding Val135, a temperature-sensitive allele, under the

control of the gene's own promoter (Lavigueur et al. 1989). These mice

express mutant p53 from the transgene as well as wild-type p53 from the two
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endogenous p53 alleles. Nevertheless, these mice are susceptible to a variety

of tumor types, including lung, bone, and lymphoid tumors, probably as a

result of Val 135-p53's dominant negative activity. When these mice are

crossed to the p53 deficient mice, p53 +/- mice that possess the transgene

show accelerated tumorigenesis (Harvey et al. 1995). In contrast, those mice

that are p53 deficient do not form tumors more rapidly when they contain the

Val135p53 transgene as well. This result parallels that seen by Levine et al. in

that the Val 135 allele has dominant negative, but not dominant activating,

activity. According to Levine et al., among those p53 mutants that display

dominant oncogenic activity are the mutants found in Li-Fraumeni

syndrome (Dittmer et al. 1993). A transgenic mouse containing one such

allele would be particulary informative, especially if crossed against the p53

deficient background.

This thesis probes issues of multistep tumorigenesis and development.

Because p53 plays such a central role in human cancers generally and

in breast cancers in particular, we were interested in examining the effects of

p53 deficiency on Wnt-1 induced mammary tumors. At the time that these

studies were begun, much of the analysis of p53 deficiency had been studied

in fibroblasts derived from p53 null mice. By crossing p53 deficient mice to

Wnt-1 TG mice, we were able to observe the effects of p53 deficiency in vivo.

The results of this analysis are described in Chapter Two. Briefly, we

demonstrated that p53 deficient mammary tumors differ from those that

contain p53 in three ways: they arise faster, possess a distinct morphology,

and contain more genomic rearrangements.
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As an extension of this project, I constructed p53 transgenic mice that

express a dominant negative allele of p53 or a wild-type allele within the

mammary gland. p53 transgenic mice made previously had expressed the

A135V p53 mutation broadly and succumbed to a variety of tumors.

However, mammary tumors did not develop in these p53 transgenic mice.

We reasoned that by overexpressing the same p53 allele within the mammary

gland, we might be able to induce the formation of mammary tumors. In

addition, prior attempts to produce a wild-type p53 transgenic mouse had

been unsuccessful, possibly due to expression of the p53 transgene early in

development. By driving expression of p53 using a more tissue-specific

promoter, we hoped that these wild-type p53 transgenic mice would be viable

and might exhibit massive apoptosis within the mammary gland, causing

premature mammary gland involution.

As described in Chapter Three, the wild-type p53 transgenic mice

exhibited a surprising renal phenotype, whereas mice expressing the A135V

p53 mutant displayed no phenotype within the kidney. The renal disease

presented by the wild-type p53 transgenic mice is due to defective

differentiation of the ureteric bud, one of the precursor structures within the

developing kidney. This result is interesting because (i) it presents a third

outcome to p53 overexpression besides induction of apoptosis or G1 cell cycle

arrest, and (ii) it raises the possibility that some of the unexplained

phenotypes of p53 deficient animals may be due to abnormal cellular

differentiation. In fact before p53 deficient mice were created, many imagined

that they would display developmental defects, thinking that p53 would be

essential for cell division. That most p53 null mice develop to term suggests

that p53 is not absolutely essential for cell cycle progression, but that does not

preclude the possibility that more subtle defects exist in these mice. This
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notion is discussed further in Chapter Four and in Appendix A, along with

descriptions of other ongoing experiments involving our p53 transgenic

mice.

In attempts to further define the elements of Wnt-1 induced

tumorigenesis, the experiments outlined in Appendices B and C were

undertaken. Appendix B points to our progress to date in crossing Wnt-1 TG

mice to mice carrying a dvl-1 deficiency, to determine whether wmt-1 signals

through one of the dvl gene products within the mammary gland. Appendix

C describes a screen designed to identify differentially expressed sequences

between Wnt-1 induced mammary gland hyperplasia versus mammary

tumors.
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Table 1-1. Some of the transgenic mice that display phenotypes in the

mammary gland. Transgenic mice involving genes implicated in human

breast cancer or by MMTV infection of murine mammary tumor systems are

listed. Major phenotypes are described.
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of
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Sequence
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TGFfl1

(Jhappan
etal.1993)
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murinegenomicsequence(Tsukamoto
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PromoterWap
MMTVLTR
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Table 1-2. The cellular effects of expression of wild-type or mutant p53

proteins compared to the p53 null state. A comparison is given among three

conditions for each function assigned to p53.
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Cellulartransformation
ild

-

inhibitsfocusformationwhencotransfectedwithc-mycandmutant
H-ras(Finlay
etal.1988)

(Hinds
etal.1987)
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inhibitsfocusformationwithadenovirusE1AandH-rasorwithadenovirusE1AandE1Bin
primary

ratembryofibroblasts(Finlay
etal.1989)

Mutantp53p53Null
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elicitsfocusformationwith
-
cellsdonotformtumors

activatedH-ras,orc-mycplusinnudemice

activatedH-rasin
primaryrat(Dittmer
etal.1993)

embryofibroblasts(Eliyahu
etal.1984)

(Parada
etal.1984)(Jenkins
etal.1984)
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somemutantsactas
dominantnegatives,

inactivatingwild-typep53;

otherspossess
a

dominantoncogenicactivity(Dittmer
etal.1993)

(Harvey
etal.1995)
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activatestranscriptionfrompromoterscontainingconsensus
p53bindingsite

-
p53activatestranscription

from:
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cannotbindp53consensussiteand
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notapplicable

thereforemutantsareunable
to

activatetranscription
(Kernetal.1992)(Farmer
etal.1992)

(Unger
etal.1992)

bax(MiyashitaandReed1995)
cyclin
G
(OkamotoandBeach1994)

EGFreceptor(Debetal.1994)GADD45(Kastan
etal.1992)

MDM-2(Juven
etal.1993)(Wuetal.1993)

mck(Zambetti
etal.1992)p21/CIP1/WAF1(Harper

etal.1993)

(El-Diery
etal.1993)thrombospondin(Dameron

etal.1994)

TGF
o
(Shinetal.1995)
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G1cellcycle

arrest
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(Agoff
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SV40largeT
antigen
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to
bindingthese
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causingincreaseddegradation(Pinhasi-Kimhi
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ofp53(Werness
etal.1990)

(Scheffner
etal.1990)

-

adenovirusE1B(Sarnow
etal.1982)

-
cqc-2(Milner
etal.1990)

-

MDM-2,blockingp53acidic
activationdomain(Oliner
etal.1992)

-ERCC3(Wang
etal.1994)-RPA(Dutta

etal.1993)

-

TAFII40andTAFII60,therebyinhibitingbasaltranscription
(Thutetal.1995)

-

WT-1,inhibitingp53-mediatedapoptosis(Maheswaran
etal.1995)

-

causedbyp53
overexpression
-

unable
tocauseG1cellcyclearrest

insomecelltypes(Kastan
etal.1991)(Kuerbitz

etal.1992)

p53Null-
notapplicable

-
notapplicable

-
cellswithoutp53areunable

to
undergoG1cellcyclearrest

(Kastan
etal.1991)(Kuerbitz

etal.1992)

§



Apoptosis

ild-Mutantp53
-

causedbyp53
overexpression
-

unableto
induceapoptosis

insomecelltypes(Yonish-Rouach
etal.1991)

(Lowe
etal.1993b)(Clarke
etal.1993)

-
low(<10-9)

incellsexpressing

wild-typep53(Livingstone
etal.1992)

(Yinetal.1992)(Donehower
etal.1995)

p53Null

-
cellswithoutp53areunable
to

undergoapoptosis(Yonish-Rouach
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Figure 1-1. Kaplan-Meier plots demonstrating the tumor incidence curves in

Wnt-1 TG animals from four experiments. The percentage of tumor-free

mice is graphed versus age. The reference for each curve is: Wnt-1 TG mice

(Tsukamoto et al. 1988); Wnt-1 TG; int-2/FGF-3 TG (Kwan et al. 1992);

MMTV-infected Wnt-1 TG mice (Shackleford et al. 1993); and Wnt-1 TG; p53

-/- (Donehower et al. 1995). This figure is reprinted with permission from

Cold Spring Harbor Press.

A. Wnt-1 TG females.

B. Wnt-1 TG males.
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Figure 1-2. The functional domains of the human p53 protein. p53 contains

393 amino acids (390 in the mouse protein). Mutational hotspots are marked

by an asterisk, and the amino acid numbers are given. Sites mutated in

patients with Li-Fraumeni syndrome are underlined. There are five domains

(I-V) of the protein that are conserved across many species, and these are

designated with dotted rectangles within the figure. The functions of specific

regions of the protein are indicated in the subdivided rectangle, and the

single-headed arrow denotes one portion of p53 that has an additional

function. The portions of p53 that are known to interact with specific

proteins are indicated with double-headed arrows. The data for this figure are

found in references cited throughout the text, especially (Greenblatt et al.

1994) and (Prives and Manfredi 1993).
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CHAPTER TWO:

DEFICIENCY OF p53 ACCELERATES MAMMARY
TUMORIGENESIS IN WNT-1 TRANSGENIC MICE AND

PROMOTES CHROMOSOMAL INSTABILITY
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Preface

My contributions to this Chapter include: sequencing two portions of

four cDNAs derived from Wnt-1 TG p53 +/- mammary tumors in which no

LOH was observed by Southern blotting (I sequenced the segments of the

cDNAs derived from exons 2-4 as well as exons 10-11); interpretation of

results obtained by comparative genomic hybridization as they related to

issues of genomic stability; proposing the hypothesis that Wnt-1 TG p53 -/-

cells might be more prone to acquiring genomic amplifications than p53

containing cells, leading me to design and conduct the experiments leading to

Figure 6; contributing ideas to Figure 7.
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Deficiency of p53 accelerates mammary
tumorigenesis in Wnt-1 transgenic mice
and promotes chromosomal instability
Lawrence A. Donehower," Lucy A. Godley,” C. Marcelo Aldaz,” Ruth Pyle," Yu-Ping Shi,"
Dan Pinkel," Joe Gray," Allan Bradley,” Daniel Medina," and Harold E. Varmus”
'Division of Molecular Virology, Baylor College of Medicine, Houston, Texas 77030 USA, Varmus Laboratory, National
Cancer Institute, Bethesda, Maryland 20892 and Department of Biochemistry and Biophysics, University of California, San
Francisco, California 94143 USA, "Department of Carcinogenesis, University of Texas M.D. Anderson Cancer
Center—Science Park, Smithville, Texas 78957 USA, ‘Division of Molecular Cytometry, Department of Laboratory
Medicine, University of California at San Francisco, San Francisco, California 94143 USA, Institute for Molecular Genetics
and Howard Hughes Medical Institute, Baylor College of Medicine, Houston, Texas 77030 USA, “Department of Cell
Biology, Baylor College of Medicine, Houston, Texas 77030 USA: 'Office of the Director, National Institutes of Health,
Bethesda, Maryland 20892 and Department of Microbiology and Immunology, University of California, San Francisco,
California 94143 USA

By crossing mice that carry a null allele of p53 with transgenic mice that develop mammary adenocarcinomas
under the influence of a Wnt-1 transgene, we have studied the consequences of p53 deficiency in mammary
gland neoplasia. In Wnt-1 transgenic mice homozygous for the p53 null allele, tumors appear at an earlier age
than in animals heterozygous or wild-type at the p53 locus. About half of the tumors arising in p53
heterozygotes exhibit loss of the normal p53 allele, implying selection for p53-deficient cells. Mammary
tumors lacking p53 display less fibrotic histopathology and increased genomic instability with aneuploidy,
amplifications, and deletions, as detected by karyotype analysis and comparative genomic hybridization. In
one tumor, the amplified region of chromosome 7 had an ectopically expressed int-2/FGF3 proto-oncogene, a
gene known to cooperate with Wnt-1 in the production of mammary tumors. These findings favor a model in
which p53 deficiency relaxes normal restraints on chromosomal number and organization during
tumorigenesis.

|Key Words: p53, Wnt-1, mammary tumors, genomic instability, mouse, tumor model]

Received January 4, 1995, revised version accepted February 22, 1995.

The p53 tumor suppressor gene is the known gene mu
tated most frequently in human cancers, with deletions
and point mutations observed in almost half of all tu
mors and in about one-fourth of all sporadic breast can
cers (Greenblatt et al. 1994). In addition to their frequent
occurrence in spontaneously arising tumors, p53 muta
tions have also been identified in the germ line of some
individuals with an inherited cancer predisposition
called Li-Fraumeni syndrome (Malkin et al. 1990,
Srivastava et al. 1990). The presence or absence of p53
mutations in a human tumor may have important clin
ical implications. A number of studies have shown that
tumors missing wild-type p53 are likely to have a rela
tively poor prognosis (Callahan 1992; Thor et al. 1992).
Moreover, tumors with mutant p53 appear to be signif
icantly more resistant to the effects of radiation and
other anticancer drugs (Lowe et al. 1993a, 1994).

The importance of p53 loss in cancer is illustrated fur
ther by genetically engineered mice that contain one or
two defective germ-line p53 alleles (Donehower et al.
1992, Jacks et al. 1994; Purdie et al. 1994). Mice with two

defective p53 alleles (p53 – f – are developmentally nor
mal, but all succumb to tumors by the age of 10 months
(Donehower et al. 1992; Harvey et al. 1993a,b; Jacks et
al. 1994; Purdie et al. 1994). Mice with a single defective
p53 allele p53 +/-) acquire tumors at a later age, but by
18 months half of these mice have developed cancer
|Harvey et al. 1993a). Lymphomas and sarcomas are the
most frequently observed tumor types in the p53-defi
cient animals, whereas carcinomas (including mammary
adenocarcinomas) are only seen infrequently.

We have now developed an experimental model to
study the role of p53 in mammary tumor genesis by
crossing mice that carry a disrupted p53 allele with
transgenic mice programmed to express a proto-onco
gene in the mammary gland. We show that the biological
and genetic properties of mammary tumors initiated by
ectopic expression of Wnt-1 are dramatically influenced
by the presence or absence of p53. Mammary adenocar
cinomas appear earlier in both male and female p53 – f –
animals. About half of the tumors arising in p53 het
erozygotes show loss of heterozygosity, although they
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are not detected earlier than tumors that retain wild-type
p53 p53-deficient tumors differ histologically from p53
containing tumors and exhibit several manifestations of
genomic instability: aneuploidy in metaphase spreads
and genomic regions of increased and decreased DNA
sequence copy number as seen by comparative genomic
hybridization. These results with transgene-induced
cancers in animals extend previous studies with cultured
cell lines (Bischoff et al. 1990, Livingstone et al. 1992,
Yin et al. 1992) to support a model for p53 as a cell-cycle
checkpoint protein whose loss leads to karyotypic insta
bility and cancer

Results *

Mammary tumors are detected earlier in Wnt-l
transgenic animals lacking a normal p53 gene

To determine the effect of germ-line loss of p53 alleles
on Wnt-1-induced mammary tumorigenesis, we crossed
p53-deficient mice with Wnt-1 transgenic mice Wnt-1
TG). The transgene in the Wnt-1 TG mice mimics a
mouse mammary tumor virus (MMTV) insertion at the
Wnt 1 locus, with the MMTV long terminal repeat
|MMTV LTR) in the opposite transcriptional orientation
to the mouse Wnt-1 gene. Previous studies have verified
ectopic expression of the Wnt-1 transgene in the mam
mary gland, accompanied by marked mammary gland
hyperplasia in both female and male transgenic animals
(Tsukamoto et al. 1988, Kwan et al. 1992). Because of the
hyperplasia in the Wnt-1 TC female mammary glands,
the animals are unable to nurse their pups. For this rea
son, we used only Wnt-1 TC males in crosses to the
p53-deficient mice. Following the crosses, 12 categories
of animals were maintained on the basis of different

combinations of genotypes: males and temales that carry
or lack the Wnt-1 transgene and exhibit one of the three
possible p53 genotypes | +/-, +/-, or - 1 - ). At least
16 virgin animals in each category were maintained for
up to l year of age while being monitored weekly for
tumors (see Materials and methods.

No mammary adenocarcinomas were observed in any
males and females without the Wnt-1 transgene, regard
less of p53 genotype. As expected, nontransgenic
p53 – f – animals developed nonmammary tumors
within the first several months of life and all succumbed

to cancer by 9 months of age, consistent with previous
experience in other genetic backgrounds (Harvey et al.
1993a,b; Jacks et al. 1994, Purdie et al. 1994). In addition,
4 of 27 p53 +/− mice developed nonmammary tumors
by 1 year of age at a rate similar to that observed previ
ously (Harvey et al. 1993al. No tumors of any kind were
observed in the nontransgenic p53 + 4 + animals.

All of the female mice containing the Wnt-1 transgene
developed mammary adenocarcinomas by 41 weeks of
age (Fig. 1A. Tumors were detected in Wnt-1 TG
p53 + / 4 females at a median age of 22.5 weeks, a rate
similar to that observed previously for Wnt-1 TG females
(Tsukamoto et al. 1988, Kwan et al. 1992, Shackleford et
al. 1993). Likewise, tumors appeared in the Wnt-1 TG

Mammary tumors in p53 mutant Wnt-1 transgenic mice
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Figure 1. Tumor incidence in Wnt 1 TC mice with wild-type
and detective germ-line p53 alleles. The percentage of animals
in each group free of palpable tumors (~0.5 cm in diami was
plotted at weekly intervals. Al Wnt-1 TG temales. Sixteen
Wnt 1 TC p53 - - - ), 32 Wnt 1 TG p53 +/- (£), and 16
Wnt 1 TG p53 + 1 + [C] virgin females were monitored for
mammary adenocarcinomas (B. Wnt-1 TG males. Twelve
Wnt 1 TG p53 – f – IJ), 22 wint. 1 TG p53 +/- (-), and 21
Wnt 1 TG p53 - ? - (C. males were monitored for mammary
tumors up to l year of age

p53 + 4 - females with a median time of 23 weeks, sug
gesting that inheritance of a single normal p53 allele
does not confer any increase in susceptibility to tumor
formation. In contrast, tumors were detected signifi
cantly earlier in Wnt-1 TG females with two detective
germ-line p53 alleles (Fig. 1A). All of the females with
the Wnt-1 TG p53 – f – genotype developed at least one
mammary tumor between the ages of 7 and 15 weeks,
with a mean time of 11.5 weeks.

Nine of 21 (43%) Wnt-1 TG p53 + 1 + males and 7 of 22
(32%) Wnt-1 TG p53 +/– males developed mammary
tumors by the age of 1 year (Fig. 1B), proportions slightly
greater than observed for Wnt-1 TG males in previous
studies (Tsukamoto et al., 1988, Kwan et al. 1992, Shack
leford et al. 1993). The Kaplan—Meier plots are not su
perimposable for these two cohorts, but the rates of ap
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pearance of tumors were judged to be not significantly
different by the generalized Wilcoxon test. The male
Wut-1 TG p53 – f – animals, however, displayed a dra
matic increase in the rate of appearance of mammary
tumors compared with their Wnt-1 TG p53 +/– and
Wnt-1 TG p53 +/− counterparts (Fig. 1B). Of 16 of these
animals, 12 developed mammary tumors by 6 months of
age, whereas the other 4 succumbed to thymic lympho
mas within the first 6 months, precluding adequate eval
uation for mammary tumors. These latter animals are
not included in Fig. 1B.) For those Wnt-1 TG p53 – f –
males that developed mammary adenocarcinomas, the
median time required to form a detectable tumor was
15.5 weeks, nearly as short as the median time for ap
pearance of mammary tumors in Wnt-1 TG p53–/-
females.

Analysis of the wild-type p53 allele■ s) in mammary
tumors from Wnt-l TG p53 +/– and Wnt-l
TG p53 +/− mice

p53 allele loss accompanied by point mutation in the
remaining p53 allele is a frequent occurrence in human
tumors, and we and others have observed loss of the
normal p53 allele when mesenchymal tumors and lym
phomas arise in p53 + 1 − mice (Harvey et al. 1993a,
Jacks et al. 1994; Purdie et al. 1994). To detect loss of
heterozygosity (LOH) of the wild-type allele during the
development or progression of mammary tumors in
W ...-1 TG p53 +/- mice, we analyzed the structure of
the Intact p53 allele in those tumors by Southern blot
hybridization. Of 18 tumors from Wnt-1 TG p53 +/–
females, 8 showed virtually complete loss of the remain
ing wild-type p53 allele, whereas the other 10 tumors
contained the normal allele (Fig.2). In two of these latter
tumors, comparison of the hybridization intensities of
the normal and mutant p53 alleles suggests that the nor
mal p53 allele is lost from some tumor cells but retained
in others. Four tumors from male Wnt-1 TG p53 +/–
animals were also tested: Two lacked the wild-type al
lele entirely, and it was underrepresented in a third data
not shown). In tumors from Wnt-1 TG p53 +/- animals
that displayed p53 LOH, comparison of hybridization to
the mutant allele and the p53 pseudogene suggested that
the mutant allele was not duplicated in tumors from
either females and males (Fig. 2, data not shown).

Figure 2. Loss of the wild-type allele in some
Wnt-1 TG p53 +/– tumors. Each lane con- f++-

The appearance of LOH in a high proportion of cells
from about half of the tumors in heterozygous anima's
indicated that cells lacking an intact p53 gene might
have a selective growth advantage. However, wº ... we
replotted the data shown in Figure 1A to separate tumors
with LOH from those without LOH, p53 deficiency did
not correlate with the detection of tumors at an earlier
age. On average, tumors with LOH were detected
slightly later than those that retained a normal p53 allele
(data not shown).

To determine whether point mutations had occurred
in the wild-type p53 allele of the Wnt-1 TG p53 +/–
tumors that had not undergone loss of heterozygosity,
we sequenced nearly the entire coding region of p53
cDNAs from four of these tumors (see Materials and
methods). Because of the PCR primers used, the first 18
bp and the last 21 bp of the p53-protein coding sequences
could not be determined, but the rest of the sequence
was wild-type (data not shown],

Southern blot analyses and previous sequencing of p53
cDNAs derived from mammary tumor RNAs from
Wnt-1 TG mice V. Pecenka and H.E. Varmus, unpubl.)
failed to reveal any changes in the p53 gene when both
p53 alleles are intact in the germ line.

All of the mammary tumors are adenocarcinomas,
but they differ in the degree of fibrosis depending on
p53 status

We performed standard histopathological examination
on most of the mammary tumors in the study. A al of
40 tumors from female mice and 18 tumors from male
mice were evaluated for general histoarchitecture and
mammary tumor classification, without prior knowl
edge of p53 genotype. The majority of the tumors in fe
male mice (29/40) and in male mice l l ; 18) were type-B
mammary adenocarcinomas (Sass and Dunn 1979). This
pathological type was the most common regardless of
the p53 genotype or sex of the animal. The rest of the
tumors were either papillary cystic adenocarcinomas or
type-A adenocarcinomas, two morphological variants
that are more differentiated and less aggressive than the
type Badenocarcinomas.

Extensive fibrosis was observed in most of the tumors
arising in the Wnt-1 TG p53 + 1 + female mice (Fig. 3A).
In contrast, tumors from Wnt-1 TG p53 – f – females did

18 p53 +/- Tumors

tains 10 ug of tumor DNA from individual te N |
male Wnt-1 TG p53 +/– tumors cleaved with
Bam HI. After agarose gel electrophoresis, the
DNAs were transferred to nylon and hybrid
ized to the p53 cDNA exon 2–6 probe. The
relevant Bam HI fragments are ~5 kb from the
wild-type allele), 6.5 kb (from the null allele),
and 10 kb from the p53 pseudogenel. Lane N
contains tail DNA from one of the tumor-bear
ing animals.

Mutant
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not exhibit significant fibrosis and frequently contained
multiple mitotic cells and signs of anaplasia (Fig. 3D.
Similar trends were apparent in the smaller collection of
tumors from male mice data not shown Tumors from
Wnt-1 TG p53-, - females varied with respect to the
degree of fibrosis and number of mitotic cells. When
some of these tumors were assessed tor loss of the wild

type allele, as illustrated in Figure 2, retention of the
wild-type allele correlated quite well with more exten
sive fibrosis and infrequent mitotic cells (Fig. 3B,C). Of
19 mammary adenocarcinomas with wild-type p53 that
were examined p53 + 1 + and p53 +/- without LOH),
14 showed extensive fibrosis. In contrast, in tumors
without wild-type p53 p53-1 - and p53-1 - with
LOH), only 1 of 12 tumors exhibited fibrosis. These fund
ings suggest that significant biological differences may
exist between those tumors that produce and those that
do not produce p53 protein.

Metaphase spreads reveal a tendency to aneuploidy
in p53-deficient mammary tumor cell explants

Earlier studies have revealed that p53-deficient cells in
culture exhibit genomic instability as manifested by ane
uploidy and susceptibility to gene amplification (Living:
stone et al. 1992, Yin et al. 1992. To determine whether
partial or complete loss of p53 predisposes cells to ane
uploidy during tumorigenesis in vivo, we examined the
karyotypes of cultured cells from five mammary tumors
from Wnt-1 TG p53 +/- females, four mammary tu
mors from Wnt-1 TG p53 +/- females, and six mam
mary tumors from Wnt-1 TG p53-1 - females. Karyo
typing was performed on cells grown in culture for 24–48
hr after dispersion from mammary tumors. Cultures
were incubated with Colcemid, fixed, and stained ac
cording to standard procedures (Fig. 4L■ ), and the chro
mosomes of 25–50 metaphase spreads were counted for

Mammary tumors in p53 mutant Wnt-1 transgenic mice

Figure 3. Fibrotic and nonfibrotic histo
pathology in mammary tumors from mice
with different p53 genotypes. A Histopa
thology section of a tumor from a Wnt-1
TG p53-1 - female B. Histopathology
section of a tumor that retained the wild

type p53 allele from a wnt-1 TC p53-y-
female C. Histopathology section from a
tumor that had lost the wild-type p53 al
lele from a wnt 1 TG p53-, - female (D)
Histopathology section of a tumor from a
wnt-1 TG p53-- female All slides are
stained with hematoxylin and eosin Mag
nification, 94 ×

each tumor. Any chromosome count other than 40 the
mouse diploid chromosome number was considered
aneuploid Chromosome numbers are given in Figure 4
for all cells analyzed from eight representative tumors.
Overall, the results demonstrate that the absence of p53
predisposes tumor cells to aneuploidy.

Cells from writ-1 TG p53 + 1 + tumors were typically
exactly diploid (Fig. 4A.B. In cells from five such tu
mors, º'0% of the metaphase spreads were diploid, and
the occasional deviant cells were usually exactly tetra
ploid or very nearly diploid (Fig. 4A, B, data not shown.

Wnt-1 TG p53-1 - tumors fell into two groups on the
basis of karyotyping (Fig. 4C,D). Three tumors yielded a
very high percentage of cells with grossly abnormal kary
otypes, mostly subtetraploid (e.g., Fig. 4C). As is evident
from the metaphase spread illustrated in Figure 4), cells
from some of these tumors demonstrated dicentric chro
mosomes and chromosomes with homogenously stain
ing regions, suggesting gene amplification, in addition to
increased chromosome numbers. The other three tumors

from wint-1 TG p53 - - animals displayed karyotypes
similar to those from tumors with a wild-type p53 geno
type (e.g., Fig. 4D). In one case, however, ºzoº of the
cells were tetraploid, whereas in another case nearly
30% of the cells had 39 chromosomes (data not shown).
Thus, a deficiency of p53 strongly predisposes cells in
mammary tumors to aneuploidy, but is not sufficient to
produce it.

We also inspected metaphase spreads from four tu
mors arising in Wnt-1 TG p53+/- animals (Fig. 4E-H).
The karyotypes of cells from two of these tumors were
not distinguishable from tumors arising in a normal p53
background. Over 80% of metaphases were diploid, and
-10% were tetraploid with 80 chromosomes (Fig. 4G,H).

One of these two tumors retained the normal p53 allele
in most or all cells, but the other had undergone loss of
heterozygosity, again demonstrating that the absence of

GENES & development 885
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Figure 4. Karyotypes of cultured tumor
cells from Wnt-1 TG mice with intact or

defective p53 alleles. Metaphase spreads
were prepared as described previously (Al
daz et al. 1992). Chromosome numbers
were determined in at least 25 different

spreads from cultured cells from each tu
mor. Percentages of tumor cells with given
chromosome numbers from representative
tumors are shown A.B. Representative
Wnt-1 TG p53 + 4 + tumors, C.D. repre
sentative Wnt-1 TG p53-1 - tumors,
[E.F. tumors from Wnt-1 TG p53 +/-
mice with loss of wild-type p53 allele, Gl
tumor from Wnt-1 TG p53 +/- mouse
with retention of the wild-type p53 allele,
(H) tumor from Wnt-1 TG p53 +/- mouse
with LOH, (1) typical metaphase spread of
a tumor cell with a diploid karyotype from
a Wnt-1 TG p53 + 4 + female photo
graphed after Giemsa trypsin staining, [■
typical metaphase spread of tumor cell
with a hypotetraploid karyotype from a
Wnt-1 TG p53-1 - tumor photographed
after DAPI staining. A dicentric chromo
some is indicated by the arrowhead.
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p53 from mammary tumor cells does not mandate ane
uploidy. The other two Wnt-1 TG p53+/– tumors
showed extensive aneuploidy, with a wide distribution
of chromosome numbers, suggesting that the tumor cell
population was heterogeneous and continuing to evolve
at the time the animal was sacrificed (Fig. 4E,F). Both of
these tumors had lost the wild-type p53 allele from the
majority of cells, as judged by Southern blotting (data not
shown], suggesting that the absence of p53 contributes to
karyotypic instability.

Comparative genomic hybridization and Southern blot
hybridization provide further evidence of genomic
instability in p53-deficient tumors

To complement the cytogenetic data and to identify re
curring regions of chromosomal change in the Wnt-1 TG
mammary tumors, we employed the comparative geno
mic hybridization (CGH technique (Kallioniemi et al.
1992). This procedure detects regions of increases and
decreases in DNA copy number throughout the entire
genome of a tumor cell. This is achieved by differential
fluorescent labeling of total genomic DNA samples from
a tumor and from normal tissue. These two DNAs are

hybridized to metaphase spreads of normal mouse chro
mosomes. Chromosomal regions showing losses and
gains in the tumor can be recognized as decreases and
increases, respectively, in the intensity of fluorescence
from the tumor DNA relative to that from the normal

DNA. Two examples of the results of such hybridiza
tions are illustrated in Figure 5. In the first example, the
tumor shows many changes by CGH (Fig 5A, B}, and in
the other, a single change is observed (Fig. 5C, D). The
abnormalities from all of the tumors examined are sum
marized in Table 1.

Four of the six Wnt 1 TG p53 + 4 + mammary tumors
examined by CGH had no detectable abnormalities, and
the other two had only a single chromosomal alteration.
Similarly, two of four tumors from p53 heterozygous
mice that retained the wild-type p53 allele did not have
detectable abnormalities, whereas two others displayed
one or three subchromosomal decreases in DNA copy
number. These fundings are consistent with the low level
of aneuploidy observed in such tumors by standard
karyotyping.

In contrast, all seven of the Wnt-1 TG p53 – f – tu
mors showed at least one chromosomal abnormality,
and some exhibited multiple changes. Furthermore, the
eight tumors that lost the wild-type p53 allele while de
veloping in Wnt-1 TG p53 +/− mice showed the most
chromosomal instability. Seven of the tumors displayed
at least three regions of DNA gain or loss, and one tumor
(W166, Fig 5A,B) had 10 detectable genetic changes. The
Wnt-1 TG p53 +/– tumors with p53 LOH averaged 4.2
detectable chromosomal abnormalities per tumor. In
contrast, tumors that developed in Wnt-1 TG p53 + 4 +
mice or in Wnt-1 TG 53 +/– without LOH averaged
only 0.33 and 1.0 abnormalities per tumor. An average of
1.7 chromosomal abnormalities was observed in the tu

mors from animals with the Wnt-1 TG p53 – A – geno

Mammary tumors in p53 mutant Wnt-1 transgenic mice

type. Four of the p53-deficient tumors with CGH abnor
malities, two from p53 – f – animals and two from
p53 +/– animals with LOH, were also examined by
standard karyotyping. One of each genotype revealed a
high level of aneuploidy (see footnotes in Table 1).

Several recurring chromosomal changes were noted by
CGH. As expected, many of the Wnt-1 TG p53 +/– tu
mors that had lost their wild-type allele showed a loss of
DNA from chromosome 11, which contains the mouse
p53 locus (Czosnek et al. 1984, Rotter et al 1984). Other
recurring alterations in the tumors included DNA losses
from chromosome 4 (three tumors), chromosome 8 (four
tumors), chromosome 9 (four tumors), chromosome 13
(five tumors), and the X chromosome (five tumors). In
creases in DNA were also observed for chromosome 7
(two tumors) and chromosome 10 (two tumors.

As an adjunct to CGH, we used genomic Southern blot
hybridization with gene-specific probes to ask whether
known proto-oncogenes were amplified in Wnt-1 TG
p53-deficient tumors. Probes for three loci known to be
amplified in some human mammary tumors—c-myc (Es
cot et al. 1986), neu Slamon et al. 1987), and int-2 FGF3
|Lidereau et al. 1988— were used to test tumor DNAs
from 18 Wnt-1 TG p53 – f – animals and from 6 Wnt-1
TG p53 +/- animals whose tumors had lost the wild
type p53 allele (Fig. 6A, data not shown).

In tumor B from animal Wl 77, the int-2, FGF3 locus
was increased to about six to eight copies per cell. This
change was consistent with the CGH profile for tumor
177B, which showed only one abnormality: increased
representation of DNA from the distal portion of mouse
chromosome 7, the chromosomal location of int-2. FGF3
|Fig. 5C, D). A second tumor that arose independently in
this animal 177A did not show these changes by CGH
or Southern blot hybridization (Table l; Fig. 6A).

In some human breast tumors, the int-2; FGF3 region
is amplified, and the amplified domain includes the
linked genes hist FGF4 and PRAD-1 cyclin D1. Because
PRAD-1 cyclin D1 is the only one of these three loci
expressed in such tumors, the cyclinD1 gene rather than
either FGF gene is believed to be contributing to carci
nogenesis (Lammie et al., 1991). However, several kinds
of experiments suggest that ectopic expression of FGF
genes can synergize with Wnt-1 to promote mouse mam
mary tumors (Peters et al. 1986, Kwan et al. 1992; Shack
leford et al. 1993). When we measured int-2/FGF3, hst/
FGF4, or PRAD-1 cyclin D1 RNAs in tumor W177B and
in several other tumors, int-2 FGF-3 RNA was abundant
in W177B but undetectable in other tumors (Fig. 6B).
Equally low levels of hist FGF4 and PRAD-1/cyclin D1
RNA were observed in all of the samples (data not
shown). These fundings suggest that activated expression
of int-2′ FGF-3 (by an unknown mechanism) accompa
nied by amplification of the gene (perhaps facilitated by
p53 deficiency), participated in the oncogenic process in
tumor 177B.

Discussion

Abnormalities of p53 are common in human breast can
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Figure 5. Representative comparative genomic hybridization images and fluorescence ratio profiles. A Composite digital image from
CGH analysis of tumor W166 Wnt 1 TG p53 + - tumor that had lost the wild-type p53 allele Tumor genomic DNA hybridization
signal is displayed in green, normal genomic DNA in red, and the normal male metaphase target chromosomes in blue. Regions of
relatively green fluorescence indicate increased copy number of these sequences in the tumor, and red regions indicate decreases of
copy number relative to the average for the tumor. Blue regions of the target chromosomes contain repeated satellite sequences where
hybridization is blocked by unlabeled Cat-1 DNA. Those chromosomes containing regions of variant copy number are labeled in the
image. The specimen is from a female mouse, and the normal DNA is male so that the X chromosome appears green and the Y
chromosome appears red. (B Profiles of the green to red fluorescence intensity for each of the chromosomes from tumor W166. The
heavy lines show the average of profiles from several chromosomes of each type indicated by then value next to each profile), the thin
lines show +/- 1 sp. from the mean. The lengths of the profiles are arbitrarily normalized and are not accurately proportional to
chromosome length. The regions of variant copy number are indicated under the individual profiles and correspond to those shown
in Table 1. (C) Composite digital image from the analysis of a Wnt-1 TG p53-1 - tumor, W177B. D. Ratio profiles of tumor W177B
The only significant variation is on the distal portion of chromosome 7 corresponding to the green region of the image in C.
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Table 1. Comparative genomic hybridization of
tumor DNAs

Wnt-1 tumor

genotype Tumor Modal karyotype"

p53 + 4 + 1269 normal
1370 normal
1477 normal
1498 inc 81A)
1562 dec XL-F)
MMT19° normal

p53 +/– W15 normal
no p53 LOH) WO8A normal

W21B dec 3|E-H, dec 7, C-F,
dec 13A5-D)

W55 dec 9 B-Fl
p53-1- W32 dec 81A1-E21, dec 9E3-F4),

p53 LOH) dec XE-F4
w los dec 4. B. E. dec 8 B-E", dec 11
W139 inc lib-H", dec 1 1,

dec 131A5-D), dec 14C3-El
W 165 dec l l A5-El
W166 dec 41B1-E21, dec 9A5-F4),

inc 10, B1-B51, dec
10, Cl-I)3], dec 1 MA3 F2,
del 13 A4-D, dec
14C3-E inc 14 Al-C2",
dec 17, A3-E5. dec
18, A2 E4'

W126 dec 4D-E", dec 9, dec 10.
dec | 1. dec 13, dec 16

MMT1.4° dec 8, inc 10 dec 14C-E",
dec 1510-El

MMT25° dec 10.B. D. dec 111C.E.,
dec 1 3B-D

p53–1– W121 dec X
w 180 dec MG-Hº
W177A dec x|D-F)
w177B Inc. 7F

W 154 Inc 2H, inc 1.4B, dec X
MMT 12* inc 10 A Bl
MMT27" inc 7A-Fl. dec 16:C-Gl

*Tumor DNAs were analyzed by comparative genomic hybrid
1zation (Kallioniemi et al. 1992. Chromosomal abnormalitics
are indicated dec for DNA copy number decreases and inc for
DNA copy number increases, followed by the mouse chromo
some number. Subchromosomal regions aftected by these
changes are indicated in parentheses by uppercase letters Each
letter represents a band visible by DAPI staining. A is the band
closest to the centromere.

"Tumor diploid by karyotyping
‘Tumor aneuploid by karyotyping

cer (Greenblatt et al. 1994), yet mammary tumors have
rarely been encountered in mice with null alleles at the
p53 locus (Donehower et al. 1992, Jacks et al. 1994, Pur
die et al. 1994) or with mutant p53 transgenes (Lavigueur
et al. 1989). To examine the role of p53 in mammary
tumorigenesis in an animal model, we have introduced a
Wnt-1 transgene, known to induce mammary hyperpla:
sia and a strong predisposition to mammary cancer, into
mice bearing one or two copies of a targeted null muta

Mammary tumors in p53 mutant Wnt-1 transgenic mice

tion of p53. Two major findings with he progeny of this
cross strongly support our conclusion that a deficiency of
p53 influences the formation of mammary tumors in the
presence of the Wnt-1 transgene: [1] Tumors arise much
earlier in animals that do not inherit an intact p53 gene
|Fig. 1), and 12 tumors that develop in animals constitu
tively heterozygous at the p53 locus often show loss of
heterozygosity (Fig. 2), implying a selective growth ad
vantage for mammary tumor cells in which no func
tional p53 gene remains.

A - -
*- +- - - +-

z > z > z > → z >

E = ? : E S S # 3
: : : : : : : 3: 3:

r-ºnwr -, -- ºr º º º

mºtor - - - - - - U - *

rtru *** w -, *, *, * * *

- -

B E 3: S :
: : 3: :

-9.5 kb
-7.5 kb

-4.4 kb

0 ,,,,
int-2/FGF3 &

-1.4 kb

-0.24 kb

GAPDh
Gºe

Figure 6. Southern and Northern blotting analyses of Wnt-1
TG p53-1 - mammary tumors A Gene amplification of the
intº 2 FGF3 locus in Wnt 1 TC p53 – A – tumor W177B, South
ern blotting was performed with multiple probes on paired sam
ples from whº I TG p53-1 - tumors. At the top of each lane,
the mouse identification number is given: (N) normal tail DNA;
MT, mammary tumor DNA. Subscript letters distinguish in

dependently arising tumors in a single animal. The gene from
which each probe is derived is given at left B Overexpression
of int-2 FGF3 in Wnt-1 TG p53 – f – mammary tumor W177B.
Northern blotting of RNA from Wnt-1 TG p53-? - tumors was
performed with multiple probes. The gene from which each
probe is derived is given at lett, and RNA sizing is at right.
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Three striking correlations have emerged from our ef
forts to understand the contribution that a deficiency of
p53 might make to the oncogenic process in these ani
mals. [1] We noted histopathological differences between
tumors that retained and those that lacked a p53 gene.
p53-Deficient tumors were, in general, less fibrotic, and
contained more mitotic and anaplastic cells; (2) aneu
ploidy was frequent in cells derived from tumors lacking
p53 and much less common in tumor cells that retained
p53, and (3) relative gains and losses of chromosomal
DNA, as measured by CGH, were more common in tu
mors that lacked p53, especially in those p53-deficient
tumors resulting from loss of a wild-type p53 gene in a
heterozygous background. These findings imply that
there are at least two pathogenic routes by which mam
mary tumors can arise in Wnt-1 transgenic mice. In one,
p53 continues to function, tumor cells show little ane
uploidy or chromosomal rearrangement, and the tumors
contain extensive fibrosis. In the other, p53 function is
lost, the tumor cell genome is destabilized, and the tu
mors are minimally fibrotic.

p53 deficiency and the kinetics of tumor genesis

We initiated the experiments described here in hopes of

A

apoptosis

wnt-1 growth cº-2
stimulus

Loh

genomic
instability

mammary gland cell

b

enomic instabilit model. Initially in all Wnt-1 TG mice, ec
——e—- p53. –- —- —- —- —- topic expression of Wnt-l protein in nor

understanding the multistep process of carcinog esis in
greater detail. Our results have provoked at least two
perplexing questions about the number, timing, and
functional consequence of the events in mammary tum
origenesis: (1) Why do tumors appear relatively early in
p53-deficient mice; and [2] why do tumors fall to appear
early in heterozygous mice when the normal p53 gene
has been eliminated? We have considered possible an
swers to these questions in the context of two models
that posit cell-autonomous and non-cell-autonomous
functions for p53 protein (Fig. 7A,B).

Loss of one or more of the cell-autonomous functions
previously proposed for the p53 gene product might fos
ter the development of a tumor and thereby help to ex
plain the early onset of tumors in Wnt-1 TG p53 – f –
animals (Fig. 7A): (1) Loss of cell-cycle control and ac
companying genomic instability (Livingstone et al. 1992;
Yin et al. 1992; Harvey et al. 1993c) might favor the more
rapid accumulation of additional mutations necessary
for tumor development, (2) changes in control of p53
dependent transcription (Farmer et al. 1992, Kern et al
1992) might affect cell growth rates or other cell pro
cesses; (3) resistance to apoptosis (Yonish-Rouach et al.
1991, Clarke et al. 1993, Lowe et al. 1993a,b] might in
crease cell numbers during tumor growth, because p53

Figure 7. Multistep models of mammary
tumorigenesis in Wnt 1 TG p nice

|Squares) Normal mammary gland epithe
lial cells, squares with rounded edges) pre

@ neoplastic cells, and (circles the dominantcell population in a tumor. Arrows between
Tumor cells indicate genetic or epigenetic changes

that occur during tumor cell initiation and
progression. [A] The cell-autonomous

mal mammary gland cells induces poly
clonal hyperplastic growth. Further growth
stimulation by Wnt-l accompanies addi
tional genetic or epigenetic changes that
produce clonal tumor growth. In this model
the rate of progression depends on the p53
status of the initiated cell Cells that retain
wild-type p53 produce tumors at a delayed
rate, possibly because of a lower frequency

Turnor

Scion 2.
wnt-1 growth

stirrulus GE)

Lori

mammary gland cell G) G
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of genetic change and p53-mediated apop
tosis. [B] The non-cell-autonomous model.

Tumor. In this model tumor cell progression is reg
ulated in part by events extrinsic to that
cell that will give rise ultimately to a tu

@ mor. The p53 genotype of the host animal,not the genotype of the nascent tumor cell,
determines the speed of tumor formation.y It is hypothesized that surrounding cells

—- —- —- —- —- that have wild-type p53 p53 + 4 + and

º)---- ©
Tumor to form a tumor because of the reduction of

p53 + / - animals inhibit expansion of the
tumor cell clone, whereas in p53 – f – ani
mals this inhibitory effect does not occur.
Fewer genetic changes may be necessary for
the nascent tumor cell in p53 – f – animals

Tumor

inhibition by surrounding cells.
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mediated programmed cell death no longer counterbal
ances Wnt-l-stimulated proliteration. Although we have
provided considerable support for the first of these three
explanations, we have not yet tested directly for contri
butions by the latter two. Moreover, we have identitled
only a single specific mutation, amplification of int-2,
FGF-3 in tumor 177B, that is likely to participate in car
cinogenesis, despite abundance evidence for genomic
instability.

These proposed effects of p53 on cell growth are not,
however, sufficient to account for the observation that
p53 LOH failed to accelerate the development of tumors
in Wnt-1 TG p53 +/– animals. Perhaps the simplest ex
planation for this observation is that p53 LOH is a late
event in this tumorigenesis model. This hypothesis can
be tested further by comparison of the frequency of p53
LOH as a function of tumor size. A non-cell-autonomous

model is presented in Figure 7B to account for the para
doxical finding that Wnt-1 TG p53 +/– tumors with
LOH display more evidence of genomic instability than
Wnt-1 TG p53 – f – tumors. Wnt 1 TG p53 – f – mice
might develop mammary tumors earlier than their
Wnt-1 TG p53 +/– and Wnt-1 TG p53 + 4 + counter.
parts because of a permissive environment afforded by
p53 – f – cells surrounding nascent tumor cells. Con
versely, p53-containing cells that surround neoplastic
cells, including p53-deficient tumor cells, might provide
an inhibitory influence and retard growth of the tumor
clone, demanding that the clone undergo further muta
tions to overcome the inhibition

The idea that normal cells surrounding a transformed
cell can influence its growth potential has been demon
strated previously both in vitro and in vivo, as assayed by
focus formation in primary rodent fibroblasts (Land et al.
1983) and by tumor genic potential of mixtures of nor
mal and preneoplastic mammary cells (Medina et al.
1978). Such a model implies that wild-type p53 may have
an extracellular inhibitory role in growth control, in ad
dition to its well-characterized intracellular effects. For

example, wild-type p53 was shown to stimulate expres
sion of thrombospondin-1, a potent inhibitor of anglo
genesis (Dameron et al. 1994).

p53 and genomic stability

Our findings of aneuploidy and CGH abnormalities in
mammary tumors in conjunction with p53 deficiency
are consistent with previous reports that the lack of p53
predisposes cultured cells to aneuploidy and amplifica
tion of selectable genes (Livingstone et al. 1992, Yin et
al. 1992). By extending these observations to a tumor
model in an intact animal, we provide support for the
hypothesis that p53 deficiency contributes to carcino
genesis by promoting chromosomal rearrangements that
favor tumor cell growth. But the findings also emphasize
the importance of two largely unresolved questions,

1. What is the mechanism by which p53 protects a cell
from genomic instability; p53 is believed to defend

Mammary tumors in p53 mutant Wnt-1 transgenic mice

cells from premature entry into the S phase of the cell
cycle, an idea that has been especially well-documented
after exposure of cells to genotoxic agents (Kastan et al.
1991, 1992, Lu and Lane 1993). Failure to block passage
through the cell cycle could result in permanent genetic
change if the genome has been assaulted by radiation or
chemical mutagens, without sufficient opportunity for
repair. Deficiency of p53 per se does not produce chro
mosomal abnormalities because mice carrying targeted
germ-line mutations of p53 can develop normally despite
a total absence of p53 protein (Donehower et al. 1992,
Jacks et al. 1994; Purdie et al. 1994). Also, some mann
mary tumors from p53-deficient animals are composed
largely of diploid cells with relatively few abnormalities
seen by CGH (Fig. 5). However, the absence or loss of p53
causes a predisposition to genomic instability in estab
lished cell lines and in cultured fibroblasts from p53
deficient animals (Bischoff et al. 1990, Livingstone et al.
1992, Yun et al. 1992, Harvey et al. 1993c), and we have
observed a higher frequency of aneuploidy and abnormal
itles detectable with CGH in p53-deficient tumors (Figs.
4 and 5, Table 1). The factors that provoke genomic in
stability in p53-deficient cells remain unknown. Their
identity might be useful in considering both the origins
and treatment of cancers.

2 What are the specific genetic consequence of p53
deficiency that promote the growth of tumor cells. In
at least one instance, tumor 177B, we were able to pro
vide some answer to this question, because the amplified
DNA included a gene, int-2/FGF-3, that is known from
several other kinds of experiments, to collaborate with
Wnt-1 when expressed ectopically in mammary tissue
|Peters et al. 1986, Kwan et al. 1992, Shackleford et al.
1993). The increases and decreases of several other chro
mosomal domains may also be functionally important,
because the changes were encountered in multiple tu
mors or because the domains are syntenic with those
implicated in human or experimental tumors. Recurring
decreases in DNA occurred on chromosomes 4, 8, 9, 11,
13, and X, arguing that the genomic instability in this
model is at least partially nonrandom and may represent
genetic events that provide a selective growth advantage
during tumor progression. The role such genomic losses
play in the progression of mammary cancer remains to
be elucidated. However, the largely normal karyological
and CGH patterns observed in tumors that retain p53
show that the abnormalities detectable with these meth
ods are not absolutely required for Wnt-l-promoted tu
mongenesis. In addition, it should be noted that in
creased genomic instability did not necessarily correlate
with accelerated tumor genesis, as the Wnt-1 TG
p53+/– tumors with LOH displayed the greatest num
bers of karyotypic abnormalities but did not show an
increase in rate of formation in comparison to Wnt-1 TG
p53 + 4 + tumors and Wnt-1 TG p53 +/– tumors with
out LOH. This lack of correlation suggests that genomic
instability may provide a selective advantage during tu
mor progression, but does not necessarily affect the rate
at which the tumors appear.
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Further definition of multistep mammary
tun, origenesis

Our work demonstrates that the proto-oncogene Wnt-1
and the tumor suppressor gene p53 can collaborate to
produce mammary cancers in mice, but it is evident
from the kinetics of appearance of new tumors that other
events are required. We presume these to be mutations,
at least some of which are represented by the genomic
abnormalities observed by CGH, Moreover, we do not
know how many mutations are required, how many on
cogenic combinations of mutations are possible ■ even in
the limited context of a Wnt-l-stimulated, hyperplastic
mammary gland), or what constraints are placed on the
order in which the mutations occur.

Multistep carcinogenesis has been documented in
some human cancers (Fearon and Vogelstein 1990) and
often involves the p53 gene Greenblatt et al. 1994), p53
mutations have been associated with genomic instabil
ity during tumor development in at least one clinical
setting, esophageal cancer (Neshat et al. 1994), although
in general human tissues are difficult to obtain at differ
ent stages of tumorigenesis in a single patient or in a
genetically homogeneous population. For this reason,
many laboratories are using mouse models to explore
multistep models for carcinogenesis (Cardiff and Muller
1993, Kemp et al. 1993, Christofori and Hanahan 1994).
Some of these models incorporate, as ours has done, a
ger that is frequently mutated in the same type of can
cer in human patients (Dietrich et al. 1993, Oltvai and
Korsmeyer 1994). It is evident from recent work with
such models that important physiological events—such
as augmented angiogenic activity (Kandel et al. 1991,
Shing et al. 1993, Fidler and Ellis 1994) or a diminished
rate of apoptosis (Symonds et al. 1994)—can have major
consequences during tumor progression. The Wnt-1
transgenic model has special advantages in this regard,
because it is possible to examine mammary tissue at
several stages of tumor development, ranging from early
hyperplasia to metastatic growth (Tsukamoto et al.
1988). It will now be important to ask whether changes
in angiogenic and apoptotic activity accompany the
changes we have described here in histology, genomic
composition, and integrity of specific genes.

Materials and methods

Mice

The Wnt-1 TG mice used in the crosses described here were the
offspring of two Wnt. 1 TG males from line 303 described pre
viously Tsukamoto et al. 1988). These mice were of mixed
SIL» C57BL/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 (Harvey et al. 1993b). The two Wnt 1
males were crossed to heterozygous p53 +/- 129/Sv females
to derive F mice of four possible genotypes p53 + 4 +, Wnt 1
TG p53 +/-, p53 +/-, Wnt 1 TG p53 +/- 1. Fi p53 +/- fe
males were crossed to F. Wnt-1 TG p53 +/- males to obtain F,
mice that carried any of the Wnt-1 TG p53 genotypes found in
the F1 population as well as Wnt-1 TG p53 – A – or p53 – f – To
obtain larger numbers of mice with p53 – f – genotypes with or
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without the Wnt-1 transgene. F. p53 – f – females were mated
to wint-1 TG p53 – A – males. All of the mice were monitored
visually twice weekly for the appearance of tumors for up to 1
year. When a tumor of -0.5 cm in diameter was detected, the
age of the mouse was recorded and used to generate the Kaplan—
Meier plots in Figure 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 tu
mor was frozen at −70°C for nucleic acid analyses.

Nucleic acid isolation and analysis

We determined the p53 and Wnt-1 genotypes of the offspring
from the crosses by use of methods described previously Tsuka
moto et al. 1988, Donehower et al. 1992, Harvey et al. 1993a),
To determine the coding sequence of the remaining p53 allele in
Wnt 1 TG p53 +/- mammary tumors that did not show LOH,
total cellular RNA from a small tissue segment from each of
four tumors was prepared using the RNAzol B kit Tel-Test,
Inc according to the manufacturer's instructions. We then
used reverse transcriptase-PCR with the RT-PCR kit from Per
kin-Elmer Cetus to amplify the p53 cDNA from the four tumor
RNAs

Initially, the amplification primers used were derived from
exons 4 and 10 of the mouse cDNA, and these amplified exons
5–9 of the murine p53 gene. The nucleotide sequences of these
primers were 5'-CAGTCTGGGACAGCCAAGTC-3’ exon 4
and 5'-CTCCCGGAACATCTGGAAGC-3’ exon 10). The am
plified exon 4–10 fragments were purified from a low-tempera
ture agarose gel following electrophoresis, treated with Klenow
polymerase and T4 polynucleotide kinase, and then liested into
the plasmid cloning vector Bluescript Il Stratagene! at the Smal
site Sequencing was performed on the Applied Biosystems au
tomated sequencer with the SP6 and T7 universal sequencing
primers adjacent to the insertion site. Standard dideoxy se
quencing with the Sequenase sequencing kit (U.S. Biochemical
was also performed on parts of the cloned cDNA with two in
ternal primers from exons 5 and 9: 5’-CGTGAGACGCTGC
CCCCACCATG-3’ exon 5) and 5'-TTGCGGGGGAGAG
GCGCTTGTGC-3’ exon 9).

Subsequently, fragments containing the remainder of the p53
coding exons were also obtained by amplifying exons 2–4 and
exons 10–11. The sequences of these primers used were 5'-
GGAATTCGCCATGGAGGAGTCACAGTCG-3’ exon 21, 5'-
GCAGAATAGCTTATTGAGGGGAGG-3 (exon 5), 5'-GCG
CAAAGAGAGCGCTGCCC-3’ exon 8–9), 5'-CCCAAGCT
TCAGTCTGAGTCAGGCCCCAC-3’ exon 11).

Karyotype analysis

Cytogenetic preparations were obtained essentially as described
in Aldaz et al. (1992).

Comparative genomic hybridization

Comparative genomic hybridization was performed essentially
as described in Kallioniemi et al. 1992). Briefly, tumor genomic
DNA and normal genomic DNA were labeled with biotin 14
dATP (GIBCO-BRL) and digoxigenin-11-duTP (Boehringer
Mannheim by nick translation or random priming. Double
stranded labeled DNA with a fragment size distribution of 600–
1000 bp gave optimal signals it labeled by nick translation. The
size distribution was between 150 and 500 bp when random
primer labeling was used Random priming was used in most of
this work because it required less input DNA and more reliably
produced good hybridization signals. Labeled tumor and normal
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genomic DNAs (60–100ng and unlabeled mouse Cot-1 DNA
(GIBCO-BRL 10–20 ug were coprecipitated and dissolved in
10 ul of hybridization solution to obtain a final composition of
50% formamide, 10% dextran sulfate, and 2x SSC pH 7. This
mixture was heated to 70°C for 5 mun to denature the DNAs and

incubated at 37°C for 5–30 min Normal mouse metaphase
chromosomes prepared from fibroblast cultures were denatured
at 80–85°C in 70% formamide, 2x SSC, for 5 min and dehy
drated through an ethanol series. The hybridization mixture
was applied to the slides, the coverslip sealed with rubber ce
ment, and the slide incubated at 37°C for 4–5 days. After hy
bridization, the slides were washed and stained with a single
layer of avidin-FTTC (Vector Laboratories and anti-digoxige
nun-rhodamine Boehringer Mannheim. Slides were counter
stained with 0.1–0.2 unt DAPI in an antitade solution The low
DAPI concentration produced sufficient banding to permit iden
tification of the mouse chromosomes.

Digital images of each of the fluorochromes in the specimens
were obtained under computer control with a fluorescence mu
croscope equipped with a CCD camera. Profiles of the fluores
cence intensities of the normal and tumor DNA hybridization
signals, and the intensity ratio profiles were calculated as de
scribed in Piper et al. (1995). The profiles were normalized so
that the average value was 10 for the entire genome Chromo
somal regions where the ratio profile deviated significantly
from the average were classified as either increases or decreases
in DNA copy number.

Histopathology of tumor tissue

Histopathology of tumor tissues was as described previously
|Medina 1973

Southern blotting analysis of mammary tumors for gene
amplification

DNA was isolated from tail and tumor tissue and 5 ug was
digested with Bam HI as described previously (Donehower et al
1992, Harvey et al 1993al. The Southern blot was hybridized
sequentially with several probes at the indicated temperatures
the 420-bp Bamhl fragment of rat neu [Bargmann et al 1986 at
55°C, the 2.15-kb HindIII tragment of mouse int-2 FGF3 (Man
sour and Martin 1988 at 65 C. and the 600-bp Clal-HindIII
fragment of human c-myc Stone et al. 1987 at 55°C. Following
each hybridization, the blot was stripped of probe as recom
mended by the manufacturer Quantitation was performed with
a Phosphorimager (Molecular Dynamics,

Northern blotting analysis of mammary tumors

Portions of each tumor were used for RNA isolation by RNazol
Breagent (Tel-Test, Inc. according to manufacturer's protocol
One microgram of poly-Al RNA was electrophoresed through
a 1% agarose formaldehyde gel and transtered to Hybond N
(Amersham in 20 - SSC Hybridizations were performed as de
scribed above. Additional probes and the corresponding hybrid.
ization temperatures used were the 17-kb Burn Hi-EcoRI frag
ment of human PRAD. 1 cyclin D1 Arnold et al. 1989 at 55°C
and the 1.6-kb Hindll■ fragment of mouse hist FGF4 (Peters et
al. 1989) at 65°C. The blot was stripped following each hybrid.
ization, as recommended by the manufacturer and as confirmed
by autoradiography.
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Abstract

Transgenic mice expressing murine wild-type p53 driven by the mouse

mammary virus long terminal repeat promoter/enhancer develop

progressive renal failure due to abnormal embryonic kidney development

and eventually succumb to chronic renal deterioration. Two lines exhibit a

similar phenotype, one in the heterozygous state and the other when bred to

homozygosity. Defective differentiation of the ureteric bud, as evidenced by

altered c-ret expression early in development and by the absence of DB lectin

staining, accompanies p53 transgene expression within the ureteric bud. As a

result, proper induction of the undifferentiated metanephric mesenchyme

does not occur at e17.5, and these stem cells die of apoptosis. p53 transgenic

kidneys, unable to complete kidney differentiation, grow to only half of their

normal size and contain about 50% of the normal number of nephrons. To

compensate for the missing nephrons, the glomeruli within p53 transgenic
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mice undergo hypertrophy. In this setting, we demonstrate that p53

overexpression does not directly cause G1 cell cycle arrest or apoptosis as

previously observed. Rather, we propose that p53 overexpression may alter

cellular differentiation.

Introduction

p53 transgenic mice were generated to examine the effect of p53 within

the mammary gland, but the mice display a renal phenotype.

The p53 gene encodes a nuclear phosphoprotein thought to mediate

suppression of tumorigenesis through its effects on DNA transcription and

repair, cell cycle progression, and cellular apoptosis (Greenblatt et al. 1994). By

binding to the TFIID components TAFII40 and TAFII60 (Thut et al. 1995; Chen

et al. 1993), p53 activates transcription of promoters that contain two or more

consensus DNA binding elements: 5’-XXXC(A/T)(T/A)GYYY-3', where X

represents purines and Y represents pyrimidines (Kern et al. 1992; Farmer et

al. 1992; Unger et al. 1992; Kern et al. 1991; Vogelstein and Kinzler 1992).

Tumor-derived mutant p53 proteins are unable to bind to this sequence and

hence are incapable of activating transcription (Kern et al. 1992; Farmer et al.

1992; Unger et al. 1992). Several studies have shown a requirement for p53's

transcriptional activity in mediating cellular growth suppression (Pientenpol

et al. 1994; Crook et al. 1994).

p53 mediates G1 cell cycle arrest in response to Y-irradiation, allowing

DNA repair prior to DNA synthesis during S phase (Kastan et al. 1991;

Kuerbitz et al. 1992). Recent evidence suggests that p53 may bind directly to

damaged DNA (Lee et al. 1995; Reed et al. 1995) and subsequently stimulate
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DNA transcription and/or DNA repair pathways (Jayaraman and Prives

1995). p53 mediates G1 cell cycle arrest in part through transcriptional

activation of p21/WAF-1/Cip-1 (Harper et al. 1993; El-Diery et al. 1993), which

encodes an inhibitor of G1 cyclin dependent kinases (CDKs) (Harper et al.

1993; El-Diery et al. 1993; Xiong et al. 1993; Gu et al. 1993; Noda et al. 1994).

In some cell types and culture conditions, p53 overexpression induces

apoptosis (Yonish-Rouach et al. 1991). Although p53 containing thymocytes

undergo apoptosis in response to Y-irradiation and some other stimuli, p53

null thymocytes are resistant to these inducers of programmed cell death

(Lowe et al. 1993b; Clarke et al. 1993). The role of p53 in mediating apoptosis is

critical to at least some tumorigenesis models (Symonds et al. 1994), and some

systems have demonstrated a requirement for the transactivation function of

p53 (Haupt et al. 1995; Sabbatini et al. 1995). In these cases, p53 may mediate

apoptosis through transcriptional activation of the bax gene (Miyashita and

Reed 1995). Tumors lacking p53 or expressing mutant p53 may be resistant to

chemotherapeutic agents due to an inability to undergo apoptosis following

treatment (Bergh et al. 1995; Lowe et al. 1994; Lowe et al. 1993a).

Other p53 transgenic mice also implicate p53 in the induction of

apoptosis. Transgenic mice that express wild-type human p53 under the

control of the o-crystallin promoter develop microphthalmia due to

improper lens cell differentiation (Nakamura et al. 1995). These cells undergo

apoptosis as a consequence of their defective differentiation. When crossed

with similar transgenic mice expressing a mutant p53 under the control of the

same promoter, the phenotype within the lens is rescued, demonstrating the

requirement for wild-type p53 for apoptosis. In another system, a p53 mutant,

R172L, which displays wild-type activity by several criteria, causes hypoplasia

of the mammary gland when expression is targeted to this organ via the Wap
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promoter (Li et al. 1994). Again, this phenotype is due to increased apoptosis

in the affected organ.

Although p53 is involved in many aspects of cellular growth, it seems

not to be essential for progression through the cell cycle. Mice lacking p53

function develop normally in most cases (Donehower et al. 1992; Jacks et al.

1994; Purdie et al. 1994), suggesting that p53 functions predominantly at cell

cycle checkpoints. Subtle developmental defects can be observed, however,

within p53 deficent mice (Sah et al. 1995; Pan and Griep 1995) and may imply

that p53 acts in pathways in addition to those already described. Although p53

may not be strictly required for cellular growth, it is critical in preventing

cellular transformation. Mice lacking p53 are susceptible to a variety of

tumors (Donehower et al. 1992; Jacks et al. 1994; Purdie et al. 1994), as are

transgenic mice that express a dominant negative p53 allele (Lavigueur et al.

1989).

In a study designed to examine the effects of p53 deficiency on the

characteristics of murine mammary tumors, p53 deficient mice were crossed

to Wnt-1 transgenic mice. Tumors lacking p53 developed sooner, possessed a

more anaplastic histology, and exhibited more genomic instability than

tumors that expressed p53 (Donehower et al. 1995) and Chapter Two of this

thesis. Because human mammary tumors usually contain one mutant p53

allele and one deleted p53 allele, we wanted to express a dominant negative

p53 allele in the mammary gland. We intended to examine the effects of

mutant p53 expression on the development and tumorigenesis of the

mammary gland as well as the consequences of transgene expression in Wnt

1 transgenic p53 deficient mice.

p53 transgenic mice were constructed in which either wild-type or

mutant p53 expression is directed by the MMTV LTR. This promoter directs
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expression to a limited number of tissues besides the mammary gland. This

was desirable since generalized wild-type p53 overexpression might cause

widespread apoptosis and prevent embryonic development. Although we

expected these mice to exhibit a phenotype within the mammary gland, the

mammary glands of both wild-type and mutant p53 transgenic mice function

normally. Rather, wild-type, but not mutant, p53 transgenic mice display

abnormal renal development, due to defective differentiation of the ureteric

bud. Wild-type p53 transgenic kidneys develop to only half of their normal

size, do not express appropriate markers within ureteric bud derivatives, and

eventually succumb to renal failure.

Renal development involves reciprocal inductive events between two

structures, the metanephric mesenchyme and the ureteric bud.

Development of the definitive kidney, the metanephros, begins at

embryonic day 11 (hereafter denoted e11) when the ureteric bud grows out

from the mesonephric or Wolffian duct and enters collections of

undifferentiated metanephric mesenchyme by e11.5 (Bard 1992) (Fig. 3-1 A).

As the ureteric bud begins to arborize within the mesenchyme, it causes the

metanephric mesenchyme to condense at its tips (Fig. 3-1 B). The ureteric bud

branches throughout the metanephric mesenchyme, causing condensation

and differentiation of the metanephric mesenchyme throughout the forming

kidney. By e18.5, there is a range of observable differentiation within the

kidney, with the most developed structures located towards the center of the

gland and the least differentiated elements positioned at the periphery.

A reciprocal inductive interaction occurs between cells of the ureteric

bud and the metanephric mesenchyme. The metanephric mesenchyme first
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differentiates into a comma-shaped body, which then elongates and further

differentiates into an S-shaped body. Eventually each S-shaped body fuses

with the portion of the ureteric bud that induced it. Capillaries invade the

most proximal segment of the S-shaped bodies to form the glomeruli, the

structures in which filtration of the blood occurs. More distal portions of the

S-shaped bodies become the proximal and distal tubules, where reabsorption

and secretion begin to form urine. Ureteric bud derivatives form the

collecting tubules, where the urine is concentrated. Each nephron, the

functional unit of the kidney, is thus composed of a glomerulus, proximal,

distal, and collecting tubules. The nephrons produce urine that ultimately

drains through a single duct, the ureter, to collect in the bladder.

Results

Wild-type p53 transgenic mice develop progressive renal insufficiency

and die of renal failure.

In order to study the effect of p53 overexpression in vivo, we generated

transgenic mice that express a murine p53 cDNA under the control of the

MMTV LTR promoter/enhancer (Fig. 3-2 A). Because p53's intron 4 contains

an enhancer protein binding site important for gene expression (Beenken et

al. 1991), it was reinserted into the p53 cDNA in its proper position (see

Materials and Methods). The polyadenylation signal used was that from the

SV40 early region.

A distinct line of transgenic animals was obtained from each of six

transgenic founder animals originally obtained. Of these, five lines were

examined further based on their expression of the transgene within the
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mammary gland (data not shown), the organ we expected would express the

highest levels of the p53 transgene. Northern blotting was used to assess p53

transgene expression in these five lines. The analysis of one p53 transgenic

line, Line B, is shown in Fig. 3-2 B. The transgenic transcripts can be

distinguished from the endogenous p53 transcript based their different sizes

(Fig. 3-2 B, C). A major transgenic transcript of the expected size of 1.8 kb was

present in a variety of organs (Fig. 3-2 B). Expression was highest in brain,

lung, and salivary gland in Line B. In a second transgenic line, Line C,

expression was seen in the same organs, with lower expression seen in kidney

as well as in mammary gland of females (data not shown). In both p53

transgenic lines, kidney expression was low in animals of one month of age,

but was dramatically stronger in Line B at younger ages (Fig. 3-2 C). Lines

derived from three other transgenic founders did not express the p53

transgene in the kidney and did not develop renal abnormalities (data not

shown), and thus are not considered further.

Unexpectedly, many Line B and C p53 transgenic mice developed

progressive renal insufficiency and died of uremia by 6 months of age.

Tubules were characterized by protein reabsorption droplets, proteinaceous

casts, and focal dilation (Fig. 3-3 A, B). The interstitium was expanded by

matrix material, and a perivascular mononuclear infiltrate was focally

present. In mice with advanced disease, most glomeruli manifested global

glomerulosclerosis, but in occasional glomeruli the glomerulosclerosis was

confined to segments of the capillary tuft. The number of glomerular cells

appeared similar to those of normal FVB/N mice. Synechiae, or adhesions of

the glomerular tuft to Bowman's capsule, were present. Kidneys from end

stage kidneys from p53 transgenic mice revealed a marked increase in PAS

positive material within the mesangium (Fig. 3-3 C, D). Ultrastructural

93



changes included expansion of the mesangium, with increased extracellular

matrix material, and effacement of glomerular epithelial cell foot processes

(data not shown).

We characterized the nature of increased extracellular matrix protein

and immunoglobulin deposition within p53 transgenic kidneys (data not

shown). Control FVB/N kidneys showed minimal staining for collagen I

(occasionally Bowman's capsule) and modest amounts of collagen III within

the interstitium, particularly around blood vessels. Line B p53 transgenic

mice with glomerulosclerosis demonstrated increased amounts of collagen I

and III within the interstitium, with trace amounts within the glomeruli.

Collagen IV was present in glomerular capillary basement membranes,

Bowman's capsule, and tubular basement membranes to a similar degree in

control FVB/N and p53 transgenic mice. Immunoglobulin deposition

revealed a generalized filtration defect rather than a specific immune

mediated disease.

To further assess the rate of development of kidney failure within each

line, cohorts of animals were subjected to functional tests. These groups

consisted of transgenic and non-transgenic littermates of both sexes. Blood

and urine were collected every 6-8 weeks for ten months to assess kidney

function. Blood urea nitrogen (BUN) levels and urine protein to creatinine

ratios are standard measurements of kidney function, with normal values

occupying a narrow range. Elevated BUN levels indicate a failure of the

kidney to excrete urea properly. BUN measurements for these animals are

presented in Fig. 3-4 A-C. Many more animals from Line B developed renal

abnormalities as assessed by BUN levels than Line C animals. This difference

prompted us to try to strengthen the phenotype of each line by breeding the

p53 transgenes to homozygosity (Fig. 3-4 B, C, filled-in data points). While
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Line B homozygous mice displayed comparable BUN levels to heterozygous

Line B animals of the same age, there was a dramatic effect of breeding the

Line C transgene to homozygosity (Fig. 3-4 C). Mice homozygous for the Line

C transgene exhibited BUN levels that are similar to those of Line B mice. All

of the p53 transgenic mice involved in this long-term prospective study

inherited the transgene from their fathers, excluding genomic imprinting as a

cause of why some mice progress to end-stage renal disease while others do

not (for further comments, see Discussion below).

p53 transgenic mice are predisposed to renal insufficiency due to

defective development of the kidney.

To understand why p53 transgenic mice are predisposed to the

development of renal disease, we examined the histology of transgenic

kidneys at a variety of ages. At e16.5 transgenic kidneys were difficult to

distinguish from non-transgenic littermates histologically. However by e18.5,

transgenic animals could be distinguished unequivocally by a decrease in the

number of undifferentiated mesenchymal cells, usually present at that age at

the perimeter of the developing kidney (data not shown). These

uncommitted cells were almost completely missing from Line B p53

transgenic animals one week after birth, while kidneys from non-transgenic

littermates contained ample numbers of differentiating mesenchymal cells

(Fig. 3-5 A, B). One week following birth, mice homozygous for the Line C

transgene had fewer undifferentiated mesenchymal cells than mice

heterozygous for the same transgene (Fig. 3-5 C, D). Heterozygous Line B

transgenic mice possessed fewer uncommitted mesenchymal cells than

homozygous Line C transgenic mice at this age (compare Fig. 3-5 B, D).
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Undifferentiated metanephric mesenchyme normally undergoes

differentiation into proximal nephron segments and eventually fuses with

the ureteric bud outgrowth that induced its differentiation (Bard 1992).

Therefore, the absence of uncommitted cells at e18.5 represents a loss of

potential nephrons. The extent of this loss can be measured by comparing

glomerular counts and sizes in transgenic versus non-transgenic animals as

well as by examining kidney sizes. At three and six weeks of age, p53

transgenic mice possessed about half of the number of glomeruli as non

transgenic littermates (Table 3-1). To compensate for the decrease in nephron

number, those nephrons that are present undergo hypertrophy to accomodate

the filtration load on the kidney (Table 3-1). As might be expected from a

decrease in nephron number, kidneys from transgenic mice weighed about

half that of control animals by 3 days after birth (Fig. 3-6 A). p53 transgenic

mice homozygous for the Line C transgene possessed kidney weights

comparable to heterozygous Line B mice (Fig. 3-6 B), in agreement with the

similar histological findings between these two lines.

A p53 transgene encoding a mutant p53 allele does not rescue the small

kidneys of wild-type p53 transgenic mice.

In addition to wild-type p53 transgenic mice, we have also generated

similar p53 transgenic mice containing a temperature-sensitive dominant

negative allele, Val 135 (Michalovitz et al. 1990; Milner and Medcalf 1990).

Although these mice express the A135V p53 transgene within the kidney,

they do not develop end-stage renal deterioration as assessed by histological

examinations of the kidneys, BUN measurements, or kidney size (data not

shown). Because the Val 135 mutant is able to bind and inactivate the wild
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type protein, we bred the wild-type (Line B) and A135V p53 transgenic mice

together to create bitransgenic mice. Kidney mass was used to assay for the

effect of expressing the Val 135 allele in the context of wild-type p53

overexpression (Fig. 3-6 C). The Val 135 allele does not rescue the small

kidneys observed in the wild-type p53 transgenic mice, since bitransgenic

mice possessed kidneys of similar mass to wild-type p53 transgenic animals.

In p53 transgenic kidneys, much of the undifferentiated mesechyme

undergoes apoptosis at e17.5.

The absence of uncommitted metanephric mesenchymal cells at e18.5

suggested that these cells could be dying at an earlier age. We conducted TaT

Mediated duTP Nick End Labeling (TUNEL) assays within embryonic kidneys

of wild-type p53 transgenic animals to examine the extent of apoptosis prior

to e18.5. Transgenic kidneys at e16.5 contained about twice the number of

apoptotic nuclei as non-transgenic kidneys (data not shown). This number

rose quickly, such that by e17.5, there were ten-fold more apoptotic nuclei in

transgenic kidneys than in those from non-transgenic animals (Fig. 3-7).

These dying cells were grouped in clusters and were confined almost

exclusively to the nephrogenic zone of the developing kidneys, which

contains the undifferentiated mesenchyme. Thus the absence of

uncommitted mesenchymal cells at e18.5 is a result of massive earlier

apoptosis.

While there is a loss of undifferentiated mesenchyme, p53 transgene

expression is confined to cells of the ureteric bud.
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As discussed in the introduction, overexpression of p53 (i) causes

apoptosis when certain cell types are cultured under particular conditions

(Yonish-Rouach et al. 1991), or (ii) induces G1 cell cycle arrest in the setting of

DNA damage (Kastan et al. 1991; Kuerbitz et al. 1992; Canman et al. 1995). The

simplest explanation for apoptosis of undifferentiated metanephric

mesenchymal cells is that they express the p53 transgene and die as a direct

consequence of transgene expression. In situ hybridizations were performed

to identify the cell types that express the p53 transgene (Fig. 3-8). Because

differentiating mesenchymal cells express endogenous p53 at the comma and

S stages (Schmid et al. 1991), a probe complementary to the SV40

polyadenylation site was used to identify p53 transgenic transcripts

specifically. Throughout the time period examined, e14.5 until e18.5, p53

transgenic RNA was confined exclusively to cells of the ureteric bud (Fig. 3-8).

Although transgene expression was easily detected at e14.5, expression was

noticeably greater at e16.5 and continued to increase at e18.5. Because p53

transgenic expression is restricted to cells of the ureteric bud, the

undifferentiated mesenchymal cells must be dying as an indirect consequence

of transgene expression. The observation that the mesenchymal cells die in

small clusters suggests that these cells require an inductive signal at a

precisely defined point. If these cells do not receive such a signal, they die of

apoptosis.

At least three possibilities could explain the failure of the ureteric bud

to properly induce the metanephric mesenchyme at e17.5: (i) apoptosis or (ii)

G1 cell cycle arrest of the ureteric bud due to p53 transgene expression, such

that the ureteric bud fails to grow out to the mesenchyme; or (iii) altered

differentiation of the ureteric bud, such that it is unable to function

appropriately. The first two possibilities, while supported by prior in vitro
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results (Yonish-Rouach et al. 1991; Kastan et al. 1991; Kuerbitz et al. 1992;

Canman et al. 1995) seem unlikely given that the ureteric bud is physically

present next to the uninduced mesenchymal cells at the time of their

apoptosis. Histologically, we have not observed a failure of ureteric growth at

any time. Furthermore, the TUNEL assays performed on embryonic kidneys

revealed apoptosis in uncommitted mesenchymal cells only.

To examine the ability of cells within the ureteric bud to pass through

G1 and enter S phase, Brdu labeling was performed. Derivatives of the

ureteric bud incorporated Brd'U as efficiently as other cells within the kidney,

suggesting that they are not undergoing G1 cell cycle arrest (data not shown).

In further support of this observation, Northern blots demonstrated no

increase in RNA levels of p21/WAF1/Cip1 (data not shown), a gene which is

induced by p53 and contributes to G1 cell cycle arrest (Harper et al. 1993; El

Diery et al. 1993).

Markers for differentiation of the ureteric bud are defective in p53

transgenic kidneys.

We next examined markers of kidney differentiation to test whether

the inability of the ureteric bud to induce the metanephric mesenchyme

properly was a function of inappropriate differentiation of the ureteric bud

and hence altered gene expression within that structure. One of the best

markers for the ureteric bud during mesenchymal induction is c-ret (Pachnis

et al. 1993). Early in kidney development at age e11.5, c-ret is expressed

throughout the length of the ureteric bud, but its expression is quickly

confined to the tips of the ureteric bud (Pachnis et al. 1993) as shown in (Fig. 3

9 A-F). The expression of c-ret remains restricted to the ends of the ureteric
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bud for the duration of kidney development (Pachnis et al. 1993). In p53

transgenic kidneys, however, c-ret expression is not localized to the ureteric

bud tips at e14.5 (Fig. 3-9 G, H). By e16.5, some expression is localized to the

tips, but c-ret is not expressed consistently along the entire perimeter of the

kidney (Fig. 3-9 I, J). By e18.5, c-ret RNA is localized throughout the length of

the ureteric bud but is not concentrated at the tips of the ureteric bud (Fig. 3-9

K, L).

A second marker for derivatives of the ureteric bud is Dolichos biflorus

(DB) lectin, which binds to saccharides on an unidentified protein expressed

on collecting tubules (Fig. 3-10 A, C). Although expressed appropriately in

collecting ducts from p53 transgenic kidneys at e16.5 (Fig. 3-10 B), the

expression of this marker rapidly deteriorated. DB lectin

immunofluorescence was almost completely absent from the kidneys of p53

transgenic mice at e18.5 (Fig. 3-10 D). Thus two markers for the

differentiation of the ureteric bud, c-ret and DB lectin, are defective in p53

transgenic kidneys: by e14.5, c-ret is not appropriately localized, while DB

lectin staining is virtually absent at e18.5.

Although markers for the ureteric bud are defective in p53 transgenic

mice, those for the differentiating mesenchyme are normal. WT-1 is an early

marker for committed mesenchyme, with expression observed by e12.5 and

eventually becoming restricted to podocytes surrounding glomeruli by e16.5

(Bard 1992; Pritchard-Jones et al. 1990). This expression pattern was observed

in both non-transgenic as well as transgenic kidneys (Fig. 3-9 M, N). A second

differentiation marker, lotus lectin, binds saccharides on an unidentified

protein expressed in proximal tubules. At e18.5, lotus lectin

immunofluorescence was equivalent in both transgenic and non-transgenic

kidneys (Fig. 3-10 E, F).
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Thus it appears that at early stages of kidney development, induction

occurs normally in p53 transgenic kidneys. However, the duration during

which proper induction of the metanephric mesenchyme takes place is

shortened. Hence p53 transgenic kidneys are half of their normal size and

contain 50% of the expected number of nephrons. The loss of

undifferentiated metanephric mesenchyme at later embryonic ages results

from defective differentiation of the ureteric bud within p53 transgenic mice.

Discussion

Wild-type p53 transgenic mice are predisposed to the development of

progressive renal degeneration due to abnormal development of the kidney.

This defective differentiation is due to the loss of uncommitted mesenchymal

cells by e18.5. These cells undergo apoptosis because of the absence of the

proper inductive signal from the ureteric bud. The loss of mesechymal stem

cells within p53 transgenic kidneys results in fewer glomeruli in the newborn

mouse, which in turn is associated with compensatory glomerular

hypertrophy. Proteinuria appears as early as 2 weeks of age and appears to be

of glomerular origin. Azotemia is seen beginning at 6 weeks of age. In these

mice, glomerulosclerosis is present. Most affected glomeruli show global

glomerulosclerosis, but a few have segmental lesions, consistent with a

description of the lesion as focal segmental glomerulosclerosis. As evidence

of its improper differentiation, the ureteric bud fails to appropriately express

two markers, c-ret and DB lectin staining. Notably, p53 overexpression causes

only defects within the kidney. Although the two transgenic lines studied

express the transgene in other organs, eg. brain and lung, these organs

develop normally. Thus the effect of p53 overexpression is tissue specific.

101



This effect of p53 overexpression is associated only with wild-type p53

and not with at least one mutant allele, Val 135. The inability of the Val 135

allele to rescue the phenotype of the wild-type p53 transgenic mice may be

due to its temperature-sensitivity or to its weak dominant negative

properties. The Val 135 p53 behaves like the wild-type nuclear protein when

expressed in tissue culture cells at 32°C (Ginsberg et al. 1991), but is found in

the cytoplasm of expressing cells at the restrictive temperature of 37°C

(Ginsberg et al. 1991). Although this allele functions to inhibit wild-type p53

function in cellular transformation assays with c-myc and mutant H-ras

(Eliyahu et al. 1984; Parada et al. 1984; Jenkins et al. 1984), the allele is not able

to render p53 deficient cells tumorigenic when injected into nude mice

(Dittmer et al. 1993). Transgenic mice expressing Val 135 have been generated

under the control of the p53 promoter and develop a variety of tumors,

including osteosarcomas, lung, and lymphoid tumors (Lavigueur et al. 1989).

When crossed to p53 deficient mice, the Val 135 transgene accelerates

tumorigenesis in p53 +/+ and p53 +/- animals, but fails to quicken tumor

formation in p53 -/- animals (Harvey et al. 1995). This parallels earlier in

vitro studies demonstrating that Val 135 can inhibit the function of wild-type

p53, but does not possess any oncogenic properties of its own (Dittmer et al.

1993). Possibly then, this mutant p53 is unable to inactivate enough of the

wild-type transgenic protein in the ureteric bud to rescue the latter's

phenotype due to its weak activity or subtle differences in the timing of the

expression of each transgene.

Two outcomes have been described for p53 overexpression: induction

of apoptosis and G1 cell cycle arrest following DNA damage. In the p53

transgenic kidneys, there is little evidence that p53 acts in either of these

modes to yield the observed phenotype. TUNEL assays revealed apoptosis
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only in the undifferentiated metanephric mesenchyme. Since these cells do

not express the transgenic RNA and p53-induced apoptosis is cell

autonomous, the p53 transgene is probably not directing apoptosis in these

cells. Neither is there evidence for p53 causing G1 cell cycle arrest of cells

derived from the ureteric bud which express the p53 transgene. The ureteric

bud lengthens throughout development and contains similar numbers of

cells in S-phase compared with ureteric bud derivatives in non-transgenic

kidneys. Thus in this context, p53 functions in a novel way to generate the

renal phenotype in these mice.

At least two possible scenarios exist to account for the altered

differentiation of the ureteric bud: (i) p53 may transcriptionally activate genes

within cells of the ureteric bud, and these may interfere with proper

differentiation. We have tested for the induction of two p53 target genes,

p21/WA F-1/Cip-1 (Harper et al. 1993; El-Diery et al. 1993) and

thrombospondin-1 (Dameron et al. 1994), but have seen no expression

differences between transgenic and non-transgenic kidneys (data not known).

(ii) Through its binding of transcriptional activators, p53 may inhibit the

expression of genes whose promoters do not contain p53 consensus binding

sites (Seto et al. 1992; Mack et al. 1993; Agoff et al. 1993). Though this has only

been demonstrated in vitro, it is possible that p53 functions in this case by

“squelching".

Once uncommitted metanephric mesenchymal cells are lost at e17.5,

the p53 transgenic mice are at risk for developing end-stage renal

deterioration. This predisposition may have two components: (i) Decreased

nephron number may itself predispose to renal disease, due to increased

filtration loads within existing nephrons (Brenner et al. 1988). Conditions

which reduce total glomerular filtration surface are associated with
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progressive renal disease characterized by focal segmental glomerulosclerosis

(Hostetter et al. 1981). Convincing evidence that this process occurs in

experimental animals includes studies performed in adult rats subjected to

renal mass reduction (Howie et al. 1989). Similar evidence in human patients

has been necessarily more indirect. Uninephrectomy as performed in kidney

donors or renal cancer patients is associated with hyperfiltration. In this

setting, however, focal segmental glomerulosclerosis does not develop,

suggesting that a 50% reduction in glomerular numbers is insufficient to

trigger the glomerulosclerotic process in humans. (ii) Second, those

nephrons that do develop in p53 transgenic kidneys may not be normal.

Serum albumin is lost in the urine of p53 transgenic mice as early as 2 weeks

after birth (data not shown), suggesting early functional compromise of the

kidney. This may not be surprising considering the defects in differentiation

marker expression.

During normal kidney development at e11.5, c-ret is expressed

throughout the length of the ureteric bud, but quickly becomes restricted to

the tips of the ureteric bud for the remainder of kidney differentiation

(Pachnis et al. 1993). Renal agenesis or dysgenesis results from c-ret

deficiency, with decreased branching of the ureteric bud and absence of

mature collecting ducts (Schuchardt et al. 1994). Since the primary sequence

of c-ret suggests that it encodes a transmembrane tyrosine kinase receptor, c

ret may transduce a signal from the mesenchyme to the ureteric bud. We see

defects in expression of c-ret during e14.5-e18.5, although some induction is

occurring throughout the first few days of this period. Thus it is unlikely that

altered c-ret expression completely explains the phenotype we observe,

though it may contribute to part of it.
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The abnormal expression of two proteins, c-ret and the protein that

binds DB lectin, suggests a more generalized defect in ureteric bud

differentiation. However, the ureteric bud is not completely dysfunctional,

since some induction of metanephric induction does take place. Notably,

there seems to be some expression of c-ret at the ends of the ureteric bud at

e16.5, but in the p53 transgenic mice, the expression is not as consistent as in

non-transgenic kidneys.

The product of the Wilms tumor suppressor gene, WT-1, is expressed

by the metanephric mesenchyme, becoming restricted with time to the

podocytes which surround the glomeruli (Kreidberg et al. 1993). The Wilms

tumor protein is known to bind to p53 and to inhibit its ability to induce

apoptosis (Maheswaran et al. 1993; Maheswaran et al. 1995). However in this

case, it is unlikely that WT-1 and the transgenic p53 are ever present

simultaneously within the same cells, since neither is secreted and they are

expressed in different cell types. In mice deficient for WT-1, the ureteric bud

fails to grow out from the Wolffian duct (Kreidberg et al. 1993), suggesting

that WT-1 comprises an essential part of the signal from the metanephric

mesenchyme to the ureteric bud. Mice lacking WT-1 die during

embryogenesis, with massive apoptosis of the metanephric blastema at e11.5,

probably as a secondary effect of the absence of the ureteric bud at that time.

WT-1 is expressed equally in p53 transgenic and non-transgenic kidneys. The

proper expression of two markers of the proximal nephron, WT-1 and the

protein that binds lotus lectin, underscores the fact that the induction of

metanephric mesenchyme that does take place is normal. Eventually in the

end-stage disease, there are defects within the proximal nephron, probably as

a result of defects in more distal nephron segments.

105



Identifying the proteins that are expressed during kidney development

has generated many candidate molecules for those involved in the

mesenchymal:epithelial inductive interactions that form the basis of kidney

development. Several transgenic mouse models have demonstrated

phenotypes in the kidney, and some of them involve genes that may

comprise part of the inductive interaction (Table 3-2).

Two other genes required for the proper differentiation of the ureteric

bud include the product of the limb deformity gene (ld) as well as the

epidermal growth factor receptor (EGF-R). In strong ld alleles, the ureteric

bud fails to grow from the Wolffian duct, resulting in renal agenesis (Maas et

al. 1994). Ureteric bud outgrowth requires the la gene product. Mice deficient

in the EGF-R display a more subtle defect in the kidney's collecting ducts

(Threadgill et al. 1995). Although EGF-R deficient mice exhibit elevated blood

urea nitrogen levels after birth due to progressive cystic dilation of the

collecting ducts, these structures demonstrate normal marker staining. Thus

the precise defect in these mice has not yet been characterized. The roles of la

and EGFr have not been examined yet in p53 transgenic kidneys.

The data presented here suggest that p53 has the ability to mediate

effects on cellular differentiation in addition to its established ability to

control induction of apoptosis or G1 cell cycle arrest. Two developmental

phenotypes have been reported previously for p53 deficient mice: (i)

exencephaly in about 17% of female embryos (Sah et al. 1995), and (ii) the

persistance of certain blood vessels within the developing eye (Pan and Griep

1995). Notably, no increase in apoptosis levels was observed in exencephalic

embryos to account for the phenotype (Sah et al. 1995). Possibly novel

activities of p53 are responsible for such observations. In addition to the p53

transgenic mice presented here, expression of wild-type human p53 under the
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control of the o-crystallin promoter alters lens cell differentiation leading to

microphthalmia within transgenic mice (Nakamura et al. 1995), and provides

another example of the ability of p53 to affect cellular differentiation.

The phenotype exhibited by the wild-type p53 transgenic mice described

in this chapter is the first example of an effect in one cell type (apoptosis in

undifferentiated metanephric mesenchyme) due to p53 expression in a

different cell type (the ureteric bud). The small kidneys that result in these

mice resemble a rare human disease, congenital oligomeganephronia. This

condition is characterized by reduced renal mass, most commonly bilateral

renal hypoplasia and in some cases unilateral renal agenesis, together with

reduced nephron numbers and glomerular hypertrophy (Royer et al. 1962). In

some patients, oligomeganephronia is part of an acrorenal syndrome, in

which renal hypoplasia is associated with symmetrical longitudinal axis

abnormalities of the limbs, including oligodactyly, brachydactyly, and

syndactyly (Dieker and Opitz 1969). Depending upon severity of

involvement, these patients develop proteinuria, focal segmental

glomerulosclerosis, and ultimately renal failure (McGraw et al. 1984).

In addition to the p53 transgenic mice presented here, three other

animal models for oligomeganephronia exist. Oligosyndactyly (os) mice are

born with a 50% reduction in nephron numbers and develop

glomerulosclerosis (He et al. 1995). Mice deficient for cyclooxygenase 2 also

develop segmental and global glomerulosclerosis in conjunction with

reduced hypertrophied nephrons (Morham et al. 1995). Rats exposed in utero

to gentamicin are born with a 20% reduction in nephron numbers, and

subsequently develop glomerular hypertrophy and increased numbers of

sclerotic glomeruli (Gilbert et al. 1991). Multiple inducers of

oligomeganephronia in animals, then, suggests that the human disease may
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have multiple causes, either inherited through gene mutations or acquired

through environmental insults.

Materials and Methods

Construction of the p53 transgenic fragment. The plasmid containing

the p53 transgenic fragment was constructed in three parts: cloning of intron

4 into the p53 cDNA, introduction of the MMTV LTR, and insertion of the

SV40 polyadenylation site. Murine p53 cDNA in pBS KS+ was partially

digested with NcoI to attain the fragment which had been cut twice with Ncol

at positions 259 and 467 within the p53 cDNA. pm SVp53G(18), which was

obtained from M. Oren and contains the murine p53 genomic clone, was cut

with Ncol, and the fragment containing intron 4 was isolated and ligated into

the p53 cDNA. Because the NcoI fragment obtained from the genomic clone

contains a point mutation at codon 135, we performed site-directed

mutagenesis on the resulting plasmid so that codon 135 encodes A, the wild

type amino acid at that position. Site-directed mutagenesis was performed

with the following mutagenesis primer: 5'-

GCCAGCTGGCGAAGACGTGCCC-3'. The MMTV LTR was released from

pM5.3-12 (Tsukamoto et al. 1988) by digestion with BamhI and purified. p38

containing p53 cDNA/intron 4 was cut with BamhI and ligated to the MMTV

LTR. The SV40 polyadenylation site was amplified by PCR using the

following two primers: 5'-CGATAAGCTTTTTACTT-3' and 5'-

GCGCGTCGACGGATCCAGACATGATAA-3' so that a Sall site was added to

the 3' end of the fragment. Finally, the plasmid containing the MMTV LTR/

p53 cDNA/ intron 4 was cut with HindIII and Sal■ and ligated with the SV40

polyadenylation site. In this orientation, the SV40 early polyadenylation
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signal is used. The p53 cDNA, the first 100bp of intron 4, the SV40

polyadenylation signal, and the 3' end of the MMTV LTR were sequenced

prior to injection of the fragment to confirm the integrity of the wild-type

sequence and the proper orientation of each fragment (Sequenase Kit, US

Biochemicals).

Generation and maintenance of p53 transgenic mice. This final

plasmid was purified twice by CsCl banding, and the p53 transgenic fragment

was released by digestion with Spel and Sal■ and diluted to a final

concentration of 3ng/pull. This p53 transgenic fragment was microinjected

into the pronuclei of FVB/N 1 cell embryos using standard techniques

(Hogan et al. 1986). Transgenic progeny were identified by Southern blotting

of tail genomic DNA digested with BamhI and probed with the 325bp

XhoI/Apall fragment from the p53 cDNA. Hybridizing bands include the p53

pseudogene at 10kb, the endogenous p53 gene at 6.4kb, and the p53 transgene

at 2.19kb. Each founder animal was mated to an FVB/N animal of the

opposite sex to establish individual lines from each founder animal.

Transgenic animals were identified either by the Southern blotting

protocol described above or by PCR. To identify transgenic animals by PCR,

1puL genomic tail DNA was used per 50p.L reaction containing 21L 10mM each

dNTP, 5pil 10X PCR buffer with gelatin and 15mm MgCl2, 21L 25m M MgCl2,

0.5ul Taq polymerase, 0.5ul each of the following p53 oligonucleotides at

90 pm ol/u L: 5'-CCTCCCCTCAATAAGCTATTCTGC-3' and 5'-

GGTGTGGGAGGTTTTTTAAAGCAAGTA-3', and 1pull each of the following

B-actin primers at 90pmol/ul: 5'-GCTATCCAGAAGAAACCCCTCAAATCC

3' and 5'-CATGTCTCGATCCCAGTAGACGGTC-3'. Cycling parameters of

940C 5 min.; 940C 45 sec, 500C 1 min., 720C 2 min. X 30 cycles; 720C 10 min.,
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and 4°C hold yield a p53 transgene-specific PCR product of about 800bp and a

control product of about 300bp.

To generate mice homozygous for a particular transgene, two mice of

opposite sex, each of which was heterozygous for that transgene, were mated.

Progeny were screened by Southern blotting, with quantitation of transgene

copy number calculated using a Phosphorimager (Molecular Dynamics, Inc.).

To distinguish wild-type p53 transgenic mice from those that contained

the Val 135 allele, allele-specific oligonucleotide hybridization was used as

described in (Hussussian et al. 1994). The oligonucleotide used to identify the

wild-type p53 allele was 5'-CCAGCTGGCGAAGACGT-3', and that used to

identify the Val 135 allele was 5'-CCAGCTGGTGAAGACGT-3'.

Northern blotting. Total RNA was extracted from either fresh tissues

or those frozen at -80°C with RNAzol B Reagent (Tel-Test, Inc.) according to

the manufacturer's instructions. Poly (-A)+ RNA was isolated from total

RNA by adsorbing the RNA to oligo (-dT) sepharose (Collaborative Research,

Inc.), washing, eluting with H2O, and precipitating overnight at -20°C. One

pig poly-A+ RNA was electrophoresed through a 1% agarose formaldehyde

gel and transferred to Hybond N (Amersham) in 20X SSC. Hybridizations

were performed using the following probes at the indicated temperatures:

525bp Kpni-HindIII fragment of p53 cDNA, 650C; p21 cDNA, 650C.

Preparation of histological sections. Tissues were fixed for up to 3 days

in 10% buffered formalin and processed for either paraffin embedding or

glycol methacrylate plastic embedding. Using sections of the indicated

thicknesses, the following stains were employed: hematoxylin and eosin (6

um), periodic acid-Schiff (PAS) (4 pm), or Masson's trichrome (6 pm). To
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prepare frozen sections, tissues were fixed overnight in freshly-prepared 4%

paraformaldehyde/1X PBS, bathed in 30% sucrose/1X PBS for six hours, and

embedded in O.C.T. Compound (Miles, Inc.). 8mm frozen sections were cut

and used as indicated. For collagen staining, kidney tissue was fixed in

methacarn (methanol 60%, chloroform 30%, glacial acetic acid 10%) overnight

at room temperature, and embedded in paraffin. For electron microscopy,

kidney tissue was fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer.

Clinical chemistry. Mice were bled retroorbitally using heparinized

capillary tubes (Fisher) and collected into Microvette serum separator tubes

(Sarstedt). Clotted blood was spun in microfuge at 7000rpm for 5 min., and

serum collected. BUN was measured by urease hydrolysis (Ektachem DT).

Urinary protein was measured by the biuret reaction and urinary creatinine

was measured by the Jaffe method, in both cases using an Hitachi 717 analyzer

(Boehringer Mannheim). Urinary proteins were analyzed on 10%

polyacrylamide gels, stained with Coomassie blue.

Glomerular counts and morphometry. Glomeruli were counted as

previously described (MacKay et al. 1987). Histomorphometry was performed

on 2 pum PAS-stained glycol methacrylate sections. The outline of the

glomerular tuft was traced using a Leica microscope equipped with a

digitizing tablet, and the area of each tuft was calculated. All glomeruli per

kidney section (ranging from 60-150 glomeruli/per kidney) were measured.

The mean glomerular volume (in H3), VG, was estimated from the equation

derived in (Weibel 1979); VG = (b/k) • AG 3/2, where b = 1.38 is the shape

coefficient for spheres, k = 1.1 is a size distribution coefficient based upon an

111



estimate of the coefficient of variation of glomerular size variation of

approximately 25% , and AG is the mean glomerular area (in 12).

Brd U Labeling and immunocytochemistry. 15mg/mL Brdu (Sigma)

was freshly prepared in H2O and administered to mice by intraperitoneal

injection at a concentration of 150mg/kg. Mice were sacrificed 2 hours later,

and tissues fixed in Bouins fixative (Sigma) at 40C, overnight. Tissues were

rinsed with tap water for several changes and rinsed into 70% EtOH. Tissues

were paraffin-embedded, and sections cut onto gelatin-coated slides as

indicated. After paraffin wax was removed from slides by xylene, slides were

rehydrated and treated with 3M HCl for 15 minutes at 230C. Slides were

rinsed 5 X 3 min., and endogenous peroxidases blocked by incubation in 3%

H2O2 in 70% EtOH for 10 min. Slides were preblocked in horse serum

(Vectastain ABC Kit, Vector Laboratories) for 30 min., and incubated with

anti-BrdU antibody (Becton Dickinson) at a 1:100 dilution in 1X PBS for 30

min. Biotinylated secondary antibody and streptavidin/peroxidase conjugate

were added sequentially to slides for 30 min. each. DAB substrate reaction

(DAB Kit, Vector Laboratories) was performed for 10 min., and slides

counterstained in methyl green, dehydrated, and mounted.

TUNEL assay. TaT-Mediated duTP Nick End Labeling (TUNEL)

procedure was performed as described in (Lowe et al. 1994).

In situ hybridizations. In situ hybridizations were performed

essentially as described in (Christofori et al. 1994) with the following changes.

Frozen sections were treated with 1pg/mL proteinase K. 39S-labeled sense

and antisense probes were generated from a linearized subclone of the
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following genes using the indicated polymerases; SV40 polyadenylation site

(sense, TV polymerase; antisense, T3 polymerase); c-ret (sense, TV polymerase;

antisense, T3 polymerase); WT-1 (sense, TV polymerase; antisense, T3

polymerase). Slides were left on NTB2 nuclear emulsion for indicated period

of time: SV40 polyadenylation signal, 2 days; c-ret and WT-1 4 days.

DB and lotus lectin immunohistochemistry. The Dolichos biflorus

lectin (DB) and lotus lectin (Tetraglonobus lotus) were selected as markers of

the ureteric bud/collecting tubule and proximal tubule, respectively. Frozen

sections were brought to room temperature, fixed in acetone for 20 min at

4°C, and immersed in PBS. Sections were incubated with FITC-conjugated

lectins (Sigma) at a final concentration of 50 pg/ml and 25 pg/ml for DB lectin

and lotus lectin, respectively, for 60 min at 37°C, followed by 6 washes with

PBS over one hour. The slides were mounted in glycerol-containing

mounting medium and photographed using a microscope equipped for

epifluorescence with a narrow-band pass filter.
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Table 3-1. Glomerular counts and volumes.

Glomerular counts and volumes are given for 3 and 6 week old

kidneys from non-transgenic littermate controls, heterozygous Line B p53

transgenic mice, and homozygous Line C p53 transgenic mice. Standard

deviations are given in parentheses.
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glomerularcountglomerularvolume
(in13)glomerularcountglomerularvolume

(in13)

3
weekkidneysfrom:

Non-transgenicHeterozygousLineB

HomozygousLineC

siblingcontrolsp53transgenicmicep53transgenicmice
7,7182,7334,500(1,395)(1,173)(505)648,5291,423,563792,635(32,909)(185,154)(63,239)

6
weekkidneysfrom:

Non-transgenicHeterozygousLineB

HomozygousLineC
siblingcontrolsp53transgenicmicep53transgenicmice

8,0073,7004,688(859)(1,351)(309)927,4681,569,874
1,
365,603(56,003)(200,892)(167,407)

s



ENALAGE
I

YSGENE

EGFreceptor-/-(Threadgill
etal.
Science269:230–234,1995)

progressivecysticdilationwithflattenedepitheliumwithincollectingducts
markerstainingdoesnot
distinguishdefectiveuretericbudderivatives

renalmalfunction
is

demonstrated
by
elevatedBUNlevels

limbdeformity(Maas,
R.etal.
DevelopmentalDynamics199:214-228,1994)

unilateral
or
bilateralrenalagenesis,incompletelypenetrant

(depending
onthestrength
oftheallele)

delayedoutgrowth
or
completeoutgrowth
oftheuretericbud

implies
a
directrequirement
forlageneproduct
in
uretericbudoutgrowth

c-ret-/-
(Schuchardt,
A.etal.
Nature367:380-383,1994)

micediesoonafterbirth:renal
agenesis/dysgenesis
withdecreasednumbers
of
recognizable

nephricelements(proximalanddistaltubules,glomeruli,andvessels)decreasedbranching
oftheureterwithoutformation
of
maturecollectingducts

largeregions
of

undifferentiatedmesenchyme

impliesthattheretreceptornormallytransduces
a

mesenchyme-derived
signalthatstimulates

theformation,growth,andbranching
oftheuretericbud

secondmajorphenotype:failureofmilkto
progressfromthestomach
totheintestine,indicating

a
defectin
peristalsis;duetoanabsence
of
neurons
ofthemyentericplexus

§



RENALAGENESIS
/

DYSGENESIntinue
wnt-4-/-(Stark,K.etal.Nature372:679-683,1994)

perinatallethalitydueto
kidneyagenesis;little/nometanephricdifferentiation

wnt-4expression
is
normallyconfined
to

undifferentiatedmetanephricmesenchyme

aswellas
commaandS-shapedbodies

thereforewrit-4mayactasan
autoinducer
of
mesechymal
to
epithelialtransition

WT-1-/-
(Kreidberg,
J.A.etal.Cell74:679-691,1993)

embryoniclethal;E11cellularapoptosis
of
metanephricblastemaandfailureoftheuretericbud

togrowoutoftheWolffianduct

WT-1is
expressed
inthe
metanephricblastema(notintheWolffianductor
uretericbud)

impliesthattheinitialoutgrowth
oftheuretericbudis
dependent
onasignalfromtheblastema

andthatWT-1is
requiredforits
expression

alsoabnormaldevelopment
of
mesothelium,heart(prenatalheartdilation),andlungs

§



ABSENCE
OF
GLOMERULI

PDGFB-/-(Leveen,
P.etal.Genes
&
Devel.8:1875-1887,1994)

perinatallethality,withformation
of
kidneysthatlackfunctionalglomeruli

glomerulartuftsdonotcontainpodocytesandmesangialcells;capsulespace
isfilledwith

bloodcells

normalnumbers
of
glomeruliandnormaldevelopment
of
immatureglomeruli,implies
a
defect

in
glomerularformationratherthanin
maturation

additionalphenotypes:bloodvesselandcardiacdisease(dilationwith
hypertrabecularization

ofrightventricle)

PDGFBreceptor
-/-
(Soriano,
P.
Genes&
Devel.8:1888-1896,1994)

perinatallethality,withrenalphenotypeidentical
tothatofPDGFB-/-mice

CYSTICKIDNEYS

bcl-2-/-(Sorenson,
C.M.etal.J.Am.Physiol.268:F73-F81,1995)

kidneysizeandnephronnumbersaremarkedlyreduceddueto
excessiveapoptosiswithinthe

developingmetanephricblastema(E12)

eventuallykidneysdevelopcysts

bcl-2is
normallyexpressed
intheuretericbudandmetanephricblastemaandmayprovidean

inductivesignalto
inhibitcelldeathintheblastema

invitro,growthand
development
ofthe
metanephrifrombel-2-/-embryosareimpaired

§



CYSTICKIDNEYS(continued)

B-glo/SV40drivingc-myc(Trudel,M.etal.
KidneyIntl.39:665-671,1991;Trudel,M.etal.
Mammal.

Gen.5:149-152,1994;Harding,M.A.etal.KidneyIntl.41:317-325,1992)

transgene
=
SV40enhancerandhumanBglobinpromoterdrivingexpression
ofc-mycresultsin

hyperplasia
ofrenaltubularepithelium,witheventualcystformation;cystsarebilateral,diffuse,affectingbothcortexandmedulla;deathduetorenalfailureby3mos.ofage;kidneysaremorethantwo-foldenlarged;fewanimalsdisplayedrenalepithelial

microadenomas;advanceddiseasecharacterized
by

glomeruloscelerosis
andinterstitialfibrosis;80%kidneysalsocontainedatypicalplasmacellinfiltrates.reversion

of
phenotypeaccompaniedpartialdeletion,rearrangement
of
transgene

cpk,
a

spontaneousmutant,displaysautosomalrecessivepolycystickidneydisease:rapidgrowth
oflrg.collectingductsand
development
ofsevererenalfailureby3-4wks.ofage;

expression
ofc-mycexistsincystsandpersistsupto3wks.ofage

SV40earlyregiontransgenicmice(MacKay,
K.etal.
KidneyIntl.32:827-837,1987;Kelley,K.A.etal.J.

Am.Soc.Nephr.
2:84-97,1991)

transgenicmicemadeusingtheSV40earlyregion(includingthepromoterandenhancer)develop

choroidplexustumors,kidneyabnormalities,
andthymichyperplasia

intheseexperiments,investigatorsobtainedpathology
insametissuesasnotedpreviously,but

relativeseverity
ofdiseaseamongtissuesvaried

samepathologyusingconstructsthatcontain
Tasthosethatcontain
Tandt:
distaltubulehyperplasiawithcaudalextension

of
hyperplasia
in
extremecases;cysticdisease;focal

neoplasia;glomerulosclerosis
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CYSTICKIDNEYS(continued)

YGTdrivingrasT24(Schaffner,
D.L.etal.Am.J.
Path.142:1051-1060,1993)

Y-glutamyltranspeptidasedrivingexpression
ofhumanH-ras,mutated
atcodon12;usedto

maketransgenicmiceinordertomake
a
modelforrenalcellcarcinoma

expression
of
transgene
in
kidneyresulted
in
proximaltubularhyperplasia,renalcysts,and

microadenomas
inmales

TgN(Imorpk)737Rpwmice(Moyer,
J.H.etal.
Science264.1329-1333,1994)

micehomozygous
fora
transgeneshow
a

polycystickidneyphenotypedueto
insertional

disruption
ofa
cellulargene

geneencodes
a
majortranscript
of3.2kBwhich
is
expressed
in
kidneyandliver,butnotinthe

mutants

predictedproteincontains
10copiesofa34aminoacidrepeatknownasa

tetratricopeptiderepeatbilateralpolycystickidneydisease
in
addition
to
abnormaldevelopment
of
intrahepaticbiliary

tract

Krd,deletionmutation
on
chromosome
19(Keller,
S.A.etal.
Genomics23:309-320,1994)

semidominantmutationdueto
transgeneinsertion,includes
a

deletion
of
chromosomalregion

incl.Pax2

Krd/+mice:aplastic,hypoplastic,cystickidneys;abnl.ininnercellandganglionlyrs.ofretina

Krd/Krdmice:earlyembryoniclethality(common
forlargedeletions)
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TUBULARCELLPROLIFERATION

MMTVLTRdrivingactivatedc-erbB-2(Stocklin,
E.etal.J.CellBiol.122:199-208,1993)

phenotype
of
foundermiceshowedfocaldilationandatypicalproliferation
of
tubular

epithelialcells

glomeruliareenlarged,hypercellular,withlossof
glomerularcapillaryloopsandmesangium

Seealsoc-myctransgenicmice(above)

SeealsoSV40earlyregiontransgenicmice(above)
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Figure 3-1. Schematic view of kidney development.

A. The excretory system of an e11 mouse embryo. The definitive

kidney begins to form when the ureteric bud grows out from the

mesonephric or Wolffian duct to invade the undifferentiated metanephric

mesenchyme. At this age, the functioning filtration organ of the embryo is

the group of mesonephric tubules, which drain into the mesonephric duct.

B. Development of the metanephros, the definitive kidney. At e11,

the ureteric bud grows into collections of undifferentiated metanephric

mesenchyme. By e11.5, the ureteric bud has made the first of many

subsequent branchings. As the ureteric bud branches, it causes the

metanephric mesenchyme to condense about its tips and to differentiate first

into comma-shaped bodies and then into S-shaped bodies. The S-shaped

bodies eventually fuse with the derivatives of the ureteric bud that induced

them. The tubules continue to elongate and differentiate until development

is completed. In the mouse, renal development persists until about the

second week after birth.
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Figure 3-2. p53 transgene design and expression.

A. Diagram of the p53 transgene. The MMTV LTR acts as a

promoter/enhancer, driving expression of either a wild-type (encoding Ala

135) or mutant (encoding Val 135) murine p53 cDNA. Intron 4 is replaced

back into its proper place within the p53 cDNA, and the SV40 early regio

polyadenylation signal is used.

B. Northern blot demonstrating p53 transgene expression in various

organs from Line B females. Poly A+ RNA from brain, heart, liver, lung,

mammary gland, salivary gland, skeletal muscle, and spleen were isolated

from a 3 month old female, while RNA from thymus was obtained from a 4

week old female. RNA sizes are given at the left. The endogenous p53

transcript is indicated with a solid arrow, and the transgenic p53 transcript is

indicated with a dotted arrow.

C. Northern blot showing renal expression of the Line B transgene as a

function of age. Poly A+ RNA from e18.5, 1 week, 3 week, and 4 week old

kidneys was isolated and probed for p53 transcripts (upper panel) or the

ribosomal protein L32 (lower panel). Endogenous and transgenic p53

transcripts are indicated with arrows, as in B.
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Figure 3-3. End-stage affected kidneys.

A. FVB/N control kidney, 6 months of age, stained with hematoxylin

and eosin, 50X magnification.

B. Line C p53 transgenic kidney, 5 months of age, stained with

hematoxylin and eosin, 50X magnification.

C. FVB/N littermate control kidney, 6 months of age, stained with

Masson's stain, 50X magnification.

D. Line C p53 transgenic kidney, 5 months of age, stained with

Masson's stain, 50X magnification.
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Figure 3–4. BUN measurements in animals as a function of age.

A. FVB/N littermate control animals, indicated in open squares.

B. Line B p53 transgenic mice. Mice heterozygous for the Line B

transgene are indicated with open diamonds, while those homozygous for

the same transgene are indicated with filled diamonds.

C. Line C p53 transgenic mice. Mice heterozygous for the Line C

transgene are indicated with open circles, while those homozygous for the

same transgene are indicated with filled circles.
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Figure 3-5. Histology of 1 week old kidneys, stained with hematoxylin and

eosin, and shown at 50X magnification.

A. FVB/N littermate control.

B. Line B, heterozygous for the Line B p53 transgene.

C. Line C, heterozygous for the Line C p53 transgene.

D. Line C, homozygous for the Line C p53 transgene.
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Figure 3–6. Kidney mass versus age.

A. Combined kidney mass versus age in mice heterozygous for the

Line B p53 transgene compared to littermate controls. The kidney mass from

both kidneys is given on the vertical axis, and the age is given on the

horizontal axis. Non-transgenic mice (non TG) are indicated in open squares,

while Line B p53 transgenic mice (Line B TG) are indicated with open

diamonds.

B. Comparison of kidney masses among different lines of p53

transgenic mice at 1 week of age. The combined kidney masses are given for

animals of the following genotypes: non-transgenic sibling controls (non TG),

open squares; heterozygous Line C p53 transgenic mice (Line C TG), open

circles; homozygous Line C p53 transgenic mice (Line CTG/TG), filled circles;

heterozygous Line B p53 transgenic mice (Line B TG), open diamonds.

C. A mutant p53 transgene does not rescue the small kidneys seen in

wild-type p53 transgenic mice as indicated by combined kidney masses.

Combined kidney masses from 16 day old mice are given for mice of the

following genotypes: non-transgenic sibling controls (non TG), open Squares;

Line B p53 transgenic mice (Line B (wild-type) TG), open diamonds; A135V

p53 transgenic mice (Line W (A135V) TG), open triangles; bitransgenic mice

(Line B (wild-type) TG and Line W (A135V) TG), shaded triangles.
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Figure 3-7. TUNEL assays at e17.5. Kidneys are stained with methyl green

and shown at 100X magnification.

A. Non-transgenic littermate control.

B. Line B p53 transgenic kidney. Examples of apoptotic nucei are

highlighted by arrows.
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Figure 3-8. In situ hybridizations demonstrating sites of transgenic p53

expression. All sections are stained with hematoxylin and eosin.

A. e14.5, brightfield, 25X magnification. B. e14.5, darkfield, SV40

polyadenylation site antisense probe, 25X magnification. C. el4.5, darkfield,

SV40 polyadenylation site sense probe, 25X magnification. D. el8.5,

brightfield, 50X magnification. E. e18.5, darkfield, SV40 polyadenylation site

antisense probe, 50X magnification. F. e18.5, darkfield, SV40 polyadenylation

site sense probe, 50X magnification.
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Figure 3-9. In situ hybridizations demonstrating sites of c-ret and WT-1

expression. All sections are stained with hematoxylin and eosin.

A-F, non-transgenic kidneys; A. e14.5, brightfield, 50X magnification.

B. e14.5, darkfield, c-ret antisense probe, 50X magnification. C. elé.5,

brightfield, 25X magnification. D. elé.5, darkfield, c-ret antisense probe, 25X

magnification. E. e18.5, brightfield, 25X magnification. F. e18.5, darkfield, c

ret antisense probe, 25X magnification.

G-L, Line B p53 transgenic kidneys; G. e14.5, brightfield, 50X

magnification. H. e14.5, darkfield, c-ret antisense probe, 50X magnification. I.

e16.5, brightfield, 25X magnification. J. e16.5, darkfield, c-ret antisense probe,

25X magnification. K. e18.5, brightfield, 25X magnification. L. e18.5,

darkfield, c-ret antisense probe, 25X magnification.

M. e18.5 non-transgenic kidney, darkfield, WT-1 antisense probe, 25X

magnification.

N. e18.5 Line B p53 transgenic kidney, darkfield, WT-1 antisense probe,

25X magnification.
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Figure 3-10: Lectin immunofluorescence. All magnifications are presented at

32X.

A-D. DB Lectin immunofluorescence; A. e16.5, non-transgenic

kidney. B. e16.5, Line B p53 transgenic kidney. C. el8.5, non-transgenic

kidney. D. el8.5, Line B p53 transgenic kidney.

Lotus lectin immunofluorescence; E. e18.5, non-transgenicE-F.

kidney. F. e18.5, Line B p53 transgenic kidney.
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CHAPTER FOUR:

FUTURE PROSPECTS
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Chapters Two and Three describe the main findings of this thesis.

However, both of these studies urge other investigations, some of which are

outlined below.

To examine the roles of one gene, p53, in writ-1 induced tumorigenesis,

p53 deficient mice were crossed to Wnt-1 TG mice. Although this study

examined how the characteristics of p53 deficient tumors differ from those

that contain p53, by its very nature, the project did not analyze the roles of

other genes or examine other features of tumorigenesis (as described in

Chapter One). Many questions remain regarding progression of writ-1

induced tumorigenesis, and those for which we have begun to pursue

answers are listed below:

1. What other genes are involved in tumorigenesis in the Wnt-1 TG

model? (see Appendices B and C)

2. Is the accelerated tumorigenesis seen in Wnt-1 TG p53 -/- mice at

least partly due to an inability of Wnt-1 TG p53 -/- cells to undergo apoptosis?

(see this Chapter)

3. In Wnt-1 TG hyperplastic mammary glands and tumors, what

percentage of cells are in each phase of the cell cycle? Do these values change

in the context of p53 deficiency? (see this Chapter)

4. Do Wnt-1 TG p53 -/- mammary epithelial cells respond to

irradiation similarly to Wnt-1 TG p53 +/+ cells? Are the responses similar in

tumorigenic versus hyperplastic mammary epithelial cells? (see this Chapter)

5. Is telomerase activity increased in Wnt-1 TG mammary tumors as in

human cancer cells? (see this Chapter)
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The work involved in Chapter Three began as an extension of our

studies described in Chapter Two. We generated transgenic mice expressing a

wild-type or mutant p53 allele under the control of the MMTV LTR. These

mice were designed to answer several still unanswered questions.

Furthermore the surprising phenotype of these mice raises additional issues:

1. Does expression of wild-type p53 in the mammary gland rescue the

accelerated tumorigenesis of Wnt-1 TG p53 -/- mice? (see Appendix A)

2. Do mice expressing a mutant p53 allele, A135V, develop mammary

or other tumors? (see Appendix A)

3. What factor(s) are altered in the ureteric bud of wild-type p53

transgenic mice such that there is a defect in the complete induction of the

metanephric mesenchyme? (see this Chapter)

4. Do p53 deficient mice possess any renal phenotype? (see this

Chapter)

Examining additional aspects of wint-1 tumorigenesis.

The Wnt-1 transgenic mice present a model for multi-step

tumorigenesis with several distinct stages of disease: mammary gland

hyperplasia, primary tumor formation, and metastasis. Much study has

focused on genes that cooperate with the transgene to promote tumor

formation (Kwan et al. 1992; Shackleford et al. 1993; Donehower et al. 1995)

and Chapter Two of this thesis. Although much work remains in

understanding the process of tumorigenesis, little attention has been focused

so far on how the preneoplastic condition, mammary gland hyperplasia, is

established. We anticipate that many of the molecules implicated from other

systems like D. melanogaster and X. laevis may provide clues as to how
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mammalian Wnt genes signal. Appendix B discusses our current crossing

experiments that explore the role of murine dishevelled genes in Wnt-1

signaling.

As discussed in Chapter One of this thesis, there are many aspects of

tumorigenesis that we have yet to address in the Wnt-1 transgenic system.

Our hope is that although wnt-1 has never been implicated in human breast

cancer, the principles that we derive from these experiments will be

applicable to human carcinogenesis.

Currently we are investigating the relationships among cell cycle

status, telomerase activity, p53 genotype, and apoptosis levels within Wnt-1

TG tumors. Preliminary evidence shows a dramatic increase in telomerase

activity in Wnt-1 TG tumors compared to Wnt-1 induced mammary

hyperplasia (Dr. Kiki Broccoli and Dr. Titia de Lange, unpublished results).

This parallels what has been observed in human cancer biopsies and cell lines

(Kim et al. 1994). We are interested in learning whether this effect is

mediated purely as a function of increased proliferation in the tumorigenic

state, or whether tumorigenesis per se results in augmented telomerase

activity. To begin to answer that question, Dr. Stephen Friend has begun to

measure the distribution of cells within particular stages of the cell cycle in

Wnt-1 TG hyperplastic mammary glands versus mammary tumors. We are

especially keen to learn how the percentage of cells at certain points within

the cell cycle compares in mammary gland hyperplasia versus mammary

tumor.

In response to DNA damage, levels of p53 protein increase (Kastan et

al. 1991; Kuerbitz et al. 1992), mediating a G1 cell cycle arrest in part through

the activation of the gene encoding the CDK inhibitor p21/WAF1/Cip-1

(Harper et al. 1993; El-Diery et al. 1993; Xiong et al. 1993; Gu et al. 1993; Noda et
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al. 1994). Although many Wnt-1 TG mammary tumors contain DNA

mutations, we wanted to provide a uniform stimulus of DNA damage to

tumors that contain or lack p53 to examine the effect of p53 deficiency of the

cell cycle status of primary mammary tumor cells. Hence Dr. Stephen Friend

has begun experiments in which tumors are Y-irradiated in vivo. Early data

indicate what would be expected from in vitro studies, that p53 is required for

G1 cell cycle arrest. Cells within Wnt-1 TG p53 +/+ mammary tumors

undergo G1 cell cycle arrest, while those within Wnt-1 TG p53 -/- mice fail to

arrest properly. We are analyzing the telomerase activities from these

samples as well to determine whether p53 genotype or radiation treatment

affect the expession of telomerase activity. In preliminary experiments, p53

genotype seems to have little influence on telomerase levels.

One explanation for the acceleration of tumorigenesis seen in p53

deficient Wnt-1 TG mice ( (Donehower et al. 1995) and Chapter Two of this

thesis) is that p53 deficient cells may be incapable of dying by apoptosis and are

thus able to contribute to the tumorigenic process. p53 containing cells,

however, may be able to undergo apoptosis. Consequently it may take longer

for a tumor to form.

As a test of whether p53 contributes to apoptosis within the mammary

gland, we examined the ability of p53 deficient females to undergo mammary

gland involution, the apoptotic process whereby the mammary gland

regresses following lactation. We reasoned that if p53 were essential for

apoptosis within the mammary gland, then mammary glands from p53

deficient females might fail to undergo involution, since this process occurs

almost exclusively via apoptosis. When examined by whole mount

preparations, however, mammary glands from p53 deficient females

161



displayed as efficient involution as mammary glands derived from animals

expressing p53 (data not shown).

Despite this evidence that p53 may not greatly contribute to apoptotic

events within the mammary gland, we assayed Wnt-1 TG hyperplastic

mammary glands as well as mammary tumors of varying genotypes by

TUNEL assay to assess whether levels of apoptosis within mammary tumors

correlates with p53 genotype. Although some tumor systems have shown a

strict dependence of apoptosis levels on p53 genotype (Symonds et al. 1994),

we see little change in degree of apoptotic cell death within tumors of

differing p53 genotype (Dr. L. Attardi and Dr. T. Jacks, unpublished data).

Possibly the continuous expression of the growth factor, wht-1, protects cells

from programmed cell death. In some in vitro systems, growth factors can

confer some protection against apoptosis (Canman et al. 1995).

The molecular basis for the histological difference between Wnt-1 TG

tumors that contain or lack p53 is still unclear. One hypothesis is that either

directly or indirectly p53 activates the expression of a factor that promotes

fibrosis within the tumor. One candidate gene is TGFo, a gene recently

shown to be induced by p53 (Shin et al. 1995). So far we have been unable to

detect any TGFo: transcripts in Wnt-1 TG tumors by Northern blotting (W.

Hively, unpublished results). Although this gene is an obvious candidate,

the induction of this factor could be far downstream of p53 and could be very

difficult to determine.

We are currently using the p53 transgenic mice (Line C) described in

Chapter Three to rescue the phenotypes associated with p53 deficiency in

Wnt-1 TG tumors (see Appendix A). To accurately model human breast

cancer, we would like to construct p53 transgenic mice that express p53

mutants like those expressed in human breast tumors. Such transgenic mice
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might provide a better model for Li-Fraumeni syndrome than is currently

provided by the p53 deficient mice. These mutant p53 transgenic mice could

be bred to the p53 deficient mice to create mice that express a mutant p53

without any endogenous wild-type p53 expression, the situation that most

closely mimics that found in cases of human breast cancer.

As described in Chapter One, microsatellite instability accompanies

mutation of genes involved in DNA repair in most cases of hereditary non

polyposis syndrome and possibly in other types of cancer. Since many

microsatellites have been identified in the mouse (Dietrich et al. 1992), the

existence of microsatellite instability would be easily tested in the Wnt-1 TG

system. If found, it would suggest that one or more murine DNA repair

genes could be mutated in Wnt-1 TG tumors.

One screen for genes implicated in Wnt-1 induced tumorigenesis has

been undertaken (see Appendix C). Differential display was used to identify

transcripts specific for one particular stage of Wnt-1 tumorigenesis. Only one

differentially expressed cDNA was isolated from a very small screen of the

expressed sequences in Wnt-1 TG hyperplastic glands versus tumors. This

cDNA encodes a protein expressed highly in murine salivary glands, but the

significance of its expression in Wnt-1 TG hyperplastic glands is questionable.

The protein encoded by this cDNA is found by Western blotting in the three

most anterior mammary glands of all mice, transgenic or not. Identifying

genes of functional significance is difficult by this method, and probably

future more directed experiments would be more fruitful in identifying

cooperating events in Wnt-1 tumorigenesis.

Defining how p53 affects cellular differentiation.
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Chapter Three demonstrates that p53 overexpression can affect cellular

differentiation within the developing kidney. Despite identifying defective

differentiation of the ureteric bud as the probable cause of the abnormal renal

development within p53 transgenic kidneys, the precise mechanism whereby

the p53 transgene induces the phenotype has not been elucidated. Further

analysis of the expression of different marker proteins within the kidney

could determine which cell types within the collecting ducts are affected.

Two proposals, put forth in the Discussion within Chapter Three,

could be tested. These hypotheses are not necessarily mutually exclusive:

(i) p53 causes altered differentiation of the ureteric bud through

transcriptional activation of target genes. To address this possibility, further

expression analysis of each of p53's transcriptional targets could be

undertaken by Northern blotting, RNase protection, or in situ hybridization.

A list of the genes currently thought to be under p53 regulation can be found

in Table 1-2. To date, Northern blotting has not revealed any differences

between RNA levels for p21/WAF-1/Cip-1 or TGF0, within non-transgenic or

p53 transgenic kidneys. Possibly p53 activates the transcription of genes not

presently recognized as p53-inducible within p53 transgenic kidneys, making

this analysis extremely difficult.

(ii) p53, by binding components of the basal transcriptional machinery,

is able to repress transcription from promoters that lack p53 consensus sites.

This provides a second means by which p53 could alter cellular

differentiation, ie. by inhibiting the expression of certain genes essential for

ureteric bud differentiation. If cell lines could be derived from the ureteric

bud of p53 transgenic versus control animals and the cells transfected,

expression from exogenously added plasmids could be tested. Repression of

promoter activity within p53 transgenic cells would provide evidence for this
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hypothesis. If this experiment were technically too challenging, standard

renal tissue culture cells could be used for the experiment. However, most

renal tissue culture cells are derivatives of the proximal or distal tubules or

are glomerular cells. Established cells derived from the ureteric bud are not

generally available. Since p53's action could be cell-type specific, use of tissue

culture cells would not be ideal.

However p53 mediates its effect, the inductive signal from the ureteric

bud to the undifferentiated mesenchyme seems to be impaired within p53

transgenic kidneys. If in vitro organ cultures of p53 transgenic kidneys

display abnormal development compared to non-transgenic kidneys, then

one way to examine which factor(s) is missing would be to supplement these

cultures with particular soluble proteins. Rescue of defective differentiation

would implicate that factor in the altered development of p53 transgenic

kidneys. Further analysis of the rescuing protein within p53 transgenic

kidneys might reveal the connection between expression of that protein and

the transgenic p53.

A major question suggested from this work is how often, if ever, is p53

involved in the normal differentiation of cells. Within the kidney, p53 is

expressed in comma and S-shaped bodies within the differentiating

mesenchyme (Schmid et al. 1991). One way to examine whether that

expression is functionally significant is to analyze such structures when they

lack p53. Neither Dr. L. Donehower nor Dr. T. Jacks report any renal

abnormalities in p53 deficient kidneys of mice on a pure 129 genetic

background (unpublished results). Despite these observations, about 30% of

our p53 deficient mice exhibit polycystic kidneys (see Table 4-1). These mice

are derived from our cross to the Wnt-1 TG mice and as can be seen in Table

4-1 some of the mice with polycystic kidneys did contain the Wnt-1 transgene.
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Since the Wnt-1 transgene is not expressed in the kidney (Tsukamoto et al.

1988), it probably does not contribute to this phenotype. Furthermore, no

Wnt-1 TG mouse in our colony has ever been found to contain polycystic

kidneys. Since polycystic kidneys result from the abnormal proliferation of

cells, this phenotype is consistent with p53 deficiency. Mice carrying a

transgene with portions of the SV40 genome, including the gene encoding

large Tag, develop polycystic kidneys (MacKay et al. 1987; Kelley et al. 1991).

Large Tag binds and inactivates both p53 and Rb (Weinberg 1991). However

according to B. Williams, p53 -/- Rb +/- mice do not contain polycystic

kidneys (unpublished observations). Again, these mice are maintained on

the pure 129/Sv genetic background.

If our observations of polycystic kidneys in p53 -/- mice are valid, then

two possibilites exist that would reconcile the inability of other groups to

confirm our finding. First, the penetrance of polycystic kidneys in p53

deficient mice could be accelerated by eliminating all Rb function within cells.

Heterozygosity for the Rb deficiency might not be enough to uncover the

phenotype. Alternatively, the mixed genetic background of our mice might

predispose them to the development of polycystic kidneys. The proper

experiment to confirm such a hypothesis would be to cross the p53 -/- mice

from the pure genetic background to mice of the pure SJL genetic background,

the main genetic background of the Wnt-1 TG mice. This cross would have

to be continued for several backcrosses to the SJL genetic background, and the

frequency of polycystic kidneys in p53 -/- mice monitored at each round of

backcrossing. Such an analysis could lead to an identification of a modifier

locus within the SJL genetic background that contributes to the penetrance of

polycystic kidneys in p53 -/- mice.
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Two phenotypes of p53 deficient mice are difficult to reconcile with

current models of p53 as a mediator of cell cycle control, DNA repair, and

apoptosis: first, the presence of exencephaly in 17% of p53 -/- females (Sah et

al. 1995), and second, the persistence of certain blood vessels within the eyes

mice lacking p53 (Pan and Griep 1995). The latter phenotype could be due to

the inability of p53 deficient mice to produce thrombospondin-1 (TSP-1), a

gene regulated directly by p53 and encoding an angiogenesis inhibitor

(Dameron et al. 1994). Mice expressing p53 might be able to produce TSP-1,

causing a regression of these ocular vessels. There is little basis for

understanding the exencephalic phenotype of these mice. Apoptosis assays of

such embryos revealed no obvious differences compared to normal embryos.

Possibly this phenotype is related to subtle processes of cellular differentiation

normally mediated by p53. Furthermore, expression of wild-type human p53

under the control of the o-crystallin promoter alters lens cell differentiation

leading to microphthalmia within transgenic mice (Nakamura et al. 1995),

and provides another example of the ability of p53 to affect cellular

differentiation.

Understanding how p53 affects the differentiation of cells is important

not only during tissue development, but also when considering the possible

consequences of p53 gene therapy. Novel anticancer therapies may anticipate

targeting expression of the wild-type p53 gene to cancer cells or treatment

with drugs that would bind to various p53 mutants and cause them to

function like the wild-type protein. Since tumor cells bearing p53 mutations

are resistant to treatment by radiation and chemotherapy due to an inability

to die via apoptosis (Lowe et al. 1993; Lowe et al. 1994; Bergh et al. 1995),

overexpression of wild-type p53 might render these cells sensitive to such

treatments. However, work suggesting that p53 can alter cellular
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differentiation (Chapter Three and (Nakamura et al. 1995)) implies that

therapies to augment wild-type p53 activity within cancer cells may have

unforeseen consequences within particular cell types.

A final challenge for workers within the p53 field will be to reconcile

how a single protein, p53, orchestrates the myriad of functions assigned to it.

Understanding how one protein is able to coordinate functions like the direct

recognition of mutations within DNA, activation of gene transcription and

DNA repair, repression of transcription, control of cell cycle checkpoints,

induction of apoptosis, and participation in cellular differentiation may

require many more years of study to elucidate clearly.
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Table 4-1. Incidence of polycystic kidneys in p53 deficient mice. Nine of 27

p53 deficient mice displayed polycystic kidneys. The sex, genotype, and age at

time of sacrifice are given for each case.
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AVID
#SexGenotypeDateofbirth|Dateof

sacrificeAge
(days)|Polycystickidneys?

OO7582876
|Mp53-/-

10/5/943/20/95166|noO12597326
|Mp53-/-1

1/15/943/20/95125|noO13352851
|Mp53-/-1

1/29/943/20/95
111|noO14265869

|Mp53-/-1
1/29/943/20/95111|yesOO7538031

|Mp53-/-
1/14/953/20/9565yes

OO8598798
||Fp53-/-

1/25/954/28/9593|noOO7848850
|Fp53-/-1/11/955/8/95117|yesOO8026340

|Mp53-/-1
2/6/944/14/95129|noOO7517787

|Fp53-/-
1/2/953/27/9584|noOO6363626

|Fp53-/-1
2/6/943/27/95
111
|no

OO6343347
|Fp53-/-

10/27/943/27/95151|no
OO7259080
|Fp53-/-

1/2/955/1/95
1

19|noOO7578856
|MWnt-1TG,p53-/-1/2/954/20/95108|yesOO7519263

|Mp53-/-
2/14/955/11/9586|noOO7014791

|FWnt-1TG,p53-/-3/12/955/23/9572|no
MWnt-1TG,p53-/-2/14/956/2/95108|yesOO8853062

|Mp53-/-
2/14/956/6/95
1

12|noOO7515847
|MWnt-1TG,p53-/-4/30/956/12/9543yes

OO6561277
|Mp53-/-

3/3/956/1.3/95102|noOO7011598|Mp53-/-
3/23/956/1.3/9582|noOO7111052

|Mp53-/-3/10/956/1.3/9595|noOO7099337
|FWnt-1TG,p53-/-3/12/956/14/959.4|yesOO7586065

|FWnt-1TG,p53-/-3/19/956/14/9587|noOO6569621
|FWnt-1TG,p53-/-4/9/956/14/9566|noOO655.4531

|FWnt-1TG,p53-/-3/10/956/14/9596|yesO13559355
|Fp53-/-

4/26/956/22/9557|yesOO6568265
|Mp53-/-

4/9/957/17/9599|noOO9566566
|Fp53-/-

3/23/957/20/95
1

19|no
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Using the wild-type p53 transgene to rescue p53 deficiency in Wnt-1 TG

mice

Our work on the effect of p53 deficiency on Wnt-1 induced

tumorigenesis (see Chapter Two) stimulated us to generate the wild-type p53

transgenic mice described in Chapter Three. Although these mice do not

have any phenotype in the mammary gland, they do express the transgene in

the mammary gland (Fig. 3-1). Therefore we are using them to try to rescue

the phenotypes associated with p53 deficiency in the Wnt-1 TG background.

To date, the analysis consists of kinetic and histological examinations. If this

transgene adequately rescues the phenotypes associated with p53 deficiency,

then mutant transgenes can be generated and analyzed within this system. A

transgenic mouse that expresses a mutant p53 without any endogenous wild

type protein would more closely mimic what is observed in human tumors,

ie. mutation of p53 and loss of the other, wild-type allele.

The cross between Wnt-1 TG p53 -/- and p53 transgenic (p53 TG)

animals was begun by Yvonne Mark, a Howard Hughes Scholar working in

the Varmus Laboratory from September 1994 until September 1995, and has

been continued since that time by Wendy Hively, a research technician in the

Varmus Laboratory. I have helped in the analysis of data generated from this

cross. The mice currently being followed for mammary tumor formation

have been generated from matings between Wnt-1 TG p53 -/- males with p53

+/- Line C p53 TG females. The males were obtained by crossing Wnt-1 TG

p53 +/- males with p53 -/- females. p53 +/- p53 TG females were obtained by

crossing p53 -/- males with p53 +/+ p53 TG females. Although the

chromosomal integration sites of the Wnt-1 and p53 transgenes are not
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known, each transgene segregated individually, implying that they are on

different chromosomes.

Currently in this ongoing experiment, animals are checked weekly for

the presence of tumors, and a tumor is scored when it reaches an easily

palpable size, 0.5 cm in diameter. Once an animal has developed a mammary

tumor, the tumor is excised and processed for histological sections. Currently

we have analyzed ten Wnt-1 TG p53 -/- mammary tumors and six Wnt-1 TG

p53 -/- p53 TG mammary tumors from females; and two Wnt-1 TG p53 -/-

mammary tumors and one Wnt-1 TG p53 -/- p53 TG mammary tumor from

males. Kaplan-Meier plots showing the percentage of tumor free animals

versus time are given in Figure A-1. As can be seen in these graphs, the p53

transgene seems to confer partial protection from p53 deficiency in female

animals. There appears to be no rescue in male animals. Notably, p53

transgene expression has been demonstrated in female animals, but is absent

in male animals, and therefore the lack of rescue in males is expected. The

p53 transgene does not completely complement p53 deficiency, since Wnt-1

TG animals which are p53 +/+ display a slower mammary tumorigenesis rate

than Wnt-1 TG p53 -/- p53 TG mice (compare Figure A-1 with Figure 1-1A).

Besides a kinetic difference in tumor formation, there is a histological

difference between Wnt-1 TG p53 -/- tumors compared to Wnt-1 induced

tumors that contain p53. Mammary tumors lacking p53 are less fibrotic and

contain more anaplastic cells than tumors that contain p53. When tumors

are analyzed from animals derived from the cross with p53 TG animals, this

difference becomes harder to discern. In these animals, there is little

correlation between p53 genotype and degree of fibrosis. Possibly the

additional contribution of FVB/N genetic background provided by the p53

transgenic mice suppresses this histological phenotype. Unfortunately then, a

175



comparison between the histology of Wnt-1 TG p53 -/- p53 TG mice and Wnt

1 TG p53 -/- mice cannot be made.

Unlike wild-type p53 transgenic mice, transgenic mice expressing a

mutant allele, Val 135, develop tumors after long latency periods and do not

develop kidney abnormalities.

In addition to the wild-type p53 transgenic mice generated and

described in Chapter Three and above, transgenic mice were made that

express a mutant p53 allele, Val 135. The goal of generating A135V TG mice

was to produce a line of transgenic mice that was predisposed to the

development of mammary tumors due to the expression of a dominant

negative p53 allele within the mammary gland. The mutation chosen for

this work, Val135, is a temperature-sensitive murine allele, well characterized

from in vitro studies (Michalovitz et al. 1990; Milner and Medcalf 1990). In

tissue culture cells at 32°C, the permissive temperature, this allele behaves as

a wild-type nuclear p53 protein (Ginsberg et al. 1991). However at the

restrictive temperature of 37°C, the mutant protein is found in the cytoplasm

and hence does not function (Ginsberg et al. 1991). Although this allele

functions to inhibit wild-type p53 function in cellular transformation assays

with c-myc and mutant H-ras (Eliyahu et al. 1984; Parada et al. 1984; Jenkins et

al. 1984), the mutant is not able to render p53 deficient cells tumorigenic

when injected into nude mice (Dittmer et al. 1993). Thus this allele has been

termed dominant negative, to distinguish it from others, like those found in

patients with Li-Fraumeni syndrome, that confer tumorigenicity onto p53

deficient cells and hence are termed dominant oncogenic (Dittmer et al. 1993;

Harvey et al. 1995).
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Other transgenic mice expressing Val 135 have been generated under

the control of the p53 promoter and develop a variety of tumors, including

osteosarcomas, lung, and lymphoid tumors (Lavigueur et al. 1989). p53

transgene expression was not demonstrated within the mammary gland, and

therefore the absence of mammary tumors within these animals is difficult to

assess. We chose to use the MMTV LTR to produce high enough expression

of Val 135 to inactivate the p53 produced from the endogenous mouse alleles

and thus predispose to mammary tumor formation.

Although some tumors have developed in the A135V TG mice, none

has been a mammary tumor (Table A-1). The A135V TG mice might be

expected to be very similar to the p53 deficient mice in terms of tumor

spectrum since this allele demonstrates only dominant negative character.

p53 deficient mice also rarely develop mammary tumors. Approximately ten

male and ten female animals per individual transgenic line have been

observed for tumor formation for more than one year. The tumors that have

developed in the A135V TG mice are typical for transgenes expressed under

the control of the MMTV LTR, notably the formation of Harderian gland

tumors. The latency for tumor formation is very long, greater than one year.

Although this is generally longer than most transgenic systems studied, it is

not without precedent (Wang et al. 1994). The tumors have arisen in

multiple lines, each of which descended from a unique founder animal. It is

unlikely therefore that the tumors arise due to an integration event of one

transgene. These tumors have not been tested for transgenic RNA or protein

expression, and therefore it is premature to assume that these tumors arise

due to transgene expression. These tumors are rare, however, in non

transgenic FVB/N animals.

177



Although the A135V p53 transgenic mice do not for tumors quickly,

making them less useful as a tumorigenesis model, they are useful in

confirming that the renal phenotype seen in wild-type p53 transgenic mice is

due to the expression of wild-type p53. A135Vp53 transgenic do not display

any renal abnormalities, although they do express the transgene within the

kidney. One measure of kidney development studied in the wild-type p53 TG

mice, kidney weights versus age, is equivalent between non-transgenic and

A135V TG mice (data not shown). Additionally, BUN levels are normal in

these A135V TG mice (data not shown).

Our goal in crossing the wild-type p53 transgene to Wnt-1 TG mice

carrying the p53 deficiency is to determine whether this transgenic construct

is useful for expressing various p53 mutant alleles within the mammary

gland. In considering whether or not to use our A135V p53 transgenic mice

in this experiment, we looked towards a similar experiment using p53

transgenic mice expressing the same allele but under the control of the p53

promoter (Lavigueur et al. 1989). When crossed to p53 deficient mice, this

Val 135 transgene accelerates tumorigenesis in p53 +/+ and p53 +/- animals,

but fails to quicken tumor formation in p53 -/- animals (Harvey et al. 1995).

This parallels earlier in vitro studies demonstrating that Val 135 can inhibit

the function of wild-type p53, but does not possess any oncogenic properties of

its own (Dittmer et al. 1993).

We began to cross our Wnt-1 TG mice to A135V p53 transgenic mice

before this allele was crossed to mice carrying the p53 deficiency (Harvey et al.

1995). Preliminary Kaplan-Meier plots demonstrated that the A135V allele of

p53 was unlikely to accelerate mammary tumorigenesis in the context of the

Wnt-1 TG mice (data not shown). Possibly the expression of this allele is not

great enough within the mammary gland to exert a significant dominant
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negative effect. We ended our crossing experiment when the data presented

by Harvey et al. suggested that this allele was not a strong allele.

Furthermore, we have not crossed our A135V p53 transgenic mice to Wnt-1

TG p53 -/- animals. We would rather generate a similar transgenic construct

expressing a stronger allele, for example a dominant oncogenic mutation as

found in Li-Fraumeni syndrome. Such mutations seem to have oncogenic

functions in the background of p53 deficient cells when tested in

tumorigenicity assays in nude mice (Dittmer et al. 1993).
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LineMouse
#Sex|Dateofbirth|Dateof

pathologyAgeatpath(days)Pathology
P

OO661.6005
||F1
1/20/933/29/9549.4|histiocyticsarcomaOO560.1802

|M1
1/20/938/2/95620invasivefibrosarcoma

R

OO5113805
|M1
2/4/936/21/95564|LHarderianglandtumorOO60.09805

|M1
2/4/936/21/95564|RHarderianglandtumor

T

looz888120F7/20/948/23/95399|mastcelltumor
W
looss50525M9/11/936/10/94272|lymphoma

OO6576348
||F
6/20/94
1

1/7/94140|teratoma
ofR
ovary
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Figure A-1: Kaplan-Meier plots comparing the tumorigenesis

frequency in Wnt-1 TG p53 -/- (open diamonds) versus Wnt-1 TG p53 -/- p53

TG (filled squares) animals. A. Females. B. Males.
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APPENDIX B;

Wnt-1 TG X dvl DEFICIENT MICE
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Preface

My role in this work has been:

performing Southern blotting to type for the presence of the

Wnt-1 transgene; performing some of the mammary gland whole mounts to

assess degree of mammary gland hyperplasia; aiding in tumor identification

and dissection.

The work performed by Dr. Nardos Lijam, NCHGR, NIH, Bethesda,

MD has been: cloning of the murine dvl genes, generation of dvl deficient

mice; coordinating cross to the Wnt-1 T G mice; animal husbandry;

performing some of the mammary gland whole mounts; performing weekly

tumor checks; maintaining records of the cross.

Dr. Tony Wynshaw-Boris, NCHGR, NIH, Bethesda, MD has generated

the dvl deficient mice and has helped in the generation of the Kaplan-Meier

plots.

Dr. Dan Sussman, University of Maryland, MD has cloned the murine

dvl genes and analyzed dul gene expression and dvl protein function, in

addition to consulting on the generation of dvl deficient mice and crossing to

Wnt-1 TG animals.

Abstract

To study the role of murine dvl genes in mediating wnt-1 signaling in

vivo, Wnt-1 TG mice have been crossed to mice carrying deficiencies in one

of the three dvl genes. Hyperplasia of the mammary gland, the most

immediate outcome of writ-1 signaling within the mammary gland, is

unaffected when mice lack dwl-1, suggesting that murine dvl-1 is not

absolutely required for writ-1 signaling. Currently, crosses are underway to
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generate Wnt-1 TG mice that lack both dol-1 and dvl-2 to assess the degree of

dvl functional redundancy within the mammary gland.

Introduction

In different systems, the writ-1 protein mediates a variety of effects.

Members of the writ family are important mediators of inductive signals

during development of the kidney (Stark et al. 1994), limb bud (Parr and

McMahon 1995), and central nervous system (McMahon and Bradley 1990;

Thomas and Capecchi 1990; Thomas et al. 1991). In Xenopus, whit-1

expression increases gap junctional communication between cells and

induces dorsal axis duplication (Olson and Moon 1992; Sokol et al. 1991).

When overexpressed in certain mammary gland epithelial cell lines or in

vivo within the mammary gland, writ-1 causes the morphological

transformation of cells (Rijsewijk et al. 1987; Tsukamoto et al. 1988) and

predisposes to the formation of murine mammary tumors (Tsukamoto et al.

1988).

Wnt proteins are rich in Cys, glycosylated, and secreted. When

overexpressed, writ-1 binds to the chaperonin Bip within cells, suggesting that

its folding is compromised (Kitajewski et al. 1992). The large numbers of Cys

residues within writ proteins also implies a complicated tertiary structure.

Wnt proteins are not long-range signaling molecules. Rather, once secreted,

wnt proteins bind to components of the extracellular matrix and mediate

effects several cell diameters away from writ-producing cells (Bradley and

Brown 1990; Papkoff and Schryver 1990). No receptor for any writ protein has

been directly demonstrated (see further discussion below), and few

components of the downstream effectors of writ proteins are recognized in
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mammalian systems. Within cells in tissue culture, writ-1 expression

stabilizes the binding between B-catenin and E-cadherin (Bradley et al. 1993;

Hinck et al. 1994). Models for wmt signaling in mammalian systems parallel

the much better delineated system understood for Drosophila wnt proteins.

Genetic screens designed to obtain genes that interact with w8, a well

studied wnt gene in Drosophila, have yielded several genes, including

dishevelled (dsh), shaggy/zeste-white-3 (sgg/zw3), armadillo (arm), porcupine

(porc), hedgehog (hh), Notch, and engrailed (en). Epistasis experiments have

demonstrated the probable gene order in which these genes are engaged

during w8 signaling (Fig. B-1).

Using a heat-shock inducible w8 construct, Noordermeer et al.

demonstrated that dsh and arm act downstream of wº, since loss of function

alleles of these two genes abrogate the phenotype of embryos following heat

shock (Noordermeer et al. 1994). While w8 acts cell non-autonomously, dsh

and arm act cell autonomously, suggesting that they are components of the

reception of w8 signaling. Wg post-transcriptionally regulates arm, resulting

in an accumulation of arm protein (Riggleman et al. 1990). This result

parallels that seen in mammalian systems, since arm is homologous to B

catenin. This stabilization of arm protein requires the action of dsh and porc,

placing both genes proximal to arm within the w8 signaling pathway.

Embryos that are deficient for both zw3 and dsh resemble zw3 embryos,

suggesting that sgg/zw3 is downstream of dsh (Siegfried et al. 1994). Similar

epistasis experiments were performed with arm and zw3 to show that

sgg/zw3 negatively regulates arm, placing sgg/zw3 between dsh and arm

(Siegfried et al. 1994). Although the protein encoded by dsh contains no

recognizable protein motifs (Klingensmith et al. 1994; Theisen et al. 1994),

sgg/zw3 is the Drosophila ortholog of the mammalian glycogen synthase
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kinase 3, a serine/threonine kinase (Bourouis et al. 1990; Siegfried et al. 1990;

Siegfried et al. 1992).

The roles of other genes that contribute to w8 signaling are not as well

defined as for dsh, Sgg/zw3, and arm. Porc seems to encode a factor that aids

in the secretion of w8, since w8 is not secreted properly in porc deficient

embryos (van den Heuvel et al. 1993). As would be expected from this result,

embryos deficient in both sgg/zw3 and porc exhibit the same phenotype as

Sgg/zw3 null embryos (Siegfried et al. 1994). Notch encodes a transmembrane

receptor-like protein that may be involved in the w8 pathway. Some point to

the existence of allele-specific interactions between Notch and w8 as evidence

that Notch encodes the w8 receptor (Couso and Arias 1994), but this remains

speculative without direct biochemical evidence for an interaction.

Hedgehog seems to function to maintain w8 expression in w8-expressing cells

(Ingham 1993).

Direct biochemical analysis of the consequences of w8 signaling derive

from a cell culture system capable of producing soluble w8 protein (Van

Leeuwen et al. 1994). Dsh, normally a cytoplasmic phosphoprotein, becomes

hyperphosphorylated and associates with membranes in response to w8

(Yanagawa et al. 1995). In the absence of w8, overexpressed dsh is also

hyperphosphorylated and causes increased arm levels. Among the domains

essential for this activity is the GLGF repeat which is found in a variety of

proteins, including the product of the Drosophila discs-large gene and a

number of proteins associated with cell junctions.

To determine whether writ signaling in other organisms mimics that

existing in Drosophila, many of the components from the Drosophila system

have been tested in other assays. In Xenopus, writ signaling seems to be

conserved. When overexpressed in Xenopus embryos, Drosophila dsh
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induces the formation of mesoderm (Rothbacher et al. 1995), as does the

coexpression of bfGF and Xwnt& (Christian et al. 1992). In Xenopus embryos,

dorsal axis duplication occurs following the overexpression of writ-1 as well

as a dominant negative allele of glycogen synthase kinase 3 (Pierce and

Kimelman 1995; He et al. 1995). Within mammalian systems, writ signaling

may be more complicated, because of the number of gene family members

within the mouse genome. For example, there are two engrailed genes, three

dishevelled genes (dvl), two glycogen synthase kinase genes, and more than

ten writ genes in the mouse.

To assess the role of the dvl genes within a mammalian system,

targeted disruptions in the murine dvl genes are being generated (N. Lijam,

D. Sussman, and T. Wynshaw-Boris, unpublished data). Mice with a targeted

disruption of the dvl-1 gene (Sussman et al. 1994; Lijam and Sussman 1995)

have been produced. Mice lacking dvl-1 do not display any apparent

abnormalities (N. Lijam, D. Sussman, and T. Wynshaw-Boris, unpublished

observations). We decided to use these mice in conjunction with mice

overexpressing the wmt-1 gene to determine whether the dvl-1 gene functions

in murine writ-1 signaling.

Results and Discussion

The earliest phenotype within Wnt-1 TG mice is the induction of

mammary gland hyperplasia. Since the Wnt-1 transgene can be seen as a gain

of function allele due to overexpression, we crossed Wnt-1 TG mice to mice

carrying a dvl deficiency to test for epistasis between writ-1 and the dvl genes.

If one of the dvl genes were required for the mammary gland hyperplasia

induced by wint-1, then a deficiency of that dvl gene should block the
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formation of writ-1 induced mammary gland hyperplasia. Of the three

murine dvl genes, expression of all three has been demonstrated within the

mammary gland (D. Sussman, unpublished observations), making each a

candidate for mediation of writ-1 signals.

We crossed Wnt-1 TG males to dvl-1 deficient females and analyzed

the resulting progeny by mammary gland whole mount preparations to assess

the degree of hyperplasia. As can be seen in Figure B-2, mammary gland

hyperplasia was identical in Wnt-1 TG dvl-1 +/- and Wnt-1 TG dvl-1 -/-

female mammary glands. Male Wnt-1 TG animals also displayed identical

mammary gland hyperplasia regardless of dvl-1 genotype (data not shown).

From this analysis, it appears that murine dvl-1 is not absolutely required to

mediate signaling by writ-1.

However, to test whether there were some subtle alteration in the

mammary gland hyperplasia lacking dvl-1, we examined the tumorigenesis

rates of Wnt-1 TG dwl-1 +/- versus Wnt-1 TG dul-1 -/- animals. If the

hyperplasia in the context of dvl-1 deficiency were not as extensive as that in

the presence of dvl-1, but the effect were too subtle to see by mammary gland

whole mount analysis, then the less pronounced hyperplasia might manifest

itself as a deceleration of tumorigenesis in Wnt-1 TG dol-1 -/- animals as

compared to Wnt-1 TG dvl-1 +/- mice. Approximately twenty animals of

each sex and possessing one of three genotypes (Wnt-1 TG dvl-1 +/+, Wnt-1

TG dwl-1 +/-, or Wnt-1 TG dol-1 -/-) are being montitored weekly for the

presence of mammary tumors. When a mammary tumor reaches a diameter

of 1cm, the mammary tumor is scored, the animal sacrificed, and the

mammary tumor processed for histological sections.

As can be seen in Fig. B-3, a Kaplan-Meier plot shows no deceleration

of mammary tumorigenesis in Wnt-1 TG dol-1 -/- females compared to
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Wnt-1 TG dvl-1 +/- females. This experiment is still in its early stages, and

these graphs were generated from approximately eight Wnt-1 TG dol-1 -/-

mammary tumors and 13 such tumors from Wnt-1 TG dvl-1 +/- females.

Our Wnt-1 TG dol-1 +/+ animals are the youngest of our cohorts, and

therefore have not developed many mammary tumors and were not plotted.

Because of their much slower rate of tumor formation, a Kaplan-Meier plot

has not been constructed yet for male mice. Given the similarity between

hyperplastic mammary glands from Wnt-1 TG mice of either dvl genotype,

dvl-1 -/- or dvl-1 +/-, the nearly identical frequency of mammary

tumorigenesis is not surprising. There appear to be no histological

differences in the mammary tumors that develop in Wnt-1 TG dol-1 +/- or

Wnt-1 TG dvl-1 -/- mice. The significance of these results will become more

apparent as we acquire more mammary tumors, incorporate these data into

the Kaplan-Meier plots, and examine more tumors histologically.

The dvl genes may be functionally redundant within the mammary

gland, such that dvl-2 or dvl-3 may compensate for the loss of dvl-1 in the

mice described above. Dvl-2 deficient mice have also been produced and

appear to be viable and fertile (N. Lijam, D. Sussman, and T. Wynshaw-Boris,

unpublished data). To test for redundancy among murine dvl genes, mice

carrying both dvl-1 and dvl-2 deficiencies are being generated. If viable,

female mice of this genotype will be crossed to Wnt-1 TG dol-1 -/- males to

generate Wnt-1 TG dvl-1 -/- dvl-2 +/- males. These animals will then be

crossed with dol-1-/- dol-2-/- females to produce Wnt-1 TG dol-1 -/- dol-2-/-

mice. Mammary gland hyperplasia and frequency of tumorigenesis within

these mice can then be compared to Wnt-1 TG dol-1 -/- mice.

Simultaneously, we will generate Wnt-1 TG mice that carry only the dvl-2

deficiency, and we will analyze these mice in a similar manner. Eventually,
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Drs. N. Lijam, D. Sussman, M. Tsang, and T. Wynshaw-Boris hope to produce

mice lacking dvl-3, and these mice could be incorporated similarly into this

experiment.

Mammary gland hyperplasia is not the only outcome that could be

assessed in Wnt-1 TG mice lacking one or more dvl gene(s). When

antibodies are produced that react well with murine dvl proteins (Dr. D.

Sussman, in preparation), these could be used to examine the

phosphorylation state of dvl proteins within writ-1 induced hyperplastic

glands. Assuming mammalian writ-1 exerts a similar effect on murine dvl

proteins as is seen in Drosophila, immunoprecipitations using antibodies

specific to each dvl protein could reveal which of the three dvl proteins

becomes hyperphosphorylated by writ-1 within Wnt-1 TG mammary glands.

A similar analysis could then be performed within Wnt-1 TG mammary

glands that lack one or more of the dvl genes to determine if the complement

of hyperphosphorylated dvl proteins changes when one or more is lacking.

Materials and Methods

Generation and maintenance of the dvl-1 deficient mice: The targeting

of the dvl-1 gene and the generation of the dvl-1 deficient mice are described

in detail in the Ph.D. thesis of Dr. N. Lijam and are summarized here with

her permission. The targeting of the dvl-1 gene was accomplished by

removing most of exon 2 as well as all of the genomic DNA spanning intron

2 through exon 4, inclusive. Briefly, the targeting construct was generated by

introduction of a PGKneo gene in place of the 0.5kb BgllI dvl-1 fragment,

resulting in the deletion of a SacI site. Transcription from the PGKneo

cassette is opposite to that of dvl-1, and any transcripts originating from the

193



targeted dol-1 allele encounter multiple stop codons in all three reading

frames. The PGKTK cassette was placed downstream of dvl-1 exon 15.

The dvl-1 targeting construct was transfected into 2X107 embryonic

stem cells by electroporation with 25pg of DNA. 100 colonies that survived

positive-negative selection were clonally expanded. DNA from each clone

was analyzed by Southern blot analysis using SacI restricted DNA.

Hybridization to the 5' 1kb HindIII-EcoRI dvl-1 fragment yielded hybridizing

fragments of 3kb and 4.5kb for the wild-type allele, and 3kb and 9.5kb for the

targeted allele. Three independent clones were used for C57Bl/6J blastocyst

injections.

Males, chimeric for the dvl-1 disruption as determined by coat color,

were bred to NIH Black Swiss females to obtain progeny that were typed by

the Southern blotting procedure described above. Mice heterozygous for the

dvl-1 disruption were interbred to obtain mice homozygous for the

deficiency.

Crossing to dvl-1 deficient mice to the Wnt-1 TG mice: Four Wnt-1 TG

males (Tsukamoto et al. 1988) were crossed to four dvl-1 -/- females to

generate Wnt-1 TG dvl-1 +/- males and dvl-1 +/- females which were then

intercrossed. These generated six genotypes of offspring, but only Wnt-1 TG

animals were observed for tumor formation. These animals possessed one of

three genotypes at the dvl-1 locus: dvl-1 +/+, dvl-1 +/-, or dvl-1 -/-. Both

male and female Wnt-1 TG mice were monitored weekly for tumor

formation. A tumor of 1cm diameter was scored as positive, and the mouse

was sacrificed and organs collected.
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Histological analysis. Tissues were fixed for at least 24 hours in 10%

buffered formalin and paraffin embedded using standard techniques. 5pm

sections were cut and stained with hematoxylin and eosin.

Whole mount analysis. Whole mount analysis was performed as

described in (Tsukamoto et al. 1988).
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Figure B-1: Summary of the Drosophila w8 signaling pathway. Wg is

secreted from w8-expressing cells with aid from the porc gene product. Wg

acts on neighboring cells, first causing hyperphosphorylation of dsh. Dsh

negatively regulates sgg/zw3, although there is no direct evidence that it is

the hyperphosphorylated form of dsh that mediates this effect. Since sgg/zw3

normally negatively regulates arm function, the effect of w8 activity on the

neighboring cells is to stabilize arm via inhibition of sgg/zw3 by dsh. En

autoregulation within neighboring cells is promoted by w8 function, and him

helps to maintain w8 expression within w8 expressing cells. This figure is

adapted from (Noordermeer et al. 1994) and (Siegfried et al. 1994).
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Figure B-2: Whole mount analysis of mammary glands from 12 week

old females of the indicated genotype. A. Wnt-1 TG dol-1 +/- B. Wnt-1 TG

dvl-1 -/-.
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Figure B-3: A Kaplan-Meier plot demonstrating mammary

tumorigenesis frequency in Wnt-1 TG dvl-1 +/- (open squares) and Wnt-1

TG dol-1-/- (filled diamonds) females.
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APPENDIX C:

THE USE OF DIFFERENTIAL DISPLAY TO IDENTIFY GENES

THAT COOPERATE WITH WNT-1. IN TUMCRIGENESIS
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Preface

My collaborators in this work have been:

Dr. Senthil Muthuswamy, Muller Lab, MacMaster University, Ontario:

dissections of Polyoma middle T transgenic mice.

Dr. Nancy Jenkins, ABL-Basic Research Labs, NCI Frederick, MD:

chromosomal localization of demilune cell specific protein.

Abstract

The cDNA encoding demilune cell specific protein was recovered in a

differential display screen comparing expressed sequences in Wnt-1 TG

hyperplastic mammary glands versus mammary tumors. This cDNA was

found to be expressed in the hyperplastic tissue, but not in Wnt-1 TG induced

mammary tumors. A GST fusion protein was produced and used to generate

a polyclonal antiserum that recognized denatured demilune cell specific

protein. By Western blotting, the demilune cell specific protein was expressed

in the three rostral mammary glands of non-transgenic and of Wnt-1 TG and

Polyoma middle T transgenic mice. The chromosomal position of the gene

for demilune cell specific protein in mice is within the T complex, on mouse

chromosome 17.

Introduction

The process of multi-step tumorigenesis involves sequential

alterations in two classes of genes, tumor suppressor genes and oncogenes. In

order to promote cell growth, tumor suppressor genes must be inactivated

through point mutations, deletions, or overexpression of genes which encode
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competing proteins. Cancer growth is promoted by increased activity of

oncogene products which can be achieved by gene point mutations,

truncations, or amplification with overexpression. The steps of malignant

transformation have been well described for colon cancer and esophageal

cancer and involve changes in both tumor suppressor genes and oncogenes.

The Wnt-1 transgenic mice present a multi-step model for mammary

tumorigenesis with discrete stages of tumor development: preneoplastic

hyperplasia, primary tumor, and lung or lymph node metastases (Tsukamoto

et al. 1988). A variety of approaches have been taken to identify genes which

cooperate with the Wnt-1 transgene to promote tumorigenesis (see Chapter

1). One experimental design which offers the opportunity to isolate novel

genes as well as those already known is to recover sequences that are

expressed preferentially in one tumorigenic stage versus another. Changes in

gene expression can be due to DNA amplifications or inductions of gene

expression, DNA deletions or reductions in gene expression, or regulatory

changes that either augment or decrease gene expression. This type of

analysis is unable to identify more subtle gene alterations like mutations or

small DNA rearrangements.

Two techniques have generally been used to identify differentially

expressed genes: subtractive hybridization and differential display.

Subtractive hybridization involves using sequences unique to a particular

tissue as probes in a library hybridization screen. Subtracted libraries can be

generated as well from such sequences and used to find preferentially

expressed sequences. Subtractive hybridization requires several weeks to

months to perform and yields a small number of close-to-full length

candidates. In contrast, differential display relies on RT-PCR to generate short

products that can be displayed on a sequencing gel and examined visually.
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These products are generated within a few days and can be used as probes on

Northern blots to confirm differential expression.

An example of the power of this general approach to identify genes

important for tumor development is the case of stromelysin-3, identified by

subtractive hybridization in a screen for genes specifically expressed in breast

carcinomas (Basset et al. 1990). Primary human mammary tumors were used

to produce cDNAs representing the expressed genes. From that were

subtracted cDNAs derived from primary human fibroadenomas, a benign

mammary gland growth, and cDNAs made from human liver samples. Four

differentially expressed sequences were generated, and one was pursued for

further study based on its specific expression in breast carcinomas. Once fully

cloned and sequenced, this gene was found to encode a metalloproteinase that

degrades components of the extracellular matrix and was named stromelysin

3. In situ hybridizations showed that fibroblasts surrounding the primary

tumor cells produced stromelysin-3, suggesting an intimate communication

between primary tumor cells and their surrounding cells. The primary

tumor cells seem to direct other cells to produce factors important for their

survival. In this case, neighboring fibroblasts produced an enzyme that could

aid in the metastasis of the transformed cells by degrading the extracellular

matrix and allowing easier passage of metastatic cells.

Identifying a gene such as stromelysin-3 was the primary goal in

seeking to identify differentially expressed sequences between Wnt-1 TG

hyperplastic mammary glands and mammary tumors. Although initially

differential display is faster and technically easier than subtractive

hybridization, it generates partial 3' sequences many of which are not actually

differentially expressed. Northern blot screening of candidate sequences is

essential. Despite the more significant investment of initial work in
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subtractive hybridization, this technique yields full length candidate

sequences. Nevertheless because of its initial simplicity, differential display

was used to try to identify seqeunces unique to Wnt-1 TG hyperplasia or

primary tumor.

Results

A cDNA is expressed in Wnt-1 TG hyperplastic mammary glands, but

not in mammary tumors.

Differential display gels were used to identify differentially expressed

cDNAs between Wnt-1 TG hyperplastic mammary glands versus mammary

tumors (Liang and Pardee 1992). cDNA was generated from five Wnt-1 TG

hyperplastic mammary glands and compared to cDNA from five Wnt-1 TG

mammary tumors. The cDNAs were screened for differentially expressed

sequences by PCR selection of a subset of the total number of cDNAs present.

The 5' primer used in the PCR reaction is a 10-mer of fixed sequence (see

Materials and Methods), while the 3' primer contains a run of T's to hybridize

to the poly A+ tail of mRNAs, complete degeneracy at the penultimate base,

and a base of fixed sequence at the 3' end. Using such oligos, a combination of

205 primers and 4 3' primers should cover all of the expressed sequences in a

cell (Liang and Pardee 1992). Therefore, a single PCR reaction amplifies

approximately 0.06% of the total number of RNAs in a cell (Liang and Pardee

1992). The PCR products are displayed on a DNA sequencing gel and

observed with autoradiography. A typical gel is seen in Figure 2-1. In this

partial analysis, the ten Wnt-1 TG hyperplastic mammary gland and

mammary tumor cDNAs were screened using five 5' primers in combination
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with one 3' primer. From this partial analysis, six cDNAs were found to be

displayed in Wnt-1 TG hyperplastic mammary glands but not in mammary

tumors, while six cDNAs were found to be displayed in Wnt-1 TG tumors,

but not in hyperplastic mammary glands. Many of the bands seen by this

technique were common to both tissues (Fig. 2-1).

Bands that were differentially displayed were candidates for genes that

are actually differentially expressed. To establish the expression pattern of

these cDNAs, each band that was differentially displayed was excised from the

sequencing gel and cloned using another round of PCR (see Materials and

Methods). Once cloned, each cDNA was sequenced (see below) and used as a

probe on a Northern blot. Of the twelve candidate cDNAs that were

differentially displayed, only one (indicated by the arrow in Fig. 2-1) was

actually differentially expressed as assayed by Northern blotting. This cDNA

was expressed in Wnt-1 TG hyperplastic mammary glands, but not in

mammary tumors (Fig. 2-2 A). An example of a cDNA that was not

differentially displayed is given in Fig. 2-2 B).

To gain insight into the normal function of this gene, the tissue

distribution of this transcript was examined in various non-transgenic mouse

tissues (Fig. 2-3). A 1kb transcript, identical in size to that seen in Wnt-1 TG

hyperplastic mammary glands, was expressed very highly in mouse salivary

gland and to a much lesser extent in thymus. Notably, Wnt-1 TG mice

develop salivary gland tumors as well as mammary tumors (see Discussion).

The cDNA expressed in Wnt-1 TG hyperplastic mammary glands

encodes demilune cell specific protein.
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The cDNAs that are generated by the differential display technique are

incomplete cDNAs and represent the 3' ends of genes. Once cloned, each

cDNA that was found to be differentially displayed was sequenced to try to

identify the cDNA. When sequenced, the cDNA expressed in Wnt-1 TG

hyperplastic mammary glands but not in mammary tumors was found to be

323bp in length and could not be identified, since the sequence matched

nothing in GenBank at the time.

Since this cDNA was found to be so abundant in mouse salivary gland

and was only 1kb long, 5 RACE was used to clone the full-length sequence.

Once the full-length sequence was obtained, it was used to screen GenBank

and this time, matched an entry for demilune cell specific protein. The gene

for demilune cell specific protein had been isolated from a mouse salivary

gland cDNA library in a screen for mucin genes (Bekhor et al. 1994). In situ

hybridization showed that demilune cell specific protein is expressed

exclusively in the demilune cells from salivary glands of mixed cell types

(maybe give a description of the demilune cells). Using homology searches

within GenBank, demilune cell specific protein seems to be conserved at least

in rodents, as it is 44% identical with a salivary gland protein of unknown

function from rat (Bekhor et al. 1994).

Sequence analysis of this protein suggests that it contains a signal

sequence of 23 amino acids that display an overall hydrophobic character.

The protein contains three Cys residues and two putative glycosylation sites.

Little characterization has been performed on the protein itself to determine

if these signals are used.

A polyclonal antiserum is raised against a GST fusion containing most

of demilune cell specific protein.
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In order to obtain antibodies against the demilune cell specific protein,

a GST fusion protein was expressed in E. coli. This GST fusion protein

contains GST at the amino terminus and demilune cell specific protein

(without the putative signal sequence) at the carboxy terminus. The fusion

protein was insoluble when expressed in bacteria (Fig. 2-4). Therefore

inclusion bodies were prepared, and a large amount of insoluble protein was

purified by SDS-PAGE and electroelution. The fusion protein was injected

into a single rabbit from which serum was subsequently collected

(Cytimmune Sciences).

The antibody was tested initially by Western blotting against soluble

extracts of mouse salivary gland and Wnt-1 TG hyperplastic glands and

mammary tumors (Fig. 2-5A). The antibody identified three cross-reactive

proteins within the salivary gland extract of 21, 18, and 17kD. The predicted

molecular weight of demilune cell specific protein is 21kD including the

signal sequence, or 18kD excluding the signal sequence. Although three

forms of demilune cell specific protein were isolated from the salivary gland,

only the smallest of these forms was seen in the Wnt-1 TG hyperplastic

glands. The demilune cell specific protein was expressed in approximately

30% of all Wnt-1 TG hyperplastic mammary glands, but not in any of 15 Wnt

1 TG mammary tumors tested (data not shown).

Western blotting identifies demilune cell specific protein in the three

most rostral mammary glands of nontransgenic and transgenic mammary

glands.
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Demilune cell specific protein is expressed in the three most anterior

mammary glands from the MMTV Polyoma middle T transgenic mice (Guy

et al. 1992) (Fig. 2-5 B) as well as in Wnt-1 TG animals. By Western blotting,

demilune cell specific protein was also expressed in the three most anterior

mammary glands of non-transgenic FVB/N mammary glands (Fig. 2-5 C).

The expression of demilune cell specific protein seems to be elevated in the

transgenic mice compared to the FVB/N mice (compare Figs. 2-5 A-C).

Interestingly in each case, it is only the smallest form of the demilune protein

that is seen in the mammary glands. The dissections in each case were done

extremely carefully, so as not to contaminate the samples with any tissue

other than mammary gland. When histological sections were made from the

tissues used in Fig. 2-5, no tissue other than mammary gland could be

identified (data not shown). Thus, it appears that demilune cell specific

protein is located differentially within the mouse, and suggests that possibly

the five mammary glands are not equivalent (see Discussion).

The gene for demilune cell specific protein lies within the T-complex

of mouse chromosome 17.

The chromosomal position of genes provides useful information for

genetic mapping. First, many naturally occurring murine mutations have

been mapped within the genome. Knowing the map position of a particular

gene can suggest candidate natural mutations of a particular gene of interest.

Second, the chromosomal position of genes can provide sequence tags that

can be useful in positional cloning projects. Dr. Nancy Jenkins mapped the

chromosomal location of demilune cell specific protein within the NCI

Frederick interspecies back-cross.

s
s
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From this analysis, the gene locus for demilune cell specific protein

was localized to chromosome 17, within the T-complex (Fig. 2-6). The T

complex is a complicated portion of the mouse genome that rarely undergoes

recombination due to a large number of inversions in the region (Lyon and

Searle 1989). For this reason, the NCI-Frederick backcross contains very few

recombinants, and the map position for the demilune protein is fairly rough.

The clone used in this mapping project has been provided to Dr. Karen Artzt

of University of Texas, for further mapping within this region.

Discussion

A cDNA corresponding to demilune cell specific protein was recovered

in a limited differential display screen of expressed sequences in Wnt-1 TG

hyperplastic glands and mammary tumors. This screen covered

approximately 0.3% of the total number of expressed sequences in these

tissues. Since most transcripts should be common to two tissues derived

from the mammary gland, finding a differentially expressed transcript in a

sampling of 0.3% of all transcripts would be expected to be rare. One cDNA,

however, was isolated which was expressed in Wnt-1 TG hyperplastic

mammary glands but not mammary tumors.

The expression of this transcript was not limited to Wnt-1 TG

hyperplastic mammary glands. Northern blotting showed that the mRNA

for this protein could be found in the mammary gland from transgenic mice

expressing polyoma middle t from the MMTV LTR and in addition from the

three most anterior mammary glands in non-transgenic mice. It is unclear

whether the expression of this gene in non-transgenic mammary glands is

due to tissue contamination or due to differences between the three most
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anterior mammary glands and the two most posterior glands. Tissue

contamination seems unlikely for two reasons: (i) The mammary glands are

subcutaneous organs and easily dissected without gross contamination.

Multiple individuals dissected the materials used in this study with great

care, and staining of some of the tissues used does not reveal any obvious

source of contaminants. Since Northern blotting reveals such a limited tissue

distribution for the demilune cell specific protein transcript, the only organ

capable of providing significant contamination would be the salivary gland, a

situation difficult to imagine given the murine anatomy. (ii) Western

blotting revealed three forms of the demilune cell specific protein in salivary

gland, yet only the smallest form in non-transgenic or transgenic mammary

gland. Contamination by salivary gland would be expected to yield all three

products. Since this was never observed, tissue contamination seems

unlikely.

Therefore, the three most anterior mammary glands may produce

unique proteins distinct from the posterior two mammary glands, a

difference that may reflect functional diversity among the five mammary

glands. Since the three anterior mammary glands contain the mRNA that

encodes this protein, these glands almost certainly produce this factor

themselves, rather than accumulating this presumably secreted protein from

another source like salivary gland. It is difficult to imagine why the five

murine mammary glands would be non-equivalent. Unfortunately the

labeling of the samples used in the original RT-PCR screen for differential

display was not sufficient to determine which of the mammary glands were

used when comparing hyperplastic mammary gland versus mammary

tumor. Presumably since the demilune cell specific protein cDNA was

isolated from hyperplastic mammary glands but not mammary tumors, the
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hyperplastic mammary glands were from the three anterior mammary

glands, while the mammary tumors were from the posterior two positions.

The function of demilune cell specific protein is undefined in salivary

gland as well as mammary gland. The physiological specification of the

demilune cells is unclear. They have been defined thus far purely

anatomically. This protein serves as a useful marker for their function. The

sequence of demilune cell specific protein suggests that it contains a signal

sequence and is therefore secreted. Possibly the processing of this protein

differs in salivary gland and mammary gland, being produced in larger

quantities and with a variety of glycosylation states within the salivary gland,

thereby yielding three detectable forms. Expression of the cDNA for

demilune cell specific protein in vitro could help to distinguish the different

forms seen. Possibly the smallest form of the protein provides some function

important for both the three anterior mammary glands and the salivary

glands of mixed cell types.

In situ hybridizations were attempted to determine the cell type within

hyperplastic mammary glands that produces the demilune cell specific

protein cDNA. These experiments were unsuccessful, possibly due to the

extreme difficulty in obtaining high quality sections through mammary

gland. If the cell type that expresses this gene were not present in large

numbers in Wnt-1 TG mammary tumors, then the gene could appear to be

differentially expressed. Interestingly, demilune cell specific protein is

produced in the two sites of tumor formation in Wnt-1 TG mice, namely the

mammary and salivary glands. Without knowing the function of the

demilune protein, it is difficult to predict whether or not its expression is

important for tumor development. There does not seem to be a difference in

the susceptibility of the different mammary glands to tumor formation,
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making it less likely that expression of the demilune cell specific protein is

significant for tumor formation.

The chromosomal location of the gene for demilune cell specific

protein is difficult to study, because the T-complex on chromosome 17 is

genetically complex. The many inversions within this locus suppress

recombination, making accurate mapping of genes within this region

arduous. Knowing that another gene resides within this locus may aid

positional cloning projects unrelated to the work presented here.

Thus from this partial screen for differentially expressed sequences, a

gene was isolated that is expressed highly in salivary glands as well as in the

three most anterior mammary glands. This suggests that the five mammary

glands of a mouse may not be functionally equivalent.

Materials and Methods

RNA extraction. Samples of Wnt-1 TG hyperplastic mammary glands

and mammary tumors were stored at -800C until use. Total RNA was

extracted with RNAzol B Reagent (Tel-Test, Inc.) according to the

manufacturer's instructions. Poly (-A)+ RNA was isolated from total RNA by

adsorbing the RNA to oligo (-dT) sepharose (Collaborative Research, Inc.),

washing, eluting with H2O, and precipitating overnight at -20°C.

Differential display: reverse transcription and PCR. 0.11g poly (-A)+

RNA was used for reverse transcription using one of four primers provided

in the Genhunter kit (Genhunter Corp.). The primers contain twelve T

bases, followed by a randomized base, and ends with a base of fixed sequence.

Reverse transcription was according to manufacturer's instructions. PCR
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conditions were those indicated by Genhunter: 10% of the cDNA was used

per PCR reaction. One of 55' primers (AP-1 5'-AGCCAGCGAA-3'; AP-25'-

GACCGCTTGT-3'; AP-3 5'-AGGTGACCGT-3'; AP-4 5'-GGTACTCCAC-3'; AP

55'-GTTGCGATCC-3) was used along with the same primer used for reverse

transcription. 35S-dATP was included in the PCR reaction to generate

radioactive products. 25% of each PCR reaction was loaded onto a 6% DNA

sequencing gel. The sequencing gel was dried without fixing and exposed to

film overnight at -800C. Potentially differentially expressed genes were

indicated by those cDNAs that appeared in only a subset of the samples used.

Once bands of interest were identified, they were cut out of the sequencing

gel, soaked in 100LL H2O, and boiled for 15 min. The cDNA was precipitated

and resuspended in 101L H2O, and 41L were used to reamplify the cDNA.

The PCR products were cloned using the TA Cloning Kit (InVitrogen). The

plasmid containing the differentially displayed band from Figure 1 was

designated pC1.

DNA sequencing and 5 RACE. Once cloned, each PCR product was

sequenced using the Sequenase Kit (US Biochemical) using the universal

M13, SP6, and T7 primers that flank the vector polylinker. The sequences

were searched for homologies using GenBank. To obtain the full length

sequence for demilune cell specific protein, the 3' cDNA obtained by

differential display and contained in pC1 provided the sequences for the 3'

primers used in 5 RACE (Clontech). Two pig poly (-A)+ RNA isolated from

mouse salivary gland was reverse transcribed in 30p L using SuperScriptil

(Gib co-BRL) and the following primer (G1P1) 5'-

TTTTTTTTCGTGCAGATGTTGTATTTATTCATGGG-3' according to the

manufacturer's directions. The RNA was then hydrolyzed using 21L 6N
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NaOH, 30min, 650C; pH neutralized with 2LL 6N HAc; and first strand cDNA

was precipitated overnight at -20°C. A 5' anchor primer (5'P-

CACGAATTCACTATCGATTCTGGAACCTTCAGAGG-NH3 3) was ligated

to the first strand cDNAs as described in the kit, and PCR was performed

using a 5’ primer (5'-

CTGGTTCGGCCCACCTCTGAAGGTTCCAGAATCGATAG-3') and a nested

3' primer (G1P2) derived from the demilune cell specific protein sequence (5'-

CGGAATTCGGGAAGCTAGAGTACTCAGAATTGCCC-3'). The 600bp

product was cloned using the TA Cloning Kit (InVitrogen) to generate pG2,

and the insert was sequenced as described.

Northern blotting. Total RNA was extracted from either fresh tissues

or those frozen at -80°C with RNAzol B Reagent (Tel-Test, Inc.) according to

the manufacturer's instructions. Poly (-A)+ RNA was isolated from total

RNA by adsorbing the RNA to oligo (-dT) sepharose (Collaborative Research,

Inc.), washing, eluting with H2O, and precipitating overnight at -20°C. One

ug poly-A+ RNA was electrophoresed through a 1% agarose formaldehyde

gel and transferred to Hybond N (Amersham) in 20X SSC. Hybridizations

were performed using the following probes at the indicated temperatures:

525bp Kpni-HindIII fragment of p53 cDNA, 650C; p21 cDNA, 650C.

GST fusion construction and fusion protein purification. The full

length demilune cell specific protein cDNA was constructed by ligating the

Xho I-Sca I fragment of pC2 with the Sca I-Xba I fragment of pC1 into pbS SK

+ linearized with Xho I and Xba I. This plasmid (pDCsp) was used to generate

a cDNA that lacked the putative signal sequence: PCR was performed on

pDcsp using a 5’ primer (5'-
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GCGGATCCACACAAGATTATCATGGTCCAGAAGTTGG-3') and the G1P2

oligo as the 3' primer. This PCR product was digested with Bamh I and Sca I

and ligated with the Sca I-Xho I fragment of pDCsp to pCEX 4T-1 (Pharmacia)

linearized with Bamh I and Xho I. This produced a plasmid, pI)cspCEX, that

contained the demilune cell specific protein cDNA lacking its putative signal

sequence fused to the gene for GST within a vector suitable for fusion protein

expression. Using this construct, GST is at the N-terminus of the fusion

protein and demilune cell specific protein (minus the putative signal

sequence) is at the C-terminus.

The bacteria BL21Plyss were used to express the fusion protein by

transforming with pPcspCEX, growing transformants to logarithmic phase,

and inducing protein expression with 100LM IPTG. After shaking for 1-2

hours following induction, the bacteria were pelleted and resuspended in 1/5

volume of Buffer A (50mM Tris HCl, pH 8.0; 200mM NaCl; 2m M EDTA;

2mM 3-mercaptoethanol; 11g/mL pepstatin and leupeptin; 2m M AEBSF;

10mM DTT). Bacteria were pelleted again, resuspended in 1/33 original

volume of Buffer A, and frozen. When thawed, bacteria were brought to 1%

Triton X-100 and sonicated three times 15 seconds. Samples were spun at

50,000rpm for 15 min. to separate soluble and insoluble fractions.

Supernatants were frozen. Pellets were washed once again in Buffer A,

resuspended in 1/33 original volume of Buffer A, and sonicated once to

resuspend pellet. To prepare fusion protein for antibody production, the

sonicated insoluble fraction was electrophoresed through a preparative 10%

SDS-PAGE gel, stained for 5 minutes in Coomassie blue stain, cut from gel,

and electroeluted in BioFad Electro-Eluter according to manufacturer's

directions.
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Antibody Production and Western Blotting. 100pg fusion protein

isolated as described above was injected into a single rabbit (Cytimmune

Sciences, Inc.). 50-1001g boosters were given to this rabbit over the next

Several months, and serum was collected in alternate months. Serum was

stored at -800C or in 50% glycerol at -200C.

Mouse tissues were either used fresh or stored at -800C. To make

soluble lysates from tissues of interest, tissues were placed in 1mL CLB Buffer

(10mM Tris HCl, pH 7.5; 250mM sucrose; 160mM KCl; 50mM C-amino capraic

acid; 0.5% NP40; 2mm AEBSF), vortexed heavily 5 minutes, cooled on ice 10

minutes, vortexed again, and sonicated 20 seconds. After sonication, samples

were spun in microfuge 5 minutes to pellet large debris. Supernatants were

taken as soluble extracts. 1001g total protein was run per lane on a 15% SDS

PAGE gel and transferred to nitrocellulose (Schleicher and Schuell).

Nitrocellulose was blocked in 4% skim milk/PBS 1 hour, incubated with anti

demilune cell specific protein antibody (diluted 1:1000 in 4% skim milk/PBS),

washed three times 5 minutes in PBS, incubated with POD-conjugated goat

anti-rabbit antibody (Boehringer Mannheim, diluted 1:20,000 in 4% skim

milk/PBS) 1 hour, washed three times 5 minutes in PBS, incubated in ECL

reagent (Amersham) according to manufacturer's directions, and exposed to

film for desired length of time.

Chromosomal Mapping. The probe used for mapping demilune cell

specific protein was derived from pC2 by digesting with EcoRI to release the

500bp insert. This probe was used to find RFLPs between C57BL/6J and Mus

spretus mice by Southern blotting. These RFLPs were used to map the

demilune cell specific protein cDNA to recombinants between these two

strains found within the NCI/Frederick interspecies back-cross.
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Figure C-1: Differential display gel comparing expressed sequences in

six Wnt-1 TG hyperplastic mammary glands (MG) compared to Wnt-1 TG

mammary tumors (MT). The arrow indicates the differentially expressed

cDNA corresponding to the cDNA encoding demilune cell specific protein.
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Figure C-2: Northern blot demonstrating differential expression of

demilune cell specific protein cDNA in Wnt-1 TG hyperplastic mammary

glands (MG) and Wnt-1 TG mammary tumors (MT). RNA sizes are given at

the left. A. Northern blot hybridized with the cDNA isolated from the gel

displayed in Figure 2-1. B. The same Northern blot was hybridized with

another cDNA isolated by differentially display, but one that was not

differentially expressed.
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Figure C-3: Northern blot showing normal expression pattern of

mRNA encoding demilune cell specific protein. RNA sizes are given at the

left, and the tissues used for RNA isolation are given at the top of the figure. T]

This exposure shows expression of the mRNA encoding demilune cell >
-

specific protein in salivary gland, and a longer exposure demonstrates

expression within the thymus.
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Figure C-4: 10% SDS-PAGE of bacterially-expressed proteins. Lanes 1-4:

lysates of bacteria transformed with GST vector alone: 1, uninduced cells; 2,

induced total cellular lysate; 3, supernatant from induced cells; 4, pellet from

induced cells. GST is indicated by the solid arrow. Lanes 5-8: lysates of

bacteria transformed with one clone of the GST-demilune cell specific protein

fusion: 5, uninduced cells; 6, induced total cellular lysate; 7, supernatant from

induced cells; 8, pellet from induced cells. GST-demilune cell specific protein

fusion protein is indicated by the broken arrow. Lanes 9-12: lysates of bacteria

transformed with a second clone of the GST-demilune cell specific protein

fusion: 9, uninduced cells; 10, induced total cellular lysate; 11, supernatant

from induced cells; 12, pellet from induced cells. Lanes 13-16: lysates of

bacteria transformed with a third clone of the GST-demilune cell specific

protein fusion: 13, uninduced cells; 14, induced total cellular lysate; 15,

supernatant from induced cells; 16, pellet from induced cells. Lane 17

contains molecular weight markers of the indicated sizes.
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Figure C-5: Western blots comparing the expression of demilune cell

specific protein in various systems. The arrow indicates the band

corresponding to demilune cell specific protein. A. Western blot of cellular

lysates from salivary glands and Wnt-1 TG hyperplastic mammary glands.

The mouse numbers for each hyperplastic mammary gland are given at the

top of the figure, and the molecular weight standards are presented at the left.

B. Western blot of cellular extracts from salivary glands and Polyoma middle

T transgenic mammary glands. Odd numbered lanes correspond to extracts

derived from anterior mammary glands, while even numbered lanes

correspond to extracts derived from posterior mammary glands. The

molecular weight standards are given at the left. C. Western blot of cellular

extracts from salivary glands and FVB/N non-transgenic females. Odd

numbered lanes correspond to extracts derived from anterior mammary

glands, while even numbered lanes correspond to extracts derived from

posterior mammary glands. The molecular weight standards are given at the

left.
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