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ABSTRACT

THE ROLE OF OVARIAN HORMONES, AGE AND MAMMARY GLAND

DEVELOPMENT IN POLYOMAVIRUS MAMMARY TUMORIGENESIS

BY

Rachel Mae Heindel

Polyomavirus (Py) infection of adult athymic female mice

causes a high incidence of mammary adenocarcinomas. In this

thesis, I have examined the role of ovarian hormones, age and

mammary gland development at the time of infection in Py

infection and tumorigenesis. Ovary intact mice were infected

at 3, 6, 10, 20 and 30 weeks of age with Py A2. In addition,

mice were ovariectomized (OVX) at 5, 9 and 19 weeks of age and

infected 1 week later. Mice were also OVX at 3 weeks, 1 week

or 48 hours before or 1 week after infection at 6 weeks of

age. To determine the effect of proliferation and

differentiation on tumor induction, eight or 10 week old mice

that were OVX and treated with 1 ug 17-beta estradiol (E) and

1 mg progesterone (P) for 3 or 1 weeks before infection and

late pregnant mice were also infected. OVX-saline treated

mice served as controls. All mice were palpated for 14 weeks



post infection (pi) for tumors or killed at 10 days pi to

assess the levels of viral genomes, early protein and middle

T kinase activity in their mammary glands. Mammary tumor

incidence and number were significantly decreased and mammary

tumor latency was significantly increased with increasing age

at the time of infection and by OVX at least 1 week before

infection. In addition, longer periods between OVX and

infection further decreased tumor induction. Late pregnant

mice with fully differentiated mammary glands remained

susceptible to Py transformation. ‘The severe effect of OVX on

tumorigenesis suggests a positive role for ovarian hormones in

this process and the target cell population may be influenced

by age and mammary development state. No significant

differences were observed in the levels of viral genomes (high

in all groups) or in viral early proteins and middle T kinase

activity (low in all groups) in mammary glands at 10 day pi.

However, the levels of all three were high in mammary tumors

and correlated with transformation.
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Chapter 1

LITERATURE REVIEW

Breast cancer is a major killer of North American women

and there has been an alarming and significant increase in

incidence for which there is no explanation (1). The National

Cancer Institute has predicted that one in nine women can

expect to develop breast cancer in her lifetime (2). While

the etiology of this disease has not been defined, there is

solid epidemiological evidence for an important role of

ovarian.hormones in mammary cancer development.(3). A woman’s

total lifetime exposure to the ovarian hormones estrogen and

progesterone has been implicated in the etiology of breast

cancer (4). This hypothesis takes into account her age at

menarche, her age at first full-term pregnancy, her total

parity and her age at menopause. In addition to natural

exposure to ovarian hormones, women who have taken oral

contraceptives for long periods of time, starting at young

ages (<25 years) have an elevated risk for developing breast

cancer (5-7). A model that attempts to explain the risk

increases associated with total lifetime exposure to ovarian

hormones has been presented (5). This model emphasizes that

early menarche and older age at first full term pregnancy

result in higher levels of mammary proliferation due to longer

hormone exposure and.correlate with.higher breast cancer risk.

It is this proliferative response of the mammary epithelium to
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ovarian hormones that either creates a more susceptible gland

for transformation or induces a longer period of proliferation

that may act to expand a transformed cell population.

Therefore, it is apparent that this disease requires further

investigation into the mechanisms of neoplastic transformation

of the breast and the role of ovarian hormones in this

process.

Several experimental models have been investigated to

identify mechanisms of mammary neoplasia and the role of

ovarian hormones. A major model system involves the use of

chemical carcinogens to induce mammary tumors in rodents. N-

nitroso-n-methylurea (NMU) , 3-methylcholanthrene (3-MC or MCA)

and 7,12-dimethylbenz(a)anthracene (DMBA) have been used

extensively to induce mammary tumors in rodents since their

carcinogenic properties were first described (8-12). Pre-

cancerous ductal and alveolar dysplasias are induced by the

carcinogens and ovarian hormones are critically required for

tumor initiation and promotion (8, 9, 12-14).

In addition to chemical carcinogens, the mouse mammary

tumor virus (MMTV) has also been studied as a model of mammary

tumorigenesis (15). IMMTV infected 'mice develop :mammary

tumors, but only after undergoing several pregnancies,

suggesting that ovarian hormones are also critically required

for tumorigenesis in this model. Tumors are preceded by the

development of alveolar dysplasias and in contrast to

carcinogen induced tumors, MMTV induced tumors are ovarian

hormone independent for growth (16). Further research has
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identified glucocorticoids (17, 18), progestins (19, 20),

prolactin (21) and androgens (20), as the positive regulating

molecules of the long terminal repeat (LTR) of MMTV. The LTR

controls gene expression of MTV and steroid hormones and

prolactin are therefore important in regulating the oncogenic

potential of MMTV. Thus in this model, hormones can interact

directly with the oncogenic agent.as well as act to expand the

transformed cell population.

Mouse polyomavirus (Py) is an important model system used

in the study of virally induced tumors in mice and cell

transformation in tissue culture. Py is a tumorigenic DNA

virus whose natural host is the mouse. Its genome is

comprised of 5292 base pairs with two coding regions, early

and late, and. a non-coding, enhancer-origin region. that

functions as the control region for viral transcription and

replication (see Figure 1). The early region codes for three

proteins, small, middle and large Tiantigens. Large T.antigen

controls viral DNA replication and gene expression. Middle T

antigen also plays a role in viral gene expression and DNA

synthesis, as well as in capsid assembly. The function of

small T antigen, which is essentially a fragment of middle T

antigen, is poorly understood. The late region codes for the

three viral capsid proteins, VP1, VP2 and VP3.

Recently it has been reported that infection of adult

athymic, immuno-incompetent Balb/c mice with Py results in a

high incidence of mammary tumors with a short latency period

(23). Several aspects of the Py mammary tumor model are



Figure 1. Physical map of the polyomavirus genome. The outer

circles depict the two coding regions of the polyomavirus

genome, early (top half) and late (bottom half), each of which

produces.one transcript that is<differentially spliced (jagged

lines represent the introns) to produce three gene products.

The early region codes for three proteins, small T, middle T

and large T antigens. The late gene products are the capsid

proteins VP1, VP2 and VP3. The non-coding enhancer/origin

region is located between these two coding regions on the left

side of the map. The enhancer region is located between

nucleotides 5021 and 5262, on the late side of the origin.

This figure is taken from Soeda et a1. (22).
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intriguing and hold promise for providing some unique insights

into the mammary neoplastic process. Recently, the

histopathogenesis of Py-induced mammary tumors has been

characterized in 6 week old infected athymic female mice (24).

By 2 weeks post infection (pi), the mammary glands exhibit a

hyperplastic appearance, similar to that observed during early

to mid-pregnancy, characterized by moderate to extensive

ductal sidebranching. However, the mammary glands eventually

return to a normal state associated with the non-pregnant

condition. Ductal dysplasias are frequently observed and are

associated with the mammary adenocarcinomas, suggesting either

a precancerous nature of the ductal dysplasias or that they

are in fact, microscopic tumor foci. In addition, stromal

abnormalities are often observed in association with the

dysplasias and frank tumors. Similar morphological structures

occur in humans, such as hyperplasia and atypia of ducts and

lobules, and are associated with an increased relative risk

for breast cancer in humans (25) Therefore, the Py model

allows the study of early stages of tumor development that may

be similar to those occurring in human breast cancer.

Recent studies have revealed that ovarian hormones play

an important role in the induction of mammary tumors by Py

(26, 27). In this thesis, I have examined the effect of

ovariectomy at various times before and after Py infection and

I will present evidence that suggests that ovarian hormones

are important at the time of infection for Py mammary tumor

induction. These observations suggest that ovarian hormones
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play an early role in the tumorigenic process. Thus, this

model system may provide unique insights into the role of

ovarian hormones in mammary carcinogenesis. Interestingly, Py

induced tumors appear to be ovarian hormone-independent for

continued growth (24, 26), similar to approximately 50% of

human breast cancers. Therefore, the Py tumor model also

provides an opportunity to investigate potential treatments of

hormonally unresponsive mammary cancers.

Many studies have examined the involvement of oncogenes

in human breast cancer and these findings have been recently

reviewed (28). The oncogenes that have been found to be

amplified.or overexpressed in human breast tumors include myc,

myb, Ha-ras and neun ‘While these oncogenes are upregulated in

some human tumors, their involvement in the etiology of this

disease is unclear. To elucidate the role of oncogenes that

are implicated in human breast cancer, many lines of

transgenic mice have been created that overexpress these

oncogenes and induce tumors in their mammary glands (29-34).

To determine if any of these implicated oncogenes are involved

in the polyoma system, the expression of these various

oncogenes has also been recently investigated in infected

athymic female mice (24). This study found that with

increased time post infection, the level of c-myc gene

expression was slightly elevated. However, no increases were

observed in Ha-ras, c-neu, int-1 or int-2 gene expression,

indicating that transcriptional upregulation of these proto—

oncogenes does not appear to be a key step underlying Py
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oncogenesis with the possible exception of c-myc.

The tumorigenic property of polyomavirus has been linked

to the action of middle T antigen (Figure 2). The mechanism

behind the neoplastic transformation induced by polyoma has

been suggested to be mediated by the interaction of middle T

antigen with pp60‘Hrc which activates c-src's tyrosine kinase

and phosphorylates middle T antigen (35). The activated

middle T/c-src complex can then associate with

phosphatidylinositol-3 (PI-3) kinase (36-41). Although the

metabolites of the PI-3 kinase are not cleaved by a known

phospholipase, this PI-3 kinase is suggested to play an

important role in growth control since middle T mutants that

are PI-3 kinase deficient have decreased transformation

capabilities (40, 42). In addition to its association with

pp60”", middle T antigen has also been reported to associate

with other protein kinases such as c-fyn and c-yes, both

tyrosine kinases, and can activate c-raf, a serine-threonine

kinase (43-46).

Middle T antigen has also been shown to activate the

protein kinase C (PKC) pathway (47, 48). This property of

middle T may be mediated by the interaction with phospholipase

C-gamma (49), activating the PI signal transduction pathway

downstream of PI kinase. Middle T antigen can also associate

with a protein phosphatase, pp2A (50). By interacting with

pp2A, middle T antigen may interfere with the regulation of

important proteins responsible for signal transduction and

cell cycle control. These perturbations caused by the

 



Figure 2. Polyomavirus mediated signal transduction.

PolyomaviruS'middle:Tiantigen (mT) has been shown to associate

with a variety of cellular proteins and the consequences of

these interactions may result in neoplastic transformation.

Py mT binds to c-src and activates c-src’s tyrosine kinase

activity which results in autophosphorylation of c-src and

phosphorylation of mT. The phosphorylated mT/c-src complex

can now associate with phosphatidylinositol-3 kinase (PIB-K).

PI3-K phosphorylates phosphatidylinositol (PI) on the 3

position, however, no known phospholipase can cleave this

metabolite. The mT/c-src complex has been shown to activate

phospholipase C-gamma (PLC) and.protein.kinase C (PKC). .Also,

the transcriptional activators.AP1 andic-ets, are activated by

middle TL In addition to c-src, mT can also associate in

complexeS‘with c-fyn, c-yes and.c-raf, other cellular kinases.

The consequences of these interactions have not been

determined. Middle T has also been shown to associate with a

cellular protein phosphatase, pp2A. Collectively or

individually, the perturbations that may be caused as a result

of mT interacting with these various cellular proteins may

lead to cellular transformation.
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interaction of middle T antigen with cellular proteins may

play a role in Py transformation. It is also noteworthy to

mention that small T antigen, which is identical to the amino

terminus of middle T antigen except for 4 amino acids at its

carboxyl terminus can also associate with pp2A (50). The role

of small T in Py infection and transformation is not known but

it has been shown to cooperate with middle T in the

transformation of cells in culture by increasing foci growth

(51). Therefore, small T antigen may play a role in Py

transformation as well.

It has been shown that.polyomavirus replication, which is

bi-directional and mediated by large T antigen, is strongly

coupled to viral transcription (52). Studies by de Villiers

et al. (53) and Veldman et al. (54) demonstrated that polyoma

replication requires an enhancer. Indeed, the mutation of

individual nucleotides within the enhancer simultaneously

affected both viral DNA replication and transcription,

suggesting that these two molecular processes may share a

common mechanism (55). Due to this link, the study of the

polyoma enhancer region which is located between nucleotides

5020 and 5265 has been facilitated, since enhancer function

can be measured in terms of the amount of viral DNA that has

been replicated. The Py enhancer has been previously

implicated in the control of organ specific viral replication

in the mouse (56, 57).

Previous studies that examined vira1.DNA.replication in

different organs of both the neonate as well as the adult
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mouse, revealed an organ specific pattern of polyoma

replication. After infection with Py, neonate mice exhibit

high levels of viral DNA replication throughout most of the

mouse with the exception of the brain and blood (56, 58, 59).

This stage of viremia, which peaks at 7-10 days post infection

(pi) is followed by almost complete viral clearance by the

host immune system. Infection of adult normal mice results in

very low levels of viral replication and clearance of the

virus by the immune system of the mouse. However, when adult

athymic, immuno-deficient mice are infected, moderate levels

of replication occur, resulting in the accumulation of high

copy numbers of viral genomes in long-term infections (59).

The three major sites of Py replication in the athymic adult

mouse are the mammary gland, skin and bone.

From these results, four broadly defined organ specific

patterns of Py replication have been identified in the mouse.

They include organs with 1) high levels of replication in

neonates and moderate levels in adults (i.e. mammary gland,

skin and bone), 2) high levels of replication in neonates and

very low levels in adults (i.e. kidney and to a lesser extent,

the liver and lung), 3) higher levels of replication in adult

females compared to adult males (i.e. mammary gland) and 4)

low levels of replication in both neonates and adults (i.e.

brain and blood) (59).

These age related, organ-specific viral replication

patterns observed in neonatally infected and adult infected

mice have led our laboratory to examine the effect of the non-
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coding enhancer region within the polyoma genome as a possible

site controlling these patterns. The Py enhancer has been

segmented into domains and sub-domains, based primarily upon

restriction enzyme recognition sites. Very generally, it has

been split into two domains, A and B (Figure 3). The effects

of enhancer rearrangements on the pattern of replication of

the A2v genome in neonatally infected Balb/c mice were

previously investigated (56, 57). These studies demonstrated

that rearrangements within the enhancer, involving deletions

of the B domain and duplications of the A domain of Py,

severely decreased viral replication in the kidney, liver and

lung of the neonate mouse. However, these rearrangements did

not greatly affect replication in the mammary gland, skin and

bone of either neonate or athymic adult mice (57). These

studies suggested that the B domain is important for viral

replication in all organs at neonatal infection. In terms of

the mammary gland, these results suggest that either the B

domain has no mammary control element or that the duplications

within the A enhancer domain can compensate for the B

deletion. In either case, a major control of Py replication

in the mammary gland lies outside of the B enhancer domain and

it is the A domain that is implicated in this control.

The sites of polyoma tumorigenesis also show an age-,

organ- and sex-specific pattern. The oncogenicity of wild-

type strains of polyomaviruses was extensively studied in the

1960's and has been recently reviewed (60). Infection of

neonatal mice with the wild type strain A2 results in a
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Figure 3. Physical map of the enhancer region of the

polyomavirus A2 genome. The polyomavirus enhancer has been

divided into two very general domains, A and B. PEAl, the

mouse homologue to AP1, and PEA3, the mouse homologue to c-

ets, both bind to multiple sites within the A and B domains.

This figure was designed by Larry G. Martin.
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variety of tumors of both epithelial and mesenchymal origin.

The major types include tumors of the mammary gland, skin,

bone, salivary glands and kidney (sarcomas). This review

described over 30 different cell types that are susceptible to

infection and approximately 23 sites for tumorigenesis by

polyomavirus in neonatal mice. While mice that are neonatally

infected with Py are susceptible to the virus and develop

these tumors later in life, infection of normal adult mice

results in rapid immune clearance of the virus and no tumors

develop.

However, infection of adult athymic female mice with Py

results in the induction of mainly mammary adenocarcinomas and

osteosarcomas (23, 61). Mammary adenocarcinomas arise in a

very short period after infection (6 weeks) and at a very high

incidence (96%) in ovary intact athymic female Balb/c mice.

Infection of adult athymic male mice results mainly in

osteosarcomas; but no mammary tumors are induced (23). The

basis for the lack of mammary tumor development in males is

not known but it is intriguing that the virus does replicate

in the male mammary gland, albeit at lower levels (59).

Howeverq a threshold level of organ specific viral replication

may not be all that is required for organ specific

tumorigenesis. Since Py does not cause tumors in all organs

in which it replicates, Py may require the cells to possess

additional characteristics for transformation. It may be that

these characteristics are present only in the adult female

mammary gland and are regulated by ovarian hormones. The



17

control of this mammary-tropic viral replication and sex-

specific mammary tumorigenesis remains to be elucidated.

It is possible that the organ-specificity as well as the

sex-specificity of Py replication and tumorigenesis are

mediated. by transcription factors that bind to enhancer

sequences. As discussed above, 1 vivo experiments with B
 

enhancer deletion mutants suggested that the major control of

Py replication in the adult mammary gland lies outside of the

B enhancer domain and implicated the A domain (57). These age

dependent, organ-specific viral replication patterns have led

to the ongoing examination of the Py enhancer region for

specific sequences that control these patterns (62). Within

the A enhancer domain, there are known binding sites for the

transcriptional activators PEAl and PEA3 which are the mouse

homologues to API and c-ets, respectively (see Figure 3).

Therefore, the binding of these activators to the A enhancer

domain of Py may control viral replication and gene expression

in the mouse mammary gland“ The influence of ovarian hormones

on the activity of these factors may help to explain the sex-

specific pattern of Py mammary tumorigenesis.

Recent cell culture studies have shown that Py middle T

antigen activates PEAl (47) and PEA3 (63). This is taken as

evidence that middle T antigen induces a signal transduction

pathway which activates protein kinase C as described above.

PEA3 has recently been shown to cooperate with the PEAl

components, c-Fos and c-Jun, to activate transcription through

their binding sites in the Py enhancer (64). PEAl can exist
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as a combination of protein complexes comprised of c-Fos, b-

Jun and/or c-Jun dimers (65). Both estrogen and progesterone

are able to increase expression of the human c-fos gene and

consequently, APl (66, 67). c-fos gene expression is induced

by estrogen in HeLa cells and by progesterone in T-47D human

breast cancer cells. If PEA1 is also induced in the mouse

mammary gland in response to ovarian hormones, this might

explain the ability of Py to replicate to higher levels in the

female mammary gland. However, this thesis will show that

ovariectomy does not decrease the level of Py genomes in the

mammary gland but clearly affects the transformation of the

gland. It remains plausible that an ovarian hormone regulated

factor(s) is required for Py transformation of the mammary

gland. It may be that an indirect factor (i.e. cellular

metabolic state, proliferative status, etc.) is upregulated in

the ovary intact gland and makes the gland immediately

susceptible to Py transformation which is reflected in short

latencies and high mammary tumor incidence.

Indeed, the activation of PEA1 and PEA3 by middle T

antigen in the mammary gland might play a major role in the

neoplastic cascade induced by the virus. A positive feedback

loop may be created by the middle T induced signal

transduction cascade, with PEA1 and PEA3 increasing the

expression of not only Py genes but also cellular genes that

may play a crucial role in transforming the mammary

epithelium. It may be that the ovary intact female mammary

gland may contain a factor(s) that mediates the organ-tropism
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of viral replication and tumorigenesis. This factor may not

be present or may not function optimally in the male mammary

gland.

In.order to understand the possible basis for sex-related

patterns of tumorigenesis it is necessary to understand the

differences in the development of mammary glands of male and

female mice. These differences have been reviewed (68) and

are presented in Figure 4. During the first half of

gestation, mammary gland development is similar for both

sexes. At 13-15 days of gestation, androgen secretion begins

in the male embryo and the growth of the mammary epithelium is

halted and the primary duct detaches from the nipple region,

leaving only a rudimentary gland. The male gland does not

undergo any further development without hormonal manipulation.

By contrast the epithelial rudiment of the female continues to

grow'and branch; this embryonic growth is hormone independent.

The rudimentary gland remains quiescent and unresponsive to

estrogen and progesterone until puberty at 3-4 weeks of age

with the onset of ovarian cycles (68). At this time, the

epithelium proliferates in response to estrogen and extensive

ducts develop and elongate. It is also at this age that the

epithelium can respond to epidermal growth factor (EGF) which

induces proliferation and ductal elongation (69). Therefore,

at this age, the mammary gland is very proliferative in

response to estrogen and EGF, but is not yet responsive to

progesterone (70). The mammary epithelium continues to grow

until it reaches the boundaries of its stromal fat pad by 8-10
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Figure 4. Mouse mammary gland development. In both sexes

during early gestation, the mammary epithelial bud is formed

and begins to grow. However, unlike the female primary duct

that continues to grow and branch until birth, the male

epithelial growth is halted at mid-gestation by the increase

in circulating androgens. The epithelium regresses and the

primary duct detaches from the nipple. At birth, the female

mammary gland remains rudimentary and very little growth

occurs until puberty at approximately 3 to 5 weeks of age. At

this time, the ductal epithelium elongates in response to

estrogen (E) and epidermal growth factor (EGF). At 7 to 8

weeks of age, the mammary gland now responds to E by inducing

epithelial progesterone :receptors (PgR) which, confer

responsiveness tijrogesterone (P). E’induces sidebranches at

this age. At 10 weeks of age, EGF receptors (EGFR) can be

induced by E and P and more extensive sidebranches are

induced. Increased sidebranching occurs as the mouse ages.
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weeks. At 10 weeks of age, the gland begins to develop

sidebranches as a result of the induction of progesterone

receptors.by estrogen and the acquisition of responsiveness to

progesterone (70-72). EGF receptors are inducible by estrogen

and progesterone at 10 weeks of age and confer a different

responsiveness to EGF which can now induce extensive

sidebranching to create a more differentiated gland (73). By

20 and 30 weeks of age, more extensive sidebranching occurs

(74). With the onset of pregnancy, in response to the

elevated levels of estrogen, progesterone, EGF and placental

hormones, extensive epithelial proliferation and morphogenesis

take place that produce a fully differentiated gland (74).

After parturition, with the onset of lactation, the mammary

gland becomes refractory to estrogen and progesterone (75).

Therefore, as the female mouse ages, the mammary gland

progresses through different morphological states that have

varying degrees of proliferation and differentiation. During

the early growth stages from puberty until about 10 weeks of

age, the gland is very proliferative, especially at the

terminal end buds (76). As the gland begins to develop

sidebranches at 10 weeks of age, it becomes more

differentiated, as these sidebranches are the structures from

which lobuloalveoli will form if the mouse becomes pregnant

(77). The proliferative end buds are present from puberty

until the epithelium reaches the boundaries of the stromal fat

pad between 8 and 10 weeks of age. It is at this time that

the end buds regress and the proliferative activity of the

I
!
!
!
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gland decreases (76, 78). At later ages, more sidebranching

and lobule development occurs creating a more differentiated

gland (74).

One specific difference between male and female mammary

glands that may determine sex-related differences in tumor

development may be differences in ovarian hormone and growth

factor receptor expression. The ontogeny of estrogen,

progesterone and EGF receptors and mammary gland

responsiveness to these factors has been described for the

female mouse (69-71, 79). Estrogen receptors are present in

the female mouse mammary gland at 3 days of age but the gland

does not respond to estrogen until at least 3-5 weeks of age.

At 3-5 weeks of age, the mouse mammary gland proliferates in

response to estrogen treatment, but it is not until 7 weeks of

age that.the:gland.produces progesterone receptors in response

to estrogen. The inability to induce progesterone receptors

before this age suggests a difference in the response to

estrogen or function of the estrogen receptors at different

developmental stages. Progesterone receptors are present in

low concentrations in the stromal cells of the mouse mammary

gland.at.5 weeks of age but are not responsive to progesterone

until 7 weeks of age. The responsiveness to progesterone has

been shown to correlate with the presence of the estrogen-

inducible progesterone receptors in the mammary epithelium

(70). EGF receptors are also present in immature animals (80)

but are not inducible by estrogen and progesterone until 10

weeks of age (73). Thus, the ability of the female mammary
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gland to respond to ovarian hormones could account for the

difference in tumorigenesis between males and females. If a

sequential developmental process, such as the acquistion of

hormone receptors, that is influenced by ovarian hormones and

growth factors must occur to create a susceptible gland for Py

tumorigenesis, then the male mammary gland may not provide an

optimal target for Py transformation.

It is possible that the rudimentary development of the

mammary gland in male mice is not sufficient to create optimal

conditions for mammary tumorigenesis similar to that of the

females. One might expect that by increasing the number of

target epithelial cells, the chance for transformation by the

virus will also increase. In this regard, it is of interest

that Py infection of the neonate mouse is associated with high

levels of replication in the mammary gland (56, 59) and that

mammary tumors do appear in both sexes later in adulthood

(60). Thus, it is unlikely that the size of the gland alone

is a sufficient explanation for the lack of mammary tumors in

adult athymic male mice. A possible explanation for mammary

tumor induction in neonatally infected males may be that the

neonate mouse tissues which contain high numbers of stem

cells, may permit a sufficient level of replication and gene

expression for subsequent mammary tumorigenesis or have a

higher number/ratio of susceptible cells than adult male mice.

This could be explained by the presence of 1) a factor that is

ovarian hormone independent in the neonate and subsequently

hormonally regulated in the adult or 2) a unique
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characteristic in the neonate male and female as compared to

the adult female mammary gland. Thus, by infecting the male

mouse neonatally, the virus may escape the sex specificity for

mammary tumor development that is present in the adult mouse.

Clearly, there is something about the adult female mouse

mammary gland that allows the production of tumors by Py.

Previous studies have examined the effect of age and

proliferative status on the induction of mammary tumors by

chemical carcinogens and have observed age dependencies for

initiation (11, 81-83). This age effect is inherent in the

tissue "age" and not the animal age or its accompanying

hormonal milieu as donor mammary glands from young rats are

equally susceptible to DMBA when transplanted into young or

old rats (11). Whereas, older donor mammary glands remain

less susceptible to DMBA tumor induction, even when

transplanted into young animals. 11:has been shown that young

animals have more terminal end buds that are highly

proliferative (84) and.the presence of these proliferative end

buds in rats correlates with the ability of carcinogens to

induce mammary tumors, suggesting that they are the target

sites for transformation (82, 85-89). Sharkey and Bruce (76)

have demonstrated the targeting effect of ionizing radiation,

DMBA and NMU to the terminal end buds of 7 week old mice by

quantitating nuclear aberrations. Younger animals had higher

tumor incidence and shorter latency periods than.older animals

that do not have the end buds and have more differentiated

mammary glands that are generally much less proliferative.

.
‘
I
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In this regard, high levels of cellular proliferation are

also observed in intralobular terminal ducts, the. human

equivalent to the mouse terminal end bud (90). This study

also identified increased growth fractions and longer S phases

in the terminal ducts of younger women. If rapidly

proliferating cells are the targets for carcinogenic agents,

then younger animals and women may be more susceptible to

initiation events. Indeed, increased breast cancer incidence

has been observed in young women (ages 10-20 years) who were

exposed to repeated fluoroscopic chest examinations and

ionizing radiation during the atomic bombing of.Japan compared

to their older counterparts (91, 92).

The age effect on carcinogenesis may also be due to the

process of differentiation that occurs as the animal ages (82,

86, 88, 89, 93). Several studies have shown protective

effects of full term. pregnancy, lactation and chorionic

gonadotropin, a placental hormone, on carcinogen induced

mammary tumors, suggesting that more differentiated cells are

less susceptible to initiation and/or promotion of neoplastic

foci (94-96). The target cell population for the carcinogen

is decreased in late pregnant and lactating mammary glands

that are fully differentiated and less proliferative (89).

However, when carcinogens are given before or at mid-

pregnancy, high mammary tumor incidence is induced, which may

be due to high proliferation rates at these stages of

development (97).

In this regard, I have infected ovary intact or
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ovariectomized athymic mice with Py at various ages to

determine if the stage of mammary gland development and

hormonal responsiveness influences the level of Py genomes,

early viral protein and/or middle T associated kinase activity

and mammary tumorigenesis. If the cells in which Py can

replicate and produce middle T antigen differ due to the state

of the gland, one may expect different responses to Py at

various ages and developmental states. ‘This study may provide

clues about the nature of ovarian hormone- and age-related

influences on mammary tumorigenesis.  



10.

11.

LIST OF REFERENCES

Sondik, E. iOverviewu Cancer Statistics Review 1973-1986

National Cancer Institute. NIH publication no. 89-2789,

p. I. 9, 1989.

Marshall, B. The politics of breast cancer. Science,

259:616-617, 1993.

Pike, M., P. Sitteri and C. Welsch. Hormones and Breast

Cancer. Cold Spring Harbor Laboratory Press, 1981.

7

Dupont, W. D. and D. L. Page. Breast cancer risk

associated with proliferative disease, age at first birth

and a family history of breast cancer. Am. J.

Epidemiol., 125:769-779, 1987.

 

Pike, M. C., B. E. Henderson, M. D. Krailo, A. Duke and

S. Roy. Breast cancer in young women and use of oral

contraceptives: possible modifying effect of formulation

and age at use. Lancet, 22:926-929, 1983.

W
_
—
‘

_
.

_
_

Olsson, H., T. R. Moller and J. Ranstam. Early

contraceptive use and breast cancer among premenopausal

women: final report from a study in southern Sweden“ J.

Natl. Cancer Inst., 81:1000-1004, 1989.

Meirik, O., E. Lund, H-O. Adami, R. Bergstrom, T.

Christoffersen and P. Bergsjo. Oral contraceptive use

and breast cancer in young women. A joint national case-

control study in Sweden and Norway. Lancet, 2:650-653,

1986.

Pike, M. C., M. D. Krailo, B. E. Henderson, J. T.

Casagrande and D. G. Hoel. "Hormonal" risk factors,

"breast tissue age" and the age-incidence of breast

cancer. Nature, 30;:767-770, 1983.

Huggins, C., G. Briziarelli and H. Sutton, Jr. Rapid

induction of mammary carcinoma in the rat and the

influence of hormones on the tumors. J. Exp. Med.,

1Q9:25-42, 1959.

Huggins, C., L. C. Grand and F. P. Brillantes. Mammary

cancer induced by a single feeding of polynuclear

hydrocarbons, and its suppression. Nature, 189:204-207,

1961.

Dao, T. L. and H. Sunderland. Mammary carcinogenesis by

3-methylcholanthrene. I. Hormonal aspects in tumor

induction and growth. J. Natl. Cancer Inst. , §:567-581,

1959.

28

 



12.

13.

14.

15.

16.

17.

18.

19.

20.

22.

23.

29

Dao, T. L. Mammary cancer induction by 7,12-

dimethylbenz(a)anthracene: relation to age. Science,

165:810-811, 1969.

Gullino, P. M., H. M. Pettigrew and F. H. Grantham. N-

nitrosomethylurea as mammary gland carcinogen in rats.

J. Natl. Cancer Inst., 54:401-409, 1975.

Dao, T. L. The role of ovarian hormones in initiating

the induction of mammary cancer in rats by polynuclear

hydrocarbons. Cancer Res., 22:973-981, 1962.

Nandi, S. and C. M. McGrath. Mammary neoplasia in mice.

In; G. Klein, S. Weinhouse and A. Haddow (eds.),

Advances in Cancer Research, vol. 17, pp. 353-414. New

York: Academic Press, 1973.

Noble, R. L. In: G. Pincus, K. V. Thimann and E. B.

Astwood (eds.), The Hormones, vol. 5, pp. 559-695. New

York: Academic Press, 1964.

Ringold, G. M., K. R. Yamamoto, G. M. Tomkins, J. M.

Bishop and H. E. Varmus. Dexamethasone-mediated

induction.of mouse mammary tumor virus RNA: a system for

studying glucocorticoid action. Cell, 6:299-305, 1975.

Ucker, D. S. and K. R. Yamamoto. Early events in the

stimulation of mammary tumor virus RNA synthesis by

glucocorticoids. J. Biol. Chem., 259:7416-7420, 1984.

Cato, A. C. B., R. Miksicek, G. Schutz, J. Arnemann and

M. Beato. The hormone regulatory element of mouse

mammary tumor virus mediates progesterone induction.

EMBO J., 5:2237-2240, 1986.

Cato, A. C. B., D. Henderson and H. Ponta. The hormone

response element of the mouse mammary tumor virus DNA

mediates the progestin and androgen induction of

transcription in the proviral long terminal repeat

region. EMBO J., 6:363-368, 1987.

Munoz, B. and F. F. Bolander, Jr. Prolactin regulation

of mouse mammary tumor virus (MMTV) expression in normal

mouse mammary epithelium. Mol. Cell. Endocrinol. , 62:23-

29, 1989.

Soeda, E., J. R. Arrand, N. Smolar, J. E. Walsh and B. E.

Griffen. Coding potential and regulatory signals of the

polyoma virus genome. Nature, 283:445-453, 1980.

Berebbi, M., L. Dandolo, J. Hassoun, A. M. Bernard and D.

Blangy. Specific tissue targeting of polyoma virus

oncogenicity in athymic nude mice. Oncogene, 2:149-



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

30

156, 1988.

Haslam, S. 2., J. J. Wirth, L. J. Counterman and M. M.

Fluck. Characterization of the mammary hyperplasia,

dysplasia and neoplasia induced in athymic female

adult mice by polyomavirus. Oncogene, 1:1295-1303, 1992.

Bodian, C. A., K. H. Perzin, R. Lattes, P. Hoffmann and

T. G. Abernathy. Prognostic significance of benign

proliferative breast disease. Cancer, 1;:3896-3907,

1993.

Berebbi, M., P. M. Martin, Y. Berthois, A. M. Bernard and

D. Blangy. Estradiol dependence of the specific mammary

tissue targeting of polyoma virus oncogenicity in nude

mice. Oncogene, 5:505-509, 1990.

Neri, C., D. Blangy, B. Schatz, K. Drieu, M. Berebbi and

P-M. Martin. Direct inhibiting effects of [D-

ijf]Gonadotropin-releasing hormone on the estrogen-

sensitive progression of polyoma virus-induced mammary

tumors in athymic mice. Cancer Res. , §_Q:5892-5897, 1990.

Gelmann, E. P. and M. E. Lippman. Understanding the role

of oncogenes in human breast cancer. IQ; M. Sluyser

(ed.) Growth Factors and Oncogenes in Breast Cancer, pp.

29-43. Chichester: Horwood, 1987.

Stewert, T. A., P. K. Pattengale and P. Leder.

Spontaneous mammary adenocarcinomas in transgenic mice

that carry and express MTV/myg fusion genes. Cell,

§_8_:627-637, 1984.

Sinn, E., W. Muller, P. Pattengale, I. Tepler, R. Wallace

and P. Leder. Coexpression of MMTV/v-Ha-ras and MMTV/c-

myg genes in transgenic mice: synergistic action of

oncogenes in vivo. Cell, 42:465-475, 1987.

Muller, W. J., E. Sinn, P. K. Pattengale, R. Wallace and

P. Leder. Single-step induction of mammary

adenocarcinoma in transgenic mice bearing the activated

c-ngu oncogene. Cell, 54:105-115, 1988.

Tsukamoto, A. S., R. Grosschedl, R. C. Guzman, T. Parslow

and H. E. Varmus. Expression of the int-1 gene in

transgenic mice is associated with mammary gland

hyperplasia and adenocarcinomas in male and female mice.

Cell, 55:619-625, 1988.

Tremblay, P. J., F. Pothier, T. Hoang, G. Tremblay, S.

Brownstein, A. Liszauer and.P. Jolicoeuru Trangenic mice

carrying the mouse mammary tumor virus rag fusion gene:

distinct effects in various tissues. Mol. Cell Biol.,

 



31

9:854-859, 1989.

34. Bouchard, L., L. Lamarre, P. J. Tremblay and P.

Jolicoeur. Stochastic appearance of mammary tumors in

transgenic mice carrying the MMTV/c-neg oncogene. Cell,

51:931-936, 1989.

35. Courtneidge, S. A. and A. E. Smith. The complex of

polyoma virus middle T-antigen and pp60°m. EMBO J,

3:585-591, 1984.

36. Whitman, M., D. R. Kaplan, B. Schaffhausen, L. Cantly and

T. M. Roberts. Association of phosphatidylinositol

kinase activity with polyoma middle-T competent for

transformation. Nature, 31;:239-242, 1985.

37. Kaplan, D. R., M. Whitman, B. Schaffhausen, L. Raptis, R.

Garcea, D. Pallas, T. M. Roberts and L. Cantly.

Phosphatidylinositol metabolism and polyoma-mediated

transformation. PNAS, 8;:3624-3628, 1986.

38. Courtneidge, S. A. and A. Heber. An 81 kd protein

complexed with middle T-antigen and pp60”“: a possible

phosphatidylinositol kinase. Cell, 50:1031-1037, 1987.

39. Pallas, D. C., V. Cherington, W. Morgan, J. DeAnda, D.

Kaplan, B. Schaffhausen and T. M. Roberts. Cellular

proteins that associate with the middle and small T

antigens of polyomavirus. J. Virol. , 62:3934-3940, 1988.

40. Talmage, D. A., R. Freund, A. T. Young, J. Dahl, C. J.

Dawe and T. L. Benjamin. Phosphorylation of middle T by

pp6OM": a switch for binding of phosphatidylinositol 3-

kinase and optimal tumorigenesis. Cell, 59:55-65, 1989.

41. Ulug, E. T., P. T. Hawkins, M. R. Hanley and S. A.

Courtneidge. Phosphatidylinositol metabolism in cells

transformed by polyomavirus middle T antigen. J Virol,

64:3895-3904, 1990.

42. Ling, L. E., B. J. Druker, L. C. Cantley and T. M.

Roberts. Transformation-defective mutants of

polyomavirus middle T antigen associate with

phosphatidylinositol 3-kinase (PI 3-kinase) but are

unable to maintain wild-type levels of PI 3-kinase

products in intact cells. J. Virol., 6_6_:1702-1708, 1992.

43. Horak, I. D., T. Kawakami, F. Gre ory, K. C. Robbins and

J. B. Bolen. Association of p60n with middle tumor

antigen in murine polyomavirus-transformed rat cells. J.

Virol., 63:2343-2347, 1989.

44. Cheng, S. H., R. Harvey, P. C. Espino, K. Semba, T.



45.

46.

47.

48.

49.

50.

51.

52.

53.

‘ 32

Yamamoto, K. Toyoshima and A. E. Smith. Peptide

antibodies to the human c-fyn gene product demonstrate

pp59°m‘is capable of complex formation with the middle-T

antigen of polyomavirus. EMBO J., 1:3845-3855, 1988.

Kornbluth, S., M. Sudol and H. Hanafusa. Association of

the polyomavirus middle-T antigen with c-yes protein.

Nature, 325:171-173, 1987.
 

Morrison, D. K., D. R. Kaplan, U. R. Rapp and T. M.

Roberts. Signal transduction from membrane to cytoplasm:

growth factors and membrane-bound oncogene products

increase Raf-1 phosphorylation and associated protein

kinase activity. Proc. Natl. Acad. Sci., 85:8855-8859,

1988.

Wasylyk, C., J. L. Imler and B. Wasylyk. Transforming

but not immortalizing oncogenes activate the

transcription factor PEA1. EMBO J, 1:2475-2483, 1988.

Chen, M-C. Thesis: The role of middle T mediated

enhancer activity in polyoma viral DNA replication and

neoplastic transformation. Michigan State University,

1991.

Gorga, F., C. Riney and T. Benjamin. Inositol

triphospate levels in cells expressing wild-type and

mutant polyomavirus middle T antigens: evidence for

activation of phospholipase C via activation of pp60c-

src. J Virol, 64:105-112, 1990.

Pallas, D. C., L. K. Shahrik, B. L. Martin, S. Jaspers,

T. B. Miller, D. L. Brautigan and T. M. Roberts. Polyoma

small and.middle Tiantigens and SV40 small T antigen form

stable complexes with protein phosphatase 2A. Cell,

69:167-176, 1990.

Noda, T., M. Satake, Y. Yamaguchi and Y. Ito.

Cooperation of middle and small T antigens of

polyomavirus in transformation of established fibroblast

and epitheliallike cell lines. J. Virol., 61:2253-2263,

1987.

Tyndall, C., G. LaMantia, C. M. Thacker, J. Favaloro and

R. Kamen. A region of the polyoma virus genome between

the replication origin and late protein coding sequences

is required in cis for both early gene expression and

viral DNA replication. Nuc. Acids Res., 2:6231-6250,

1981.

deVilliers, J. and W. Schaffner. A small segment of

polyomavirus DNA enhances the expression of a cloned b-

globin gene over a distance of 1400 base pairs. Nucleic



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

33

Acids Res., 9:6251-6264, 1981.

Veldman, G. M., S. Lupton and R. Kamen. Polyomavirus

enhancer contains multiple redundant sequence elements

that activate both DNA replication and gene expression.

Mol. Cell. Biol., 5:649-658, 1985.

Tang, W. J., S. L. Berger, S. J. Triezenberg and W. R.

Folk. Nucleotides in the polyomavirus enhancer that

control viral transcription and DNA replication. Mol.

Cell. Biol., 1:1681-1690, 1987.

Amalfitano, A. Thesis: The role of the polyoma enhancer

in replication of the virus in vitro and in vivo.

Michigan State University, 1989.

Amalfitano, A., L. G. Martin and M. M. Fluck. Different

roles for two enhancer domains in the organ- and age-

specific pattern of polyomavirus replication in the

mouse. Mol. Cell. Biol., 1;:3628-3635, 1992.

Rowe, W. P. The epidemiology of mouse polyoma virus

infection. Bacteriol Revs., 25:18-31, 1961.

Wirth, J. J., A. Amalfitano, R. Gross, M. B. A. Oldstone

and M. M. Fluck. Organ- and age-specific replication of

polyomavirus in the mouse. J Virol. , @3278-3286, 1992.

Dawe, C. J., R. Freund, G. Mandel, K. Ballmer-Hofer, D.

A. Talmage and T. L. Benjamin. Variations in polyoma

virus genotype in relation to tumor induction in mice.

Am. J. Path., 127:243-261, 1987.
 

Harper, J., C. Dawe, B. Trapp, P. McKeever, M. Collins,

J. Woyclechowska, D. Madden and J. Sever. Paralysis

in nude mice caused by polyoma virus-induced vertebral

tumors. In; J. Sever and D. Madden (eds.),

Polyomaviruses and Human Neurological Disease, vol. 105,

pp. 359-367. New York: Alan R. Liss, 1983.

L. G. Martin, Characterization of polyomavirus enhancer

sequences which regulate tissue specific replication in

the mouse. Thesis in progress.

Wasylyk, C., P. Flores, A. Gutman and B. Wasylyk. PEA3

is a nuclear target for transcription activation by non-

nuclear oncogenes. EMBO J., 8:3371-3378, 1989.

Wasylyk, B., C. Wasylyk, P. Flores, A. Begue, D. Leprince

and D. Stehelin. The c-ets proto-oncogenes encode

transcription factors that cooperate with.c-Fos.and.c-Jun

for transcriptional activation. Nature, 346:191-193,

1990.



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

34

Curran, T. and B. R. Franza, Jr. F05 and Jun: the AP-1

connection. Cell, 55:395-397, 1988.

Weisz, A. and R. Rosales. Identification of an estrogen

response element upstream of the human c-fgs gene that

binds the estrogen receptor and the AP-1 transcription

factor. Nucleic Acids Res., 18:5097-5106, 1990.

Musgrove, E. A., C. S. L. Lee and R. L. Sutherland.

Progestins both stimulate and inhibit breast cancer cell

cycle progression while increasing expression of

transforming growth factor alpha, epidermal growth factor

receptor, c-fos, and c-myc genes. Mol. Cell Biol.,

11:5032-5043, 1991.

Topper, Y. J. and C. S. Freeman. Multiple hormone

interactions in the developmental biology of the mammary

gland. Physiol. Rev., 60:1049-1106, 1980.

Haslam, S. 2., L. J. Counterman and K. A. Nummy. Effects

of epidermal growth factor, estrogen, and progestin on

DNA synthesis in mammary cells in vivo are determined by

the developmental state of the gland. J. Cell. Physiol. ,

155:72-78, 1993.

Haslam, S. Z. The ontogeny of mouse mammary gland

responsiveness to ovarian steroid hormones. Endocrinol. ,

125:2766-2772, 1989.

Haslam, S. Z. Progesterone effects on deoxyribonucleic

acid synthesis in normal mouse mammary glands.

Endocrinol., 122:464-470, 1988. .

Wang, S., L. J. Counterman and S. Z. Haslam.

Progesterone action in normal mouse mammary gland.

Endocrinology, 127:2183-2189, 1990.
 

Haslam, S. 2., L. J. Counterman and K. A. Nummy. EGF

receptor regulation in normal mouse mammary gland. J.

Cell. Physiol., 152:553-557, 1992.

Nandi, S. IEndocrine control of mammary-gland development

and function in the C3H/He Crgl mouse. J. Natl. Cancer

Inst., 21:1039-1055, 1958.

Haslam, S. Z. and G. Shyamala. Effect of oestradiol on

progesterone receptors in normal mammary glands and its

relationship with lactation. Biochem. J., 182:127-131,

1979.

Sharkey, S. M. and W. R. Bruce. Quantitation of nuclear

aberrations as a screen for agents damaging to mammary

epithelium. Carcinogenesis, 1:1991-1995, 1986.



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

35

Vonderhaar, B. K. IHormones and growth factors in mammary

gland development. In; C. M. Veneziale (ed.), Control of

cell growth and proliferation, pp. 11-33. New York: Van

Nostrand-Reinhold, 1985.

Bertalanffy, F. D. Comparison of mitotic rate in normal

renewing and neoplastic cell populations. Can. Cancer

Conf., Ottawa, 1:65-83, 1967.

Haslam, 8. Z. and K. A. Nummy. The ontogeny and cellular

distribution of estrogen receptors in normal mouse

mammary gland. J. Steroid Biochem. Molec. Biol., 42:589-

595, 1992.

Coleman, 8., G. B. Silberstein and C. W. Daniel. Ductal

morphogenesis in the mouse mammary gland: evidence

supporting a role for epidermal growth factor. Dev.

Biol., 121:304-315, 1988.

Grubbs, C. J., J. C. Peckham and K. D. Cato. Mammary

carcinogenesis in rats in relation to age at time of N-

nitroso-N-methylurea administration. J. Natl. Cancer

Inst., 1g:209-212, 1983.

Sinha, D. K., J. E. Pazik and T. L. Dao. Progression of

rat mammary development with age and its relationship to

carcinogenesis by a chemical carcinogen. Int. J. Cancer,

g1:321-327, 1983.

Meranze, D. R., M. Gruenstein and M. B. Shimkin. Effect

of age and sex on the development of neoplasms in Wistar

rats receiving a single intragastric instillation of

7,12-dimethylbenz(a)anthracene. Int. J. Cancer, 4:480-

486, 1969.

Korfsmeier, K. H. Proliferation kinetics in the mammary

gland of the mouse during postnatal development. Anat.

Anz., 145:313-318, 1979.

Russo, J., J. Saby, W. M. Isenberg and I. H. Russo.

Pathogenesis of mammary carcinomas induced in rats by

7,12-dimethylbenz(a)anthracene. J. Natl. Cancer Inst.,

59:435-445, 1977.

Russo, J., G. Wilgus and I. H. Russo. Susceptibility of

the mammary gland to carcinogenesis. I. Differentiation

of the mammary gland as determinant of tumor incidence

and type of lesion. Am. J. Path., 96:721-733, 1979.

Haslam, S. Z. The effect of age on the histopathogenesis

of 7 , 12-dimethylbenz (a) -anthracene-induced mammary tumors

in the Lewis rat. Int. J. Cancer, 26:349-356, 1980.



88.

89.

90.

91.

92.

93.

94.

95.

96.

36

Russo, J. and I. H. Russo. DNA labeling index and

structure of the rat mammary gland as determinants of its

susceptibility to carcinogenesis. J. Natl. Cancer Inst. ,

91:1451-1457. 1978.

Russo, J., L. K. Tay and I. H. Russo. Differentiation of

the mammary gland and susceptibility to carcinogenesis.

Breast Cancer Res. Treat., 2:5-73, 1982.

Russo, J., G. Calaf, L. Roi and I. H. Russo. Influence

of age and gland topography on cell kinetics of normal

human breast tissue. J. Natl. Cancer Inst., 18:413-418,

1987.

Boice, Jr., J. D. and R. R. Monson. Breast cancer in

women after repeated fluoroscopic examinations of the

chest. J. Natl. Cancer Inst., 52:823-832, 1977.

Tokunaga, M., J. E. Norman, Jr., M. Asano, S. Tokuoka, H.

Ezaki, I. Nishimori and Y. Tsuji. Malignant breast

tumors among atomic bomb survivors, Hiroshima and

Nagasaki, 1950-74. J. Natl. Cancer Inst., 6;:1347-1359,

1979.

Russo, I. H. and J. Russo. Developmental stage of the

rat mammary gland as determinant of its susceptibility to

7,12-dimethylbenz(a)anthracene. J. Natl. Cancer Inst.,

61:1439-1445, 1978.

Dao, T. L., F. G. Bock and M. J. Greiner. Mammary

carcinogenesis by 3-methy1cholanthrene. II. Inhibitory

effect of pregnancy and Lactation on Tumor Induction. .J.

Natl. Cancer Inst., 25:991-1002, 1960.

Grubbs, C. J., D. L. Hill, K. C. McDonough and J. C.

Peckham. N-nitroso-N-methylurea-induced mammary

carcinogenesis: Effect of Pregnancy on preneoplastic

cells. J. Natl. Cancer Inst., 11:625-628, 1983.

I. H. Russo, M. Koszalka, P. A. Gimotty and J. Russo.

Protective effects of chorionic gonadotropin on DMBA-

induced mammary carcinogenesis. Br. J. Cancer, 62:243-

247, 1990.



Chapter 2

The role of ovarian hormones, age and mammary gland

development state in polyomavirus mammary tumorigenesis.

ABSTRACT

Polyomavirus (Py) infection of adult athymic female mice

causes a high incidence of mammary adenocarcinomas. I have

examined the role of ovarian hormones, age and mammary gland

development at the time of infection in Py tumorigenesis.

Ovary intact mice were infected at 3, 6, 10, 20 and 30 weeks

of age with Py A2. In addition, mice were ovariectomized

(OVX) at 5, 9 and 19 weeks of age and were infected 1 week

later. To establish the time at which ovarian hormones are

required for tumorigenesis, mice were OVX at 3 weeks, 1 week

or 48 hours before or 1 week after infection at 6 weeks of

age. To determine the effect of proliferation and

differentiation on tumor induction, eight or 10 week old mice

that were OVX and treated with 1 ug 17-beta estradiol (E) and

1 mg progesterone (P) for 3 or 1 weeks before infection and

late pregnant mice were also infected. OVX-saline treated

mice served as controls. All mice were palpated for 14 weeks

post infection (pi). Mammary tumor incidence and number were

significantly decreased and mammary tumor latency was

significantly increased with increasing age at the time of

infection. In addition, OVX at older ages (10 and 20 weeks)
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drastically reduced or eliminated tumor induction. Since OVX

at least 1 week before infection significantly reduced

tumorigenesis, ovarian hormones are important at the time of

infection. In addition, longer periods between OVX and

infection further decreased tumor induction. Late pregnant

mice with fully differentiated mammary glands remained

susceptible to Py transformation, suggesting that the decrease

in Py tumorigenicity in older animals is not simply due to

differentiation but may be due to the loss of proliferation or

certain target cell types that are present in young mice. 'The

drastic effect of OVX on tumorigenesis suggests a positive

role for ovarian hormones in the poloymavirus carcinogenic

process and it may be that the target cell population is

influenced by both age and mammary development state.



INTRODUCTION

Mouse polyomavirus (Py), a DNA tumor virus, is an

important model system used in the study of virally induced

tumors in mice and cell transformation in tissue culture.

Previous studies that examined viral DNA replication in

different organs of both the neonate as well as the adult

mouse revealed an age- and organ-specific pattern of Py

replication (1).

The sites of Py tumorigenesis in adult athymic mice also

show an age-, organ- and sex-specific pattern (2, 3).

Infection of adult athymic, immuno-incompetent Balb/c female

mice results in a high incidence of mammary tumors with a

short latency period (3, 4). .Athymic male mice do not develop

mammary tumors (3). However, the induction of other types of

tumors does occur but is somewhat less frequent than the

mammary tumors and the basis for this difference is not known.

Although it has been shown that ovarian.hormones are important

at or around the time of Py infection for mammary tumors to

develop in female mice (3, 4), the role of the ovarian

hormones in this process is not known. It is possible that an

appropriate state of mammary development and/or ovarian

hormone responsiveness of the gland may be required for Py

induction of tumors. Therefore, the purpose of the present

study was to define the effect of ovarian hormones on Py

mammary tumorigenesis and to investigate the transformation

susceptibility of the mouse mammary gland to Py at various
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ages and different developmental states.

I report here that ovarian hormones are required at least

one week before Py infection for high levels of mammary tumor

induction. In addition, older animals (20 and 30 weeks of

age) are less susceptible to Py tumorigenesis than their 6 and

10 week old counterparts. Ovariectomy decreased tumor

incidence when performed one week before Py infection at.6 and

10 weeks of age and eliminated tumor induction at 20 weeks of

age. This study has examined the ability of Py to induce

tumors in fully differentiated, late pregnant mammary glands

of athymic mice. These mice developed mammary tumors at a

high incidence, suggesting that the decrease in mammary tumor

incidence in older mice is not simply due to a more

differentiated mammary gland and may be related to the loss of

proliferative target cells or another type of

"differentiation" that occurs as the nulliparous mouse ages.



MATERIALS AND METHODS

Animals:

All athymic mice were obtained from Life Sciences, Inc.

and were housed in our Vivarium in a sterile laminar flow rack

and given sterile water and rodent chow (Purina) ad libitum.

Mice were infected subcutaneously with 10" plaque forming

units (pfu) of the wild type strain A2 of Py.

Treatments:

Female mice were infected with Py at 3, 6, 10, 20 and 30

weeks of age to assess the influence of different stages of

mammary gland development on mammary tumor induction. In

addition, 5, 9 and 19 week old mice were OVX before infection

at 6, 10 and 20 weeks of age, respectively. Two mice from

each group were killed on the day of infection by cervical

dislocation and the mammary glands were removed and

wholemounts were prepared and stained as previously described

(5) to assess the state of morphological development at the

time of infection” To examine the role of ovarian hormones at

the time of Py infection, mice were bilaterally ovariectomized

(OVX) at 3 weeks, 1 week or 48 hours before or 1 week after

infection at 6 weeks of age. Ovary intact mice served as

controls.

To determine the effect of increasing differentiation on
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Py mammary tumor induction, 8 or 10 week old mice were OVX and

given daily subcutaneous injections of 1 ug 17-beta estradiol

(Sigma) + 1 mg progesterone (Sigma) in 5% gum arabic (Sigma)

for 3 weeks or 1 week, respectively before infection. Ten

week old, ovary intact and age-matched and OVX-saline treated

mice served as controls. In addition, 8 week old mice were

mated with normal Balb/c male mice from our own colony for

timed pregnancies. All mice were infected with Py at late

pregnancy, 18-19 days gestation, and allowed to deliver and

nurse their progeny. All late pregnant mice were infected by

13 weeks of age. Two mice from each group were killed on the

day of infection by cervical dislocation and the mammary

glands were removed to determine the extent of morphological

development at the time of infection as described above.

All mice were palpated weekly for the appearance of

tumors. These mice were killed by cervical dislocation when

moribund or when tumor load exceeded more than 10% of their

body weight. Tumor incidence, number and latency' were

assessed as of 14 weeks post infection (pi). Mammary glands

and mammary tumors were removed at the time of death and were

analyzed for viral genome level, early protein production and

middle T associated kinase activity and these results are

presented in Chapter 3.
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Parameter and statistical calculations:

Tumor incidence was determined by dividing the number of

mice that develOped tumors by the total number of mice in an

experimental group. Average mammary tumor number per mouse

was determined by dividing the total number of mammary tumors

that appeared in an experimental group by the number of mice

in the group. .Average mammary tumor latency was calculated by

assigning each tumor with the week pi that it was first

palpable and determining the mean for all tumors that appeared

within an experimental group.

All statistical analyses were performed using the SYSTAT

(SYSTAT, Inc.) statistical software package on a Packard Bell

386SX-II computer. Tumor incidence data were analyzed for

significance by Chi square analysis. Average mammary tumor

number per mouse and average mammary tumor latency data were

analyzed for significance:by Kruskal-Wallis tests, followed by

Mann-Whitney analyses with Bonferroni p value adjustments for

the number of comparisons.



RESULTS

Effect of age and hormonal responsiveness on tumor induction.

To examine the effect of various ages that are

characterized by various degrees of mammary epithelial

development and ovarian hormone responsiveness on the

induction of mammary tumors by Py, female mice were infected

at 3, 6, 10, 20 and 30 weeks of age. In addition, 5, 9, and

19 week old mice were OVX and then infected at 6, 10, or 20

weeks of age, respectively, to determine the effect of ovarian

hormone withdrawal at these ages on Py tumorigenesis.

Wholemount analysis of mammary glands taken from these mice on

the day of infection depict the expected morphology for that

age and ovarian status (Figure 5). These wholemounts

illustrate that each age is morphologically different" .As the

mouse ages or if it is OVX, the proliferative end buds are

lost. Increasing age creates a more differentiated gland with

respect to the amount of sidebranching that was present.

Mammary tumor incidence of the ovary intact mice groups

is shown in Figure 6a. This figure clearly demonstrates that

after 10 weeks of age, the susceptibility of the mouse mammary

gland to Py tumorigenesis is significantly decreased (55%;

p<0.05) as compared to that of younger mice (96%). This same

age influence was also observed in the average number of

mammary tumors that were induced (Figure 6b), with
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Figure 5. Mammary gland wholemount analysis of ovary intact

and ovariectomized mice at various ages. Mammary glands were

removed from ovary intact mice at 3, 6, 10, 20 or 30 weeks of

age and from mice that were ovariectomized (OVX) for 1 week

before infection at 20 weeks of age. The bulbous,

proliferative end buds of the young glands (a and b) are lost

as the epithelium reaches the boundaries of the stromal fat

pad by 10 weeks of age (c). sidebranching begins at 10 weeks

of age and becomes more extensive with increasing age (d and

e). 1Pane&.f demonstrates the regression that occurs when mice

are OVX for 1 week. The ducts become thin and sidebranching

is diminished. LN, lymph node. Magnification x 42.



46

 
Figure 5.
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Figure 6. Effect of age on mammary tumor induction. Ovary

intact mice at 3, 6, 10, 20 and 30 weeks of age were infected

with polyomavirus and followed for mammary tumor induction.

All statistical comparisons were made versus the 6 week old

mice, with a p value < 0.05 constituting significance (*).

(a). Mammary tumor incidence, n values represent the number

of mice in each group. (b). .Average mammary tumor number per

mouse, n values represent the number of mice. (c). Average

mammary tumor latency, n values represent the number of

mammary tumors.
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significant decreases apparent in the 20 and 30 week age

groups (2 and 0.18, respectively) as compared to the 6 week

group (4.3; p<0.0125). Significantly longer average mammary

tumor latencies were observed in mice infected at 10 weeks of

age and older (1.9, 2.4 and 3.5 weeks, respectively;

p<0.0125) (Figure 6c). These results may reflect the changes

that are occurring developmentally and hormonally within the

mammary gland between these ages. The mammary gland is

vigorously growing at 6 weeks of age as the end buds

proliferate and penetrate the fat pad. However, by 10 weeks

of age, the end buds have reached the boundaries of the fat

pad, they have regressed and the gland is less proliferative

than that of younger mice. If tumor latency is determined by

the rate of target cell proliferation, then the decrease in

proliferation that occurs as the mouse ages (6) correlates

well with the increase in tumor latency and may determine the

lower tumor incidence and number that was observed in these

older groups as well.

The effect of OVX at these various ages on Py mammary

tumorigenesiS‘was also»determined1 Figure 7a illustrates that

OVX 1 week before infection at 6, 10 or 20 weeks of age

significantly reduced (61% and 11%; p<0.05), and in the case

of the 20 week OVX group, eliminated mammary tumor induction

by Py as compared to the ovary intact, age-matched controls

(96%, 100% and 56%, respectively). Similarly, OVX 1 week

before Py infection at these various ages also significantly
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Figure 7. Effect of ovariectomy at various ages on mammary

tumor induction. Mice were ovariectomized (OVX) at 5, 9 or 19

weeks of age before polyomavirus infection at 6, 10 and 20

weeks of age, respectively and were monitored for mammary

tumors. All statistical comparisons were made versus age-

matched, ovary intact controls, with a p value < 0.05

constituting significance (*) . (a) . Mammary tumor incidence,

n values represent the number of mice in each group. (b).

Average mammary tumor number, n values represent the number of

mice per group. (c). .Average mammary tumor latency, n values

represent the number of mammary tumors. Statistical analyses

were not performed on the 20 week OVX group because no tumors

were induced.
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decreased (p<0.017) the average number of mammary tumors per

mouse by at least 4 fold (Figure 7b). It is intriguing that

between 6 and 10 weeks of age, tumor induction appeared to

become more sensitive to the withdrawal of ovarian hormones

than at the younger ages. However, OVX only had an effect on

average tumor latency when performed at 20 weeks of age

(Figure 7c). These results indicate a progression to strict

ovarian hormone dependence of Py for the induction of mammary

tumors in older aged mice.

Effect of ovariectomy at 6 weeks of age.

The next set of experiments was designed to examine the

role of ovarian hormones on the induction of mammary tumors.

Female mice were OVX at 3 weeks, 1 week or 48 hours before or

1 week after infection at 6 weeks of age. The animals were

palpated weekly to monitor the appearance of mammary tumors.

The results are shown in Figure 8a. In mice that were OVX at

3 weeks or 1 week before infection, the incidence of mammary

tumors*was significantly'decreased (25% and 61%, respectively)

as compared to the ovary intact controls (96%; p<0.05).

However, no difference was observed in mice that were OVX 48

hours before or 1 week after infection" .Average mammary tumor

number was also significantly decreased by 4 fold (p<0.017) in

mice that were OVX at least 1 week before infection (Figure

8b) while OVX at other times before or after infection had no



53

Figure 8. Effect of ovariectomy at 6 weeks of age. Mice were

ovariectomized (OVX) at 3 weeks, 1 week or 48 hours before or

at 1 week after infection with polyomavirus A2 at 6 weeks of

age. Ovary intact, 6 week old mice served as controls. All

mice ‘were followed for' mammary tumor incidence, average

mammary tumor number per mouse and average mammary tumor

latency. All statistical comparisons were made versus the

intact mice, with a p value < 0.05 constituting significance

(*). (a). Mammary tumor incidence, n values represent the

number of mice in each group. (b). Average mammary tumor

number per mouse. (c). Average mammary tumor latency, n

values represent the total number of mammary tumors.
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effect. However, average mammary tumor latency was only

significantly increased when mice were OVX 3 weeks before

infection (Figure BC). This increased latency for tumor

appearance is reflected as well in tumor incidence and number

for this group. These results indicate that ovarian hormones

are required at the time of infection for Py mammary tumor

induction.

Effect of different proliferative and differentiated mammary

states on tumor induction.

To determine the effect of increasing differentiation on

Py induced mammary tumorigenesis, 8 or 10 week old mice were

OVX and given daily injections of 1 ug 17-beta estradiol (E)

«+ 1 mg progesterone (P) in 5% gum arabic for 3 weeks or 1

week, respectively before infection. One week of E + P is

expected to create an early pregnant-like, proliferative gland

while 3 weeks of E + P should create a late pregnant-like,

differentiated mammary gland. Ten week old, ovary intact and

age-matched and OVX-saline treated mice served as controls.

In addition, 8 week old mice were mated with normal male mice,

infected with Py at 18-19 days gestation and allowed to

deliver and nurse their progeny.

Mammary gland wholemounts taken from a subset of these

mice on the day of infection are shown in Figure 9 and

demonstrate the morphological changes that were induced by
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Figure 9. Mammary gland wholemount analysis of

ovariectomized, ovarian hormone treated mice and late pregnant

mice. Mammary glands were removed on the day of infection

from a subset of mice that were ovariectomized (OVX) at 8 or

10 weeks of age and given daily injections of 1 ug 17-beta

estradiol (E) + 1 mg progesterone (P) for 3 weeks or 1 week,

respectively, before infection. The mammary glands of late

pregnant.mice were also removed on the day of virus infection.

Ten week old, ovary intact and OVX-NaCl treated mice served as

controls. Panels a and b demonstrate the increase in

sidebranching that occurs after 1 week and 3 weeks of E + P

injections, respectively. Panel b represents a slightly more

differentiated gland, similar to that created during early-

pregnancy. Panels c and d show the effect of the length of

OVX for 1 or 3 weeks, respectively. Note the greater extent

of ductal thinning and diminished sidebranching in the longer

OVX gland (d). Panel e demonstrates the extent of

lobuloalveolar development that occurs in the late pregnant

mouse mammary gland, conferring complete functional

differentiation. Panel f depicts the mammary gland of an

ovary intact 10 week old mouse. LN, lymph node.

Magnification x 42.
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OVX, length of E + P administration and pregnancy. In this

study, 3 weeks of E + P treatment induced only a mid-pregnant

like gland, suggesting that the response to exogenous hormones

is different in athymic mice than in normal mice. .Regardless,

the mammary glands of the groups examined are different from

each other in their extent of epithelial proliferation and

differentiation. With increased length of E + P treatment,

increased sidebranching occurs, creating a more differentiated

gland. In addition, a fully differentiated gland was achieved

in the late pregnant mice.

Tumor incidence was not significantly affected by

increasing amounts of epithelial differentiation when the 3

week E + P and pregnant groups were compared to the 10 week

old ovary intact controls (Figure 10a). In addition, these

results also demonstrated the effect of the length of OVX on

tumor incidence. Among the saline treated controls, OVX for

3 weeks before infection eliminated tumor induction by 14

weeks pi while mice that were OVX for 1 week before infection

remained susceptible to Py mammary tumorigenesis, albeit at

significantly lower levels (38%; p<0.05). ‘Tumor incidence was

significantly lower in the 1 week E + P treated group (50%:

p<0.05) which is interesting in that this length and dose of

treatment, which induces a highly proliferative gland in

normal mice, did not cause such a response in the athymic mice

(Figure 9), again suggesting that athymic mice have a less

efficient response to exogeneous hormone treatment. Thus,
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Figure 10. Effect of mammary gland proliferation and

differentiation on tumor induction. Mice were ovariectomized

(OVX) at 8 or 10 weeks of age and given daily subcutaneous

injections of 1 ug 17-beta estradiol (E) + 1 mg progesterone

(P) for 3 weeks or 1‘week, respectively, before infection with

polyomavirus. Late pregnant mice were also infected with

polyomavirus” 'Ten‘week old, ovary intact and OVX-NaCl treated

mice served as controls. All mice were monitored for mammary

tumor induction. All statistical comparisons were made versus

the 10 week old ovary intact controls, with a p value < 0.05

constituting significance (*) . (a). Mammary tumor incidence,

n values represent the number of mice in each group. (b).

Average mammary tumor number per mouse, n values represent the

number of mice. Statistical analyses were not performed on

the 3 week OVX-NaCl treated group because no tumors were

induced. (c). Average mammary tumor latency, n values

represent the number of mammary tumors.
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these glands are more like OVX mammary glands than hormone

treated glands.

Theiaverage number of mammary'tumors determined for these

experimental groups followed the same pattern as that seen in

mammary tumor incidence (Figure 10b) . Interestingly, average

mammary tumor latency (Figure 10c) was significantly shorter

by 1 week in the pregnant infected group than the ovary intact

nulliparous mice (p<0.01), while tumor latency was increased

in the OVX-saline treated and 1 week and 3 week E + P treated

animals (1.1, 5 weeks and 1.4 weeks respectively; p<0.01).

Collectively, these data indicate that a fully differentiated

mammary gland such as that created in late pregnancy is

equally susceptible to Py tumorigenesis as that of the ovary

intact, nulliparous controls, suggesting that increased

epithelial differentiation is not the reason for decreased Py

tumor induction in older aged mice.

Induction of other tumors.

Table 1 describes the incidence of skin and bone tumors.

Older and OVX mice that do not have a high incidence of

mammary tumors are able to live longer and will develop skin

and osteosarcomas at later stages following Py infection.

Therefore, these treatments that lower mammary tumor incidence

may be desirable to create a skin or bone tumor model using

the Py system.
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Table 1. Skin and bone tumor induction by 14 weeks post

infection in athymic female mice following polyomavirus A2

infection.

 

 

Skin Tumors Bone Tumors

Ovary Intact Females:

3 weeks 75% (6/8) 0% (0/8)

6 weeks 44% (12/27) 7% (2/27)

10 weeks 64% (7/11) 0% (0/11)

20 weeks 44% (4/9) 0% (0/9)

30 weeks 18% (2/11) 9% (1/11)

Ovariectomized (OVX) Females:

ovx -3 weeks 100% (8/8) 50% (4/8)

} infected at 6

OVX -1 week weeks of age 67% (12/18) 11% (2/18)

10 week OVX 78% (7/9) 56% (5/9)

20 week ovx 71% (5/7) 14% (1/7)



DISCUSSION

If ovarian hormones play a role in Py mammary tumor

induction, then one might expect mice that are infected at

various ages that are characterized by different mammary

developmental and ovarian hormone and growth factor responsive

states will exhibit different susceptibilities to Py

transformation. This study has investigated the developmental

and ovarian hormone responsive states required by Py for

mammary'tumorigenesisu From the results presented here, there

is an age effect on Py mammary tumor induction, with

increasing age resulting in decreased susceptibility to Py

transformation. In addition, OVX at all ages examined

decreased mammary tumor induction, with the most pronounced

effects observed at 10 and 20 weeks of age. The effects of

ovarian hormones on tumor promotion at these older ages were

not examined, but the present findings suggest that Py is more

dependent upon ovarian hormones at older ages for mammary

tumor induction. The effect of ovarian hormones after the

time of infection at these older ages warrants further

investigation. Interestingly, when mammary tumor-bearing mice

that were infected with Py at 6 weeks of age are

ovariectomized, the tumors do not regress, indicating that

they are not ovarian hormone dependent for growth (4, 7).

Based on the arguments presented above, the ovarian hormone

dependency of Py tumors that are induced in older mice might

be different and should also be determined.
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The drastic effects of OVX at older ages on Py mammary

tumor induction suggests that a transition occurs between 6

and 10 weeks of age that confers more ovarian hormone

dependency for Py tumorigenesis. This is interesting in

regard to the hormonal responsiveness and morphological

changes that occur in the mammary gland between these ages.

At approximately 7 weeks of age, the gland acquires the

ability’ to induce progesterone receptors in response to

estrogen which confers progesterone responsiveness and

consequently, induces sidebranches in response to progesterone

(8-10). Increased sidebranching represents a more

differentiated gland, as these are the structures from which

lobuloalveoli will develop (11). As the epithelial end buds

reach the end of the stromal fat pad at approximately 8 to 10

weeks of age, these highly proliferative structures regress

(6, 12). EGF has also been shown to induce proliferation in

the epithelium at 5 weeks of age, independently of estrogen

and may actually mediate estrogen effects at this age (13).

Therefore, young mouse mammary glands may remain more

proliferative due to EGF. Indeed, ovarian hormone independent

epithelial growth does occur in young mice to atgreater extent

than in older mice (14). In contrast, the older mice may have

mammary glands that are more ovarian hormone dependent for

proliferation and these differences may reflect their

increased sensitivity to ovarian hormone withdrawal and

decreased tumor susceptibilities to Py that.were identified in

this study.

“
_
fi

 



65

While this study demonstrated no effect of OVX at 48

hours before or 1 week after Py infection on mammary tumor

profiles, an effect was observed when mice were OVX at least

1 week before Py infection. The tumor incidence results

presented here may at first, appear to conflict with the

results of Berebbi et al. (4) which showed that in mice

ovariectomized at 3 weeks of age, the presence of estrogen was

critical at a stage between 10 to 21 days pi for the

subsequent development of mammary tumors. Indeed, the length

of time between ovariectomy and Py infection was found to

influence mammary tumor induction, which may explain the

requirement for estrogen in their study. By removing the

ovaries at such an early age, the development of mammary gland

hormonal responsiveness and/or development may have been

arrested in Berebbi et al.’s study (4). Thus a specific

treatment period with estrogen may have been required for the

acquisition of an appropriate hormonal responsiveness or state

of development in these mice. The lack of an effect of OVX at

48 hours before and 1 week after Py infection in the present

study suggests that ovarian hormones do not function as

promoting agents for Py tumorigenesis in mice that are

infected at 6 weeks of age.

The fact that fully differentiated mammary glands present

in the late pregnant mice infected in this study remained

susceptible to Py tumorigenesis indicates that the decrease in

tumorigenicity that was observed in older mice is not simply

due to increasing differentiation of the mammary gland. These

1
‘
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results may suggest the loss of a certain cell type or

population that is present in the young mouse that is the

primary target for Py transformation. In addition, it may be

that this population or another target cell type is also

present in the late pregnant mouse mammary gland, conferring

the high tumorigenicity that was observed in this study.

While chemical carcinogen models have shown protective effects

of late pregnancy/lactation exposure on subsequent tumor

induction (15-17), the mice infected in this study may have

had a high level of proliferation remaining in the gland that

allowed tumor induction. Alternatively, the mechanism of Py

transformation may be such that a pregnant gland and its

functionally differentiated cell types remain susceptible to

tumor induction, while older mice have another type of "age"

acquired differentiation that is less susceptible to Py.

It is noteworthy that the wholemount analysis presented

here (Figure.9) of epithelial development following 3 weeks of

E + P injections to OVX mice was expected to produce a late

pregnant-like gland, however, only an early-pregnant state of

development was attained, suggesting a different response to

exogenously administered ovarian hormones. Decreased

effectiveness of exogenously administered ovarian hormones has

been previously observed in athymic mice (20).

131this study, skin tumors and osteosarcomas were induced

in the mice in addition to mammary adenocarcinomas. It is

curious that skin and bone tumors appear to occur less

frequently than mammary tumors. This may be due to the
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observation that when 6 week old, ovary intact mice were

infected, they developed mammary tumors very rapidly after

infection and became moribund before the development of other

types of tumors which appear to have much longer latencies.

Some of the older mice groups that did not develop mammary

tumors, did develop skin and bone tumors. Therefore, this

study has defined conditions to induce primarily skin and bone

tumors, which may provide an interesting model in which to

study these types of tumors. It is worth mentioning, that

while this study observed both osteosarcomas and skin tumors,

those of Berebbi et al. (3, 4) and Demengeot et al. (18) found

only osteosarcomas, even though the same strains of mice and

virus were used. It is difficult to reconcile these

differences of organ tropic tumorigenesis but it may be that

these two A2 strains may be different in their tumorgenicity

of the skin, as both strains do replicate to high levels in

the skin (1, 18). Alternatively, there may be discrete

differences between the two types of Balb/c mice that were

used in these two separate studies.

It is clear that the stage of mammary gland development

and degree of hormonal responsiveness at the time of Py

infection affect mammary tumorigenesis in athymic female mice.

Previously, age effects have also been demonstrated for

chemical carcinogen mammary tumor initiation (21-24). These

age effects correlate with the levels of proliferation in

young glands and the loss of proliferation in terminal end

buds in older mice and rat mammary glands as they age and
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differentiate (24-28). The mammary cells in which Py

replicates and transforms have not been identified, however,

only adenocarcinomas are induced following viral infection,

suggesting that it is the epithelium that is the target for Py

transformation. If proliferative cells are the targets for

Py, older mice would be less likely to develop mammary tumors.

While in late pregnancy, the gland is functionally

differentiated, the level of proliferation probably remains

high until lactation. This may explain the induction of

mammary tumors following Py infection of late pregnant mice.

However, it may be that the functional differentiation that

occurs during pregnancy and age induced differentiation may

result in very different cell type populations that have

different susceptibilities to Py transformation. These

possibilities cannot be discerned by the present study but it

is imperative to identify the target cells for Py in order to

understand. the differences in :mammary cell types, their

transformation potential and the role of ovarian hormones in

this process.
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Chapter 3

Polyoma viral genome and early protein levels and middle T

antigen associated kinase activity in the mammary gland and

tumors of athymic mice infected at different ages and

mammary gland development states.

ABSTRACT

Polyomavirus (Py) infection of adult athymic female mice

causes a high incidence of mammary adenocarcinomas. I have

examined the role of ovarian hormones, age and mammary gland

development at the time of infection in Py infection. Ovary

intact mice were infected at 3, 6, 10, 20 and 30 weeks of age

with Py.A2. lktaddition, mice were ovariectomized (OVX) at 5,

9 and 19 weeks of age and were infected 1 week later. In

addition, mice were OVX at 3 weeks, 1 week or 48 hours before

or 1 week after infection at,6 weeks of age. To determine the

effect of proliferation and differentiation on infection,

eight or 10 week old mice that were OVX and treated with 1 ug

17-beta estradiol (E) and 1 mg progesterone (P) for 3 or 1

weeks before infection and late pregnant mice were also

infected. OVX-saline treated mice served as controls. Mice

were killed at 10 days post infection (pi) to assess the

levels of viral genomes, early viral proteins and middle T

kinase activity in their mammary'glandsu ‘While no significant

differences were observed in the levels of viral genomes,
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which were high in all groups or in early viral protein and

middle leinase activity levels (low in all groups) in mammary

glands at 10 days pi, these levels were very high in mammary

tumors“ These results suggest that the level of viral genomes

in the mammary glands at 10 days pi is not indicative of the

tumorigenicity of Py. However, the levels of genomes, early

proteins and middle T kinase activity correlated with Py

transformation and may reflect a threshold level of gene

expression that is required for transformation.

 

 

 



INTRODUCTION

Mouse polyomavirus (Py), a DNA tumor virus, is an

important model system used in the study of virally induced

tumors in mice and cell transformation in tissue culture.

Previous studies that examined viral DNA replication in

different organs of both the neonate as well as the adult

mouse revealed an age and organ specific pattern of Py

replication. After infection with Py, neonate mice exhibit

high levels of viral genomes throughout most of the mouse with

the exception of the brain and blood (1—3). This stage of

viremia, which peaks at 7-10 days post infection (pi) is

followed by almost complete viral clearance by the host immune

system to establish a persistent stage of Py infection, with

some mice developing tumors later in life (4). Py infection

of normal adult mice results in a quick viral clearance and no

tumors are induced. However, when adult athymic mice are

infected with Py, moderate levels of viral DNA replication

occur in three major sites, the mammary gland, skin and bone

(3).

The level of viral genomes was previously analyzed in the

mammary glands of Py infected athymic female mice and found to

be variable, though relatively high at all stages of the

infection (3). However, when viral gene transcription was

analyzed, a higher level of gene expression was found to

correlate with the presence of mammary tumors. This study

suggested that the levels of viral replication and gene
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expression may determine the ability of Py to transform.

The oncogenicity of Py has been linked to the action of

middle T antigen and its activation of a signal transduction

cascade that is similar to that which is induced by platelet

derived growth factor (PDGF) (5). Middle T has also been

shown to activate protein kinase C (6, 7). These functions of

middle T may culminate in the activation of important

transcriptional activators PEA1 and PEA3 (6, 8), both of which

are able to bind the Py enhancer and increase viral

replication and gene expression. In addition, cellular genes

may be overexpressed in Py infected cells and this

overexpression as well as other, yet undefined, actions of

middle T may lead to neoplastic transformation.

Interestingly, when oncogenes that are suspected to be

involved in human breast cancer were analyzed for

overexpression in the Py model, a slight increase was only

observed in c-myc expression, indicating that activation of

other proto-oncogenes does not appear to be a key step in Py

transformation (9).

Similar to viral replication patterns, the sites of Py

tumorigenesis in adult athymic mice also show an organ- and

sex-specific pattern (3, 10-12). Recent studies have revealed

that ovarian hormones play a role in this oncogenic process of

the female mouse mammary gland (12-13). Although it has been

shown that ovarian hormones are required at or around the time

of Py infection (12) for mammary tumors to develop, the role

of the ovarian hormones in Py tumorigenesis is not known. It
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is possible that an appropriate state of mammary development

and/or ovarian hormone responsiveness of the gland may be

required for Py to induce mammary tumors. Therefore, the

purpose of the present study was to define the effect of

ovarian hormones on viral replication, early protein

expression and middle T antigen associated kinase activity in

relation to Py mammary tumorigenesis. Mice that were infected

at various ages which are characterized by different

developmental and. ovarian Ihormone responsive states 'were

investigated.

While ovarian hormones, age and mammary gland development

state influence mammary tumor induction (12, 13 and this

thesis, Chapter 2), I report here that the levels of viral

genomes, early proteins and middle T kinase activity in the

mammary gland are not influenced by these factors, at least at

the levels that can be detected by the methods used herein.

However, in almost all cases tested, viral genome, early

protein and middle T kinase activity levels were very high in

Py induced mammary tumors.

 

 



MATERIALS AND METHODS

Animals:

All athymic mice were obtained from Life Sciences, Inc.

and were housed in our Vivarium in a sterile laminar flow rack

and given sterile water and rodent chow (Purina) ad libitum.

Mice were infected subcutaneously with 106 plaque forming

units (pfu) of the wild type strain A2 of Py.

Treatments:

Female mice were infected with Py at 3, 6, 10, 20 and 30

weeks of age to assess the influence of different degrees of

ovarian hormone responsiveness and mammary epithelial

development on the levels of Py genomes, early viral proteins

and middle T kinase activity. In addition, 5, 9 and 19 week

old mice were OVX before infection with Py at 6, 10 and 20

weeks of age, respectively. To examine the role of ovarian

hormones at the time of Py infection, mice were bilaterally

ovariectomized (OVX) at 3 weeks, 1 week or 48 hours before or

1 week after infection at 6 weeks of age. Six week old, ovary

intact mice served as controls.

To determine the effect of increasing differentiation on

the levels of Py genomes, early viral proteins and middle T

kinase activity in the mammary gland, 8 or 10 week old mice

were OVX and given daily subcutaneous injections of 1 ug 17-
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beta estradiol (Sigma) + 1 mg progesterone (Sigma) in 5% gum

arabic (Sigma) for 3 weeks or 1 week, respectively before

infection. Ten week old, ovary intact and age-matched and

OVX-saline treated mice served as controls. In addition, 8

week old mice were mated with normal Balb/c male mice from our

own colony for timed pregnancies. .All mice were infected with

Py at late pregnancy, 18-19 days gestation and allowed to

deliver and nurse their progeny. All late pregnant mice were

infected by 13 weeks of age.

The effect of age, ovarian status and different

developmental and hormone responsive states of the mouse

mammary gland on viral genome and early protein levels and

middle T kinase activity were compared to the tumor incidence

profiles of these mice that were determined in Chapter 2.

Viral genomes, early proteins and middle T kinase activity in

polyoma induced mammary tumors.

Mammary tumors that were induced in the experimental

groups examined in this study in Chapter 2 were analyzed for

the levels of viral genomes, early proteins and middle T

kinase activity as described below.
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Viral genome, early protein and middle T kinase assays.

Two mice from each group were killed at 10 days post

infection (pi) and their mammary glands were removed. In

addition, mammary tumors that were induced at later times pi

were also removed at the time of death. All mammary glands

and mammary tumors were analyzed for the levels of viral

genomes, early proteins and.middle:T antigen associated kinase

activity. All lymph nodes were removed from the mammary

glands prior to the extractions to reduce the amount of non-

mammary DNA and protein.

Total DNA was extracted as previously described (9) and

analyzed for the level of viral genomes by dot blot analysis

following standard protocols (14). Five ug of total RNase-

treated DNA was blotted onto a Hybond-N membrane (Amersham)

and hybridized at 65°C:with.a random-primed, 32P-labeled probe

that represented the entire polyoma A2 genome. A polyomavirus

transformed FR3T3 cell line which contains approximately 1

viral genome per host cell was used as a control. Following

autoradiography, the levels of viral genomes were quantitated

using a beta scanner (Ambis). Representative samples from

each group are shown.

The level of viral early proteins was assessed in mammary

gland and tumor protein extracts by Western blot analysis

following' standard. protocols (14). Mammary' glands from

uninfected mice and wildtype Py A2 and mutant Py 18-5 (small

and middle T minus) infected NIH3T3 cells served as controls.
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Fifty ug of total protein was denatured and electrophoresed on

a 10% SDS-polyacrylamide gel. The gel was blotted onto PVDF

membrane (Dupont) and small, middle and large T antigens were

detected using a polyclonal rat anti-polyoma T antigen ascites

serum, a goat anti-rat horseradish peroxidase labelled

secondary antibody (Kirkegaard.and.Perry Laboratories) and the

Lumiglo chemiluminescent detection system (Kirkegaard and

Perry Laboratories).

In addition, the associated kinase activity of middle T

antigen within mammary gland and tumor protein extracts was

analyzed as previously described (15, 16). The middle T

antigen/protein complexes were immunoprecipitated from 500 ug

of protein extract using a polyclonal rat anti-Py T antigen

ascites fluid that was prepared in Norwegian brown rats

(Harlan). The immunoprecipitated complexes were assayed for

kinase activity in vitro using [gamma-32P]ATP (New England

Nuclear). The radiolabeled complexes were denatured and

electrophoresed on a 10% SDS-polyacrylamide gel and

autoradiography of the dried gel was performed at -70° C.

Representative samples from each group are shown.

 



RESULTS

To examine the role of ovarian hormones in Py mammary

tumorigenesis, female mice were infected at different ages

with Py to assess the influence of different stages of mammary

gland development and different degrees of ovarian hormone

responsiveness on the levels of Py genomes, early viral

proteins and middle T kinase activity.

While mammary tumor induction by Py was influenced by age

and ovarian hormone status (Chapter 2), the level of viral

genomes was not. As shown in Figure 11, increased age at the

time of Py infection did not significantly influence the

ability of the virus to replicate to high levels in the

mammary glands of ovary intact mice. As compared to the Py

transformed FR3T3 cell line that contains approximately 1

viral genome copy per host cell genome, the mammary glands of

these mice that were taken at 10 days pi exhibited viral

genome levels that ranged from 100 to 400 copies per cell. In

addition, OVX at these various ages or for different lengths

before or after Py infection had no significant effect on the

level of viral genomes in the mammary gland (data not shown).

Mammary tumors from these mice also had very high levels of

viral genomes, ranging from 200 to over 1,000 copies per host

cell.

The expression of the viral early proteins, small, middle

and large T antigen was examined in mammary glands and mammary
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Figure 11. Level of viral genomes in mammary glands and

mammary tumors. (a). Ovary intact mice at 3, 6, 10, 20 and

30 weeks of age were infected and their mammary glands were

removed at 10 days post infection (pi). In addition, mammary

tumors were removed from mice at later times post infection.

A polyomavirus transformed FR3T3 (Py-FR3T3) cell line which

contains approximately 1 viral genome per host cell genome was

used as a control. DNA was isolated from the cell line,

mammary glands and tumors and 5 ug was transferred to a

Hybond-N membrane. The blot was hybridized with a 32P—labeled

probe that represented the entire polyomavirus A2 genome and

autoradiographed to detect viral sequences. Net counts per

minute (cpm) were determined by beta-scanning and demonstrate

the high level of viral genomes per cell in both mammary

glands and mammary tumors.
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tumors from mice that were infected at various ages and at

late pregnancy. Western analysis of mammary protein extracts

at 10 days pi revealed that the levels of Py early viral

proteins were undetectable (Figure 12a). However, all mammary

tumors that were examined expressed high but variable levels

of T antigens (Figure 12a and b).

When the level of middle:T associated kinase activity was

determined in the mammary glands of mice at various ages and

ovarian status at 10 days pi, it was undetectable in all mice

(Figure 13). However, the level of middle T kinase activity

in mammary tumors was again high but variable.
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Figure 12. iLevel of viral early protein expression in mammary

glands and mammary tumors. Ovary intact mice at 3, 6, 10, 20

and 30 weeks of age and late pregnant (P) mice were infected

and their mammary glands were removed at 10 days post

infection (pi). In addition, mammary tumors were removed at

later times post infection. Uninfected (U) mammary glands and

polyoma A2 (large T +, middle T + and small T +) and 18-5

(large T +) infected NIH3T3 cells served as controls.

Proteins were extracted and 50 ug of total protein was

denatured and loaded onto a 10% SDS-polyacrylamide gel and

electrophoresed, blotted onto PVDF membrane and detected using

a polyclonal rat anti-polyoma T antigen ascites serum, a goat

anti-rat horseradish peroxidase labeled secondary antibody and

Lumiglo chemiluminescent detection system. (a). Western

analysis of mammary glands at 10 days pi and mammary tumors.

(b). Western analysis of additional mammary tumors. The

viral early proteins, large, middle and small T antigen are

indicated by arrows.
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Figure 13. Level of middle T antigen associated kinase

activity in mammary glands and mammary tumors. Mammary glands

of ovary intact mice that were infected at 3, 6, 10, 20 or 30

weeks of age or at late pregnancy (P) were removed at 10 days

post infection (pi). In.addition, mammary tumors were removed

from mice at later times post infection. Uninfected (Uninf)

mammary glands and polyoma A2 infected NIH3T3 cells (A2)

served as controls. Polyclonal rat anti-polyoma T antigen

ascites serum (+) was used to immunoprecipitate middle T

antigen protein complexes from 500 1K; of protein extract.

Preimmune rat serum (-) was used as a control for each

immunoprecipitation. The immunoprecipitated complexes were

assayed for kinase activity in vitro using [gamma-”P]ATP. 'The

radiolabeled complexes were denatured and electrophoresed on

a 10% SDS-polyacrylamide gel. The level of middle T

associated kinase activity was determined by autoradiography

of the dried gel. *, radiolabeled middle T antigen.
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DISCUSSION

This study has concentrated on the analysis of

polyomavirusigenome level, early protein.expression.and middle

T antigen.associated kinase activity in the mammary glands and

mammary tumors of mice that were infected at various ages that

differ in mammary epithelial development and their response to

ovarian hormones and growth factors. The purpose of this

study was to explore the link between viral replication/gene

expression and tumorigenesis.

Although Py mammary tumor induction has been shown to be

influenced by ovarian hormones, age and perhaps mammary gland

development stage, the level of viral genomes remained high in

the mammary glands. This finding suggests that viral genome

copy number at 10 days pi is not indicative of the mammary

gland's susceptibility to Py mammary tumor formation.

However, the possibility exists that a threshold level of

replication is required _i_n addition to another factor(s).

Indeed, organ-tropic replication of the virus may not be all

that is required for organ-tropic tumorigenesis. It is

possible that only cells with certain transcription factors

will replicate the virus but since polyoma does not cause

tumors in all tissues in which it replicates, the cells may

need to express other factors that are targeted by middle T

antigen. It is possible that this additional factor(s)

required for Py mammary tumorigenesis is present in high

amounts in young female mouse mammary glands and allows rapid
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and high mammary tumor induction.

In contrast, the levels of Py early T antigen protein

expression and middle T kinase activity were undetectable in

whole mammary gland extracts at 10 days pi. However, as shown

for the first time in this study, high levels of viral

replication, early viral protein and middle T antigen

associated kinase activity correlate with mammary tumors.

This observation supports the model of Py tumorigenesis that

occurs through the continual activation of the signal

transduction pathway(s) by middle T, leading to increased

kinase activity and uncontrolled cell proliferation.

It may be that Py gene expression is affected by age,

ovarian hormones and/or mammary gland development state within

the virus’ target cell populations. More than likely, a

dilution problem exists within the assays used in this study.

At the time post infection that the infected mammary glands

were examined, the ratio of infected cells to uninfected cells

is probably fairly low. Therefore, any effects on kinase

activity/gene expression that may occur due to age or ovarian

hormone status in the target cells may be diluted out by the

high percentage of uninfected cells that are present when the

proteins are extracted. Indeed, a threshold level of

transgene expression was required in neu transgenic mice

mammary glands for mammary tumors to be induced (17). The

level of neu expression was high in the mammary tumors, but

was lower in the surrounding normal tissue. Therefore, T

antigen immunocytochemical analysis of Py infected mammary
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glands from the various age and ovarian hormone status groups

that were analyzed in this present study might resolve this

issue.

Overall, this study has shown that the levels of viral

genomes, early proteins and middle T antigen kinase activity

were not significantly affected by age, ovarian hormone status

or mammary gland differentiation, at least as detected by the

assays used herein. However, high levels of viral genomes,

early proteins and middle T kinase activity were observed in

the mammary tumors that Py induced in these mice and these

levels may be reflective of the mechanism by which Py

transforms the mouse mammary gland.
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