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IDENTIFYING EARLY STEPS OF BREAST CARCINOGENESIS

Yongping Crawford

Abstract

Breast cancer is one of the most common causes of cancer death in western

women and is also a major health concern for women worldwide. It is characterized by

widespread genetic and epigenetic alterations that activate oncogenes and/or inactivate

tumor suppressors. Studies from murine models coupled with clinical observations have

provided invaluable insights into breast cancer initiation and progression. However, the

mechanisms that initiate the malignant transformation of human mammary epithelial cells

remain to be fully elucidated.

Breast tissue from healthy women with no indication or predisposition to breast

cancer contains a subpopulation of variant mammary epithelial cells (VHMEC) exhibiting

p16”“promoter hypermethylation both in vivo and in vitro. When continuously

cultured, vhmEC acquire telomeric dysfunction and produce the types of chromosomal

abnormalities seen in pre-malignant and malignant lesions of the breast. We find that late

passage vBNMEC, or vBMEC exposed to DNA damaging agents, express elevated

prostaglandin cyclo-oxygenase 2 (COX-2). This over-expression of COX-2 protein in

vHMEC specifically contributes to phenotypes usually associated with malignant cells

including increased prostaglandin E2 synthesis, angiogenic potential, invasive ability, and

decreased apoptosis. Moreover, COX-2 over-expression coincides with focal areas of

16” promoter hypermethylation in vivo creating ideal candidates as precursors top p yp y g p
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breast cancer. Taken together, these data indicate that COX-2 over-expression and

6” promoter hypermethylation, often seen in the late stages of breast cancer, occurp1

early during the breast carcinogenic process and may in fact be the driving forces for

breast cancer initiation.

To prevent v}{MEC from further proliferation and progression, we exploited the

difference between HMEC and VHMEC in COX-2 expression as well as p16 expression

and the downstream E2F activity. We find that whMEC with pre-malignant phenotypes

can be preferentially eliminated upon exposures to either COX-2 specific inhibitor or

engineered adenovirus, Onyx 411, that targets cells with deregulated E2F activity.

.
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Introduction
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Introduction

Breast Cancer Statistics and Risk Factors

Breast cancer is the most frequently diagnosed cancer in women (~30.7%) (2002

cancer data, http://www.naaccr.org) and is also one of the most common causes of cancer

death in women (SEER Cancer Statistics Review 1975-2001, http://www.nci.nih.gov).

Approximately, one in eight women (~13.3%) living in the United States will develop

breast cancer in her lifetime (the 2004 National Cancer Institute report

http://cis.nci.nih.gov/fact/5 6.htm). Given the prevalence and severity of the disease,

identifying the risk factors that affect breast cancer rate and understanding the molecular

mechanism of breast cancer initiation, progression, maintenance, and invasion will be

necessary to advance our knowledge of the disease and facilitate breast cancer

prevention, diagnosis, monitoring, and treatment.

Thus far, epidemiological studies have identified many risk factors that affect

breast cancer rate. Among them the onset of menses, parity, pregnancy, and menopause

have been documented to be important determinants (Page et al., 2000). All of these risk

factors are related to hormone status suggesting they may be the major underlying factors

for breast cancer risk. Similarly, many studies also indicate that hormone replacement

therapy (HRT) usage also increases breast cancer risk (Chlebowski et al., 2003; Colditz et

al., 1995), though this result still remains controversial (Warren and Halpert, 2004).

Additional factors such as antibiotic usage (Velicer et al., 2004), obesity, and radiation

exposure can also influence breast cancer rate (http://www.nci.nih.gov).

~~~~~~
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Even though environmental factors clearly influence breast cancer rate, breast

cancer can still be characterized as a genetic disease. Accumulation of genetic and

epigenetic alterations, which translates into aberrant cellular activities, is the putative

cause for breast cancer. Detailed discussions regarding the genetic and epigenetic

alterations that activate oncogenes and inactivate tumor suppressors in both human and

murine mammary gland malignancies are the central topics of this introduction.

Genomic Instability Contributes to the Hallmarks of Breast Cancer

One common characteristic for all breast cancers, or any other malignancy, is the

presence of wide spread genetic and epigenetic abnormalities (Chin et al., 2004; Szyfet

al., 2004; Teixeira et al., 2002). In fact, substantial genomic abnormalities are seen not

only in invasive breast cancers but also in premalignant breast lesions such as ductal

hyperplasia and carcinoma in situ (DCIS) (Chin et al., 2004). Similarly, Romanov et al.

reported that a variant subpopulation of human mammary epithelial cells (VHMEC)

isolated from women with no indication or predisposition to breast cancer exhibits both

genetic and epigenetic alterations (Romanov et al., 2001; Tlsty et al., 2001). The

existence of genomic abnormalities in both premalignant and malignant lesions of the

breast suggests that genomic instability may be one of the early driving forces for

malignant transformation. This observation is consistent with the Nowell hypothesis that

genomic instability provides heterogeneity required for the evolution of variant sub-lines

with increasing growth advantages (Nowell, 1976).

Genomic instability plays a crucial role in initiating and promoting the expression

of malignant phenotypes described as the “Hallmarks of Cancer” (Hanahan and



Weinberg, 2000). Underlying genomic instability may be a direct driving force for breast

cancer cells as they acquire self-sufficiency in proliferative growth signals, insensitivity

to growth inhibitory signals, ability to evade apoptosis, limitless replication potential,

sustained angiogenesis, and ability to invade and metastasize. For instance, activation of

Ras or Her-2/neu, due to either mutation or gene amplification, stimulates cellular

proliferation in the absence of mitogenic signals. Likewise, mutation or gene

amplification of cyclin-dependent kinase inhibitors or cyclin-dependent kinases renders

cells resistant to growth inhibitory signals. In some cases, up-regulation of a single gene

such as cyclo-oxygenase 2 (COX-2) can simultaneously confer the majority of the

phenotypes described as the “Hallmarks of Cancer”. The molecular function and

significance of COX-2 in promoting premalignant phenotypes will be discussed in the

Chapter 2.

Even though histologically breast cancer is largely an epithelial disease, genomic

abnormalities seen in breast cancers are not limited to the cancerous epithelial cells

(Moinfar et al., 2000; Wernert et al., 2001). Moinfar et al. reported that the normal

appearing stromal components surrounding either DCIS or invasive ductal carcinoma

(IDC) exhibited substantial amounts of loss of heterozygosity (LOH) whereas stromal

components from the control breast without any disease did not (Moinfar et al., 2000).

Moreover, some of the same LOH seen in the pre-malignant or malignant epithelial cells

were also present in the normal appearing stroma surrounding the lesion. The author

suggested that stromal alterations might precede the genetic alterations in the epithelial

cells. It was an intriguing hypothesis. Another possibility is that the normal appearing

stromal cells may be derived from the epithelial lesions as a consequence of epithelial



mesenchymal transition. Additional experiments are required to test these two

possibilities. Similar to the findings of Moinfar et al., Wernert et al. reported that

frequent genomic abnormalities, such as LOH and p53 mutation, seen in cancerous

epithelial cells were also present in the adjacent fibroblastic stroma. Moreover, the

neoplastic epithelial cells and the adjacent fibroblasts can share the same clonalities

(Wernert et al., 2001). These data suggest that either the adjacent fibroblasts are derived

from the neoplastic epithelial cells or both of them are from the same progenitor cells.

Nevertheless, these data indicate that the normal appearing stroma surrounding the

neoplastic lesions of the breast is not normal. They may be part of the disease process

and may contribute to carcinogenesis via stroma-epithelial interactions. More discussion

about stromal-epithelial interactions can be found in the latter part of this introduction.

Underlying genomic instability in either cancerous epithelial cells or surrounding

stroma may promote breast cancer by activating oncogenes and inactivating tumor

suppressors. The significance of oncogenes and tumor suppressors in both human and

murine mammary gland tumors will be discussed in detail in the subsequent sections of

this introduction.

p53 and its Role in Breast Tumorigenesis

The evidence indicating p53 may be an important breast tumor suppressor stems

from observations in individuals with Li-Fraumeni Syndrome. Most of these individuals

possess germline mutations in p53 and are highly susceptible to various cancers including

those of the breast. Carriers who survive childhood cancer exhibit nearly 100% breast

cancer penetrance (Malkin et al., 1990; Nathanson et al., 2001). Furthermore, women



who possess germline mutations in p53 pathway members such as CHK2 (in Li-Fraumeni

individuals without p53 mutations) and ATM (ataxia telangiectasia mutated) are also

predisposed to breast cancer (Cipollini et al., 2004; Nathanson et al., 2001). In addition

to germline mutations, somatic mutations in p53 and p53 LOH are frequently defected in

breast cancers (Johnson et al., 2002; Keohavong et al., 2004). Together, these data

support the argument that p53 is a genuine breast tumor suppressor.

The p53 pathway is “off” in normal cells and can be turned “on” by various

cellular stresses or damage via distinct mechanisms (Vogelstein et al., 2000). Cellular

stress, resulting from aberrant growth signals such as active viral proteins, Ras or Myc,

activates p53 through the up-regulation of ARF, a transcriptional target of E2F (Sherr and

Weber, 2000). DNA damage resulting from ionizing radiation, on the other hand,

activates p53 through ATM, which is phosphorylated and activated upon double strand

breaks, and CHK2, which in turn is activated by ATM (Carr, 2000). Activation of p53

can also be achieved via phosphorylation by ATR (ataxia telangiectasia related) and

casein II in response to a variety of other insults such as UV, chemotherapeutic agents,

and protein kinase inhibitors (Meek, 1999). Despite the diverse mechanisms cells

employ to turn on this pathway, the common outcome is stabilization of p53 (Vogelstein

et al., 2000).

Of the numerous functions that have been attributed to p53, which include DNA

repair cofactor (Wang et al., 1995) and exonuclease (Mummenbrauer et al., 1996), the

most significant and intensely studied attribute of p53 is its role in transcriptional control

(Ko and Prives, 1996; Levine, 1997). Virtually all p53 mutations that exist in cancer

cells reduce its transcriptional activity suggesting that the transcriptional regulation of



p53 is critical for its role in tumor suppression (Vogelstein et al., 2000). Studies from

p53 knock-in mice confirm the significance of p53’s transcriptional activity in

suppressing tumors. The knock-in mice, carrying a transcription transactivation deficient

allele of p53 at the wild-type locus, are indeed tumor prone (Jimenez et al., 2000).

Transcriptional targets of p53 are numerous and the numbers are expected to

expand even more. In general, they function in one of following categories: cell-cycle

arrest, DNA repair and genome maintenance, senescence, apoptosis, and inhibition of

blood vessel formation (Oren, 2003; Vogelstein et al., 2000). Defects in any of the above

functions have been seen in cancer cells suggesting these functions in tumor suppression.

p53 is at the hub of these massive signaling networks highlighting the critical importance

of p53 in suppressing carcinogenesis.

RB, INK4, and Cip/Kip Family Members Function in Cell Cycle Control

RB family members (RB, p107, and 130) collectively regulate cell cycle

progression (hence proliferation), apoptosis, and differentiation (Classon and Harlow,

2002; Sherr, 2004). Moreover, RB is also involved in regulating senescence (Classon

and Harlow, 2002). Like p53, RB family members achieve much of their growth

suppressive control during G1-S transition. They negatively regulate the cell cycle via

modulating E2F transcription activity necessary for G1-S transition (Wang et al., 1994a),

whereas p16"“enhances RB activity via inhibiting a negative inhibitor of RB activity,

cyclin D/cdk4/6 (Sherr and McCormick, 2002). The p16/pRB-E2F pathway links

extracellular cues to the molecular machinery that dictates the initiation of DNA

replication in mammalian cells (Weinberg, 1995).
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In response to mitogens during early G1 phase, D-type cyclins (D1, D2, and D3)

assemble into active complexes with two cyclin dependent kinases, cdk4 or cdk 6

(Marshall, 1999; Sherr and McCormick, 2002). Active signaling from Ras and

phosphatidylinositol 3-kinase (PI3-K) in the presence of mitogens regulate cyclin D1

transcription, synthesis, and assembly with cdk4/6 and regulate the stability and nuclear

retention of the cyclin D/cdk4/6 active complex (Marshall, 1999). Active nuclear cyclin

D/cdk4/6 complex, in the presence of persistent mitogenic signals, co-operates with

cyclin E/cdk2 complex to phosphorylate and thus inhibit RB and its family members

p107 and 130. Consequently, the phosphorylation of RB relieves its growth inhibitory

functions on E2Fs. E2Fs are essential transcription factors that regulate the expression of

genes necessary for DNA replication and thus cell cycle progression. The

hypophosphorylated RB, p107, and p130 physically interact and inhibit E2F proteins.

RB primarily interacts with E2F1, 2, and 3 (Dyson et al., 1993; Lees et al., 1993) whereas

p107 and p130 interact with other E2Fs such as E2F4 (Beijersbergen et al., 1994; Dyson,

1998; Ginsberg et al., 1994; Trimarchi and Lees, 2002; Vairo et al., 1995). The

complexes between RB family members and various E2Fs inhibit E2F transcription

activity and repress gene expression via recruiting chromatin remodeling factors such as

histone deacetylases (HDACs) to E2F responsive promoters (Harbour and Dean, 2000;

Ogawa et al., 2002; Rayman et al., 2002). Therefore, active hypophosphorylated RB

family members negatively regulate cell cycle and block G1-S transition by repressing

the transcription program mediated by E2F. Phosphorylation of RB family members by

active cyclin D/cdk4/6 and cyclin E/cdk2 prevents their association with both E2F and

HDACs and thus allows E2F dependent transcription to proceed (Sherr and McCormick,

.
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2002). One of the downstream targets of E2F is cyclin E providing a positive feed back

loop further activating E2F transcriptional activity (Sherr and McCormick, 2002).

p16"“modulates the RB pathway by preventing the interaction between cdk4

and cyclin D and thus inhibiting cyclin D/cdk4/6 activity (Sherr and Roberts, 1995; Sherr

and Roberts, 1999). As a result, expression of p16"** inhibits downstream RB

phosphorylation (Ortega et al., 2002; Roussel, 1999; Ruas and Peters, 1998; Sherr and

Roberts, 1999).

p16** belongs to the INK4 family, which includes p16”, p15”, p18”,

and p19"“. Unlike pl&"** and p19"“, which are widely expressed during both

developmental and adult tissues, the expression of p16** is limited (Zindy et al., 1997).

However, the expression of p16"“can be induced during cellular senescence (Alcorta et

al., 1996; Hara et al., 1996) and environmental stress (Sherr and DePinho, 2000).

Moreover, Ramirez et al. reported that medium conditions could also modulate pló

expression (Ramirez et al., 2001). Together, these data and the report that mice lacking

6"“are cancer prone (Krimpenfort et al., 2001; Serrano et al., 1996; Sharpless et al.,p1

2001) suggest perhaps p16"“, among all INK4 family members, is the one that counters

abnormal cell proliferation signals (Sherr and McCormick, 2002).

In addition to the INK4 family, the Cip/Kip family members, including p21",

p27*', and p57*, also modulate the RB pathway by both promoting cyclinD/cdk4/6
kiplcomplex assembly and inhibiting cycline/cdk2 activity. Both p21"and p27" are

potent inhibitors of cyclin-E-bound cdk2 and therefore negatively regulate cell cycle

progression (Blain et al., 1997; Soos et al., 1996). However, they also contribute to

cyclin D1/cdk4 complex assembly, stability, and nuclear retention, and thus promote cell



cycle entry into S phase (Altet al., 2002; Cheng et al., 1999; LaBaer et al., 1997). In

quiescent cells, cyclin D levels are low and p27" is high to inhibit cyclin E/cdk2. Upon

mitogenic stimulation, increased amounts of cyclin D are assembled into cdk4 and p27”

complexes. The sequestering of p27” into cyclin D/cdk4 complexes relieves the cyclin

E/cdk2 inhibition and allows cell cycle progression. The active cyclin E/cdk2 can further

phosphorylate free p27” and trigger its degradation via ubiquitination, providing a

positive feed back loop for sustained cyclin E/cdk4 activation. Upon withdrawal of

mitogens, the transcription of cyclin D1 is decreased resulting in the destruction of the

cyclin D1/cdk4 complex. Consequently, p27" is released from this complex and is now

free to repress cyclin E/cdk2 activity, permitting re-accumulation of unphosphorylated

p27”. As a result, cells exit cell cycle (Sheaffet al., 1997; Sherr and McCormick, 2002;

Vlach et al., 1997).

RB, INK4, and Cip■ kip Family Members in Mammary Tumors

Deregulations of the RB pathway have been found in many human tumors. In

fact, RB was the first tumor suppressor to be discovered as the target of a heterozygous

deletion (13414) in familial retinoblastoma patients, who rapidly develop multifocal and

bilateral retinal tumors (Friend et al., 1986; Fung et al., 1987; Lee et al., 1987).

Subsequently, deletions in RB were found in 20-25% of breast cancer cell lines and in

7% of primary breast tumors (Lee et al., 1988; T'Ang et al., 1988).

Cyclin D1 over-expression is detected in over 50% breast cancer cases (Sherr and

McCormick, 2002) and is also seen in up to 50-87% of early stage breast lesions such as

atypical ductal hyperplasia and ductal carcinoma in situ (DCIS) suggesting an early role

10



of cyclin D1 dysregulation in breast cancer progression (Gillett et al., 1998; Simpson et

al., 1997; Weinstat-Saslow et al., 1995). Gene amplification is a common mechanism for

cyclin D1 over-expression. Approximately, 20% of breast cancers exhibit cyclin D1 gene

amplification (Dickson et al., 1995). Moreover, over-expression of cyclin D1 in breast

tumors correlates with high tumor grade (Fernandez et al., 1998).

Interestingly, in contrast to tumors caused by inactivation of RB or over

expression of cyclin E, many tumors that over-express cyclin D1 do not express high

levels of cyclin E (Zukerberg et al., 1995), a canonical E2F target gene, and do not

exhibit increased proliferation (Oyama et al., 1998). These data suggest that additional

functions of cyclin D1 different from its role in cdk-dependent and E2F-mediated cell

cycle promotion may be the oncogenic activity of cyclin D1 in these tumors. In support

of this hypothesis, emerging data from Lamb et al. indicate that cyclin D1 may also

contribute to breast cancer or any other malignancy via a cdk kinase independent role as a

direct transcriptional factor, in addition to its traditional role as positive cell cycle

regulators including both cdk kinase dependent inhibition of RB and titration of cell cycle

inhibitors such as p21 and p27 away from cyclin E/cdk2 (Ewen and Lamb, 2004; Lamb et

al., 2003). To dissect out the cdk dependent and in-dependent functions of cyclin D1,

Lamb et al. introduced both wild-type and a cyclin D1 mutant (K112E) that are unable to

activate cdk4 (Hinds et al., 1994) into MCF-7 human mammary epithelial cells (Lamb et

al., 2003). Employing microarray experiment, they found that the cdk independent

mutant of cyclin D1 is able to up-regulate many genes that are up-regulated by wild type

cyclin. Furthermore, through data mining using multiple independent databases from

more than 500 human tumors and cancer cell lines and biochemical experiments, they
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found that C/EBPB, a transcription factor that has been implicated in breast cancers

(Zahnow, 2002), is involved in regulating genes that are affected by cyclin D1 over

expression. Perhaps the cdk kinase independent oncogenic effect of cyclin D1 is

achieved trough the interplay between cyclin D1 and C/EBPB.

Cyclin E is also over-expressed in a subset of breast cancers (Nielsen et al., 1996;

Nielsen et al., 1997). In addition to cyclin E over-expression, a variant of cyclin E, which

forms constitutively active complex with cdk2 throughout the cell cycle and results in

deregulated cell cycle, exists in breast cancer cells (Keyomarsi et al., 1995).

Furthermore, amplification of cyclin E's partner, cdk2 that form the active complex with

cyclin E, has also been reported in human cancers including ovarian and colorectal

tumors (Kitahara et al., 1995; Marone et al., 1998).

The link between p16” and human cancers was established after the

observation that it is located in the locus (CDKN2a) frequently deleted in many human

cancers (Kamb et al., 1994a; Nobori et al., 1994). Furthermore, individuals with

germline point mutations in p16” are highly susceptible to familial melanoma (Gruiset

al., 1995; Hussussian et al., 1994; Kamb et al., 1994b). Loss of p16"“is also detected in

about 30% of breast cancers (Sherr and McCormick, 2002) and in 40–60% of breast

cancer cell lines (Kamb et al., 1994a). Reintroducing p16” into breast cancer cell lines

causes a dose-dependent cell cycle arrest (Craig et al., 1998; Foster et al., 2001).

Somatic inactivation of p16"“ can be the result of both genetic (point mutation

and deletion) and epigenetic (promoter hypermethylation) alterations (Esteller et al.,

2001; Merlo et al., 1995; Ruas and Peters, 1998; Sharpless and DePinho, 1999).

Furthermore, aberrant cytoplasmic expression of p16 is also seen in 9% of invasive (n=

a 4
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368) and 4% of intraductal carcinomas (n=52) (Emig et al., 1998; Geradts and Wilson,

1996). The importance of p16"“in human cancers was further strengthened by the

finding that alterations in cdk4 (either point mutations that disrupt the binding of

p16** and render it p16** resistant or gene amplification) and cdk6 (over

expression) are also detected in human cancers (Tang et al., 1999; Wolfel et al.,

1995; Zuo et al., 1996).

Under-expression or mutational inactivation of additional CDK inhibitors also

exists in breast cancer. A reduction in p27 expression is frequently seen in breast cancer

and correlated with aggressive phenotypes and poor prognosis (Blain et al., 2003;

Catzavelos et al., 1997; Tan et al., 1997). Similarly, both p21 mutations that impair its

ability to inhibit CDKs (Balbin et al., 1996) and the localization of p21 in the cytosol are

associated with poor prognosis (Winters et al., 2003) and have been observed in breast

cancer cells. However, to add to the complexity, over-expression of CDK inhibitors such

as p21 may also promote some early stage neoplasias (Biankin et al., 2001). Given that

p21 also facilitates cyclin D/cdk4/6 assembly and activation in addition to its role in

cyclin E/cdk2 inhibition, this observation may not be so surprising.

Connection between p53 and RB

One of the consequences of RB inhibition and subsequent E2F activation is the

up-regulation of a tumor suppressor, ARF, the alternative reading frame product of

INK4a locus that also encodes tumor suppressor p16” (Quelle et al., 1995). The ARF

protein directly binds to and sequesters HDM2, a negative regulator of p53, in the

nucleolus of the cell. Furthermore, ARF also antagonizes HDM2's E3 ubiquitin ligase
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activity thereby preventing p53 degradation and triggering a p53-dependent cell cycle

arrest or apoptosis (Lowe and Sherr, 2003; McClatchey and Jacks, 1998; Sherr and

McCormick, 2002). The cell cycle arrest in response to p53 activation is mediated by the

up-regulation of p21, which modulates the RB pathway via inhibiting cyclin E/cdk2,

providing a negative feed back loop and highlighting the complexities of cellular

pathways.

BRCA1 and BRCA2 in Breast Cancer

Approximately, 8-10% of breast cancer cases are heritable indicating the genetic

aspect of the disease. Individuals who possess germline mutations in BRCA1 or BRCA2

are predisposed to breast and ovarian cancers indicating the tumor suppressing function

of the two proteins. The estimated lifetime breast cancer risk for those who carry

germline mutation in BRCA1 varies from 36% to 85% depending on the populations

used for the analysis (Nathanson and Weber, 2001). The median age of diagnosis in

these individuals is 42 years (Nathanson et al., 2001). The lifetime breast cancer risk for

BRCA2 mutation carriers is similar to that of BRCA1 carriers, but at a later age of onset

(Welcsh and King, 2001). Interestingly, unlike BRCA1, male carriers for BRCA2 have

an - 6% lifetime breast cancer risk, which is 100 fold higher than the general population

(Nathanson et al., 2001).

Both BRCA1 and 2 encode two large proteins. They interact with numerous

molecules and are involved in many fundamental cellular activities. Clues for their

cellular functions stem from the observations that BRCA1 or 2 mutant cells lack genomic

integrity and accumulate chromosomal abnormalities including DNA breaks, aneuploidy,
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and centrosome amplification (Deng and Scott, 2000; Welcsh and King, 2001).

Subsequent experiments demonstrated that the physiological functions of BRCA1 in

maintaining genomic integrity are extremely complex. BRCA1 is essential in many

cellular functions including DNA damage sensing and repair, recombination and DNA

replication, transcription-coupled repair, chromatin remodeling, cell cycle checkpoint

control, protein ubiquitination (E3 ligase activity), and apoptosis (Powell and Kachnic,

2003; Venkitaraman, 2002). BRCA2 has also been implicated in maintaining genomic

integrity, chromatin remodeling, transcriptional activation, and RAD51-associated

recombination (Powell and Kachnic, 2003; Venkitaraman, 2002).

Interestingly, despite the fact that both BRCA1 and 2 are ubiquitously expressed

and function in cellular pathways that are fundamental to all cells, individuals who carry

the germline mutations in these two genes almost specifically develop breast or ovarian

cancers (Welcsh and King, 2001). Recent data from David Livingston's laboratory point

to a possible molecular mechanism for this gender and tissue specificity in BRCA1

cancers (Ganesan et al., 2004, Ganesan et al., 2002). They found that a fraction of

BRCA1 is associated with Xi-specific RNA transcripts (XIST), which coat the X

chromosome in cis and initiate a cascade of chromatin modifications on the X

chromosome, and hence trigger X chromosome inactivation (Heard, 2004). Both

cultured cells and cells directly isolated from BRCA1-■ -primary tumors lacking BRCA1

exhibit defects in XIST localization. Consistently, Jazaeri et al. reported that ovarian

cancer cells deficient in BRCA1 over-express some X chromosomal genes (Jazaeri et al.,

2002). Acute down regulation of BRCA1 in female diploid cells also leads to defects in

Xi and re-expression of GFP inserted on Xi whereas reconstitution of wild-type BRCA1
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in cells lacking BRCA1 rescues the Xist localization phenotype. Taken together, these

data suggest that BRCA1 may be required for proper formation and/or maintenance of

Xi. However, the significance of BRCA1 in Xi formation and/or maintenance in

suppressing tumorigenesis remains unanswered. It will be interesting to find out whether

re-activation of the X chromosome can initiate and/or facilitate the tumorigenic process

in mammary and ovarian cells. It is nevertheless appealing to speculate that re-activation

of some (or all) X chromosomal genes in BRCA1 -/- cells specifically contribute to breast

and ovarian tumor development. In support of this idea, gain of X chromosome and/or

loss of Y chromosome among other genomic abnormalities are commonly seen in male

breast cancer (Rudas et al., 2000; Teixeira et al., 1998). Furthermore, men with

Klinefelter's syndrome, who possess increased X dosage due to XXY genotype, are

predisposed to breast cancer arguing for a role of increased X dosage in promoting breast

cancer development (Swerdlow et al., 2001). Moreover, hormones might also play a role

in facilitating the tissue specific cancer development in the carriers.

Genetic Modifying Loci for BRCA Mutation in Breast Cancer

Substantial variation of breast cancer penetrance in BRCA 1 or 2 carriers suggest

that modifying loci affecting BRCA carrier's breast cancer risk exist. In an attempt to

discover the specific breast cancer modifying loci in BRCA carriers, Nathanson et al.

carried out linkage analysis between three loci that are frequently lost in BRCA1 breast

tumors as detected by array CGH (Tirkkonen et al., 1997) and breast cancer risk.

Significant linkage between loci at chromosome 54 33-34, which is lost in 86% BRCA1

breast cancers (Tirkkonen et al., 1997), and BRCA1 mutation in breast cancers has been
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found suggesting that this locus may be a modifier specific for breast cancer penetrance

in kindreds with BRCA1 germline mutation (Nathanson et al., 2002). In addition,

androgen receptor alleles that contain increased CAG repeats and an allele of AIB1

(transcriptional co-activators for steroid hormones in estrogen-dependent transcription)

that contains increased polyglutamine repeats have been found to be associated with

increased breast cancer risk in individuals carrying germline BRCA1 mutations

(Nathanson and Weber, 2001).
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regulation of ARF. In addition to p53, the link between the p16"“-cyclinD/cdk4/6-RB- C

E2F pathway and another famous tumor suppressor, BRCA1, has also been reported. >
º

Wang et al., noted that the BRCA1 promoter contains E2F binding sites and the

expression of BRCA1 is dependent on the status of the p16"“-cyclinD/cdk4/6-RB-E2F

pathway (Wang et al., 2000). Ectopic expression of E2F, cyclin D1 and cdk4 up-regulate

BRCA1 expression where as p16"“ and RB repress BRCA1 expression. The functional

significance of this link remains to be fully clarified. Thus far, the existing data suggest

that one function of BRCA1 up-regulation in response to deregulated RB-E2F pathway

may be to promote apoptosis. It has been shown that BRCA1 can directly bind to p53

and stimulate p53-dependent transcription of pro-apoptotic genes (Ouchi et al., 1998;



Zhang et al., 1998a). Furthermore, BRCA1 can promote p53-independent apoptosis

through p53-independent activation of GADD45, which can activate JNK/SAPK and

induce apoptosis (Harkin et al., 1999). Thus, one of the tumor suppressing activities of

BRCA1 may come from its ability to oppose the aberrant proliferation signals from

deregulated RB-E2F pathway by activating the apoptosis response.

Other Breast Cancer Susceptibility Genes

Even though together BRCA 1 and 2 are accounted for nearly all breast and

ovarian cancer families with autosomal dominant inheritance of susceptibility and the

families with four or more breast cancer cases at an early age onset of 60 or less, they

only account for a small fraction of hereditary breast cancers. Additional genetic loci

must exist to confer either increased or decreased breast cancer susceptibilities. Nearly a

decade after the momentous discovery of the breast cancer predisposition genes BRCA1

and 2 (Hall et al., 1990; Miki et al., 1994; Wooster et al., 1995; Wooster et al., 1994), the

search for additional breast cancer susceptibility genes has yielded limited results

(Nathanson and Weber, 2001). Loci implicated as additional breast cancer susceptibility

genes include STK11/LKB1 (a serine-threonine kinase), Stk6/STK15, APC, PTEN, p53,

ATM, and CHEK2 (Consortium, 2004; Deng and Brodie, 2001; Ewart-Toland et al.,

2003; Meijers-Heijboer et al., 2002; Nathanson et al., 2001). In addition, allelic

variations in androgen receptor and AIB1 may also contribute to increased breast cancer

penetrance in BRCA 1 carriers (Nathanson and Weber, 2001). Despite the success in

identifying these breast cancer susceptibility genes, many inherited breast cancer cases

still remain to be unaccounted for. High-density genome wide analysis such as SNP
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microarray may be of use to search for breast cancer susceptibility genes with either high

or low penetrance in the future (Houlston and Peto, 2004).

Given the complexity of breast cancers, appropriate model systems are necessary

for dissecting the pathways in breast cancer initiation, progression, maintenance, and

invasion. In the next part of this introduction, I will describe the model systems currently

employed for investigating the disease and summarize the knowledge gained from these

studies.

Knowledge Gained from Studying Breast Cancer Genetics in Murine
Models

Studies of cancer genetics in murine models have been extremely fruitful thanks

to the extensive genetic tools available and the easy manipulation and monitoring of the

laboratory animals. For human breast cancer research, mouse models can be classified

into three main categories: 1) chemical and virus induced, or ionizing radiation-induced

mice tumor model, 2) genetically engineered mice (GEM) such as transgenic, knockouts,

knockins, and conditional Cre/LoxP or Flp/Frt recombination based transgenic and knock

out/ins, 3) xenoplants models which include heterotopic, such as subcutaneous or kidney

capsule transplant, and othotopic, such as mammary fat pad transplant, tumor models

(Cardiff et al., 2000; Kim et al., 2004a; Tuveson and Jacks, 2002; Wagner, 2004).

Studies from each of these model systems have provided invaluable insight into breast

cancer initiation and progression. In addition, the murine model is effective at dissecting
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the hormonal effects on breast cancer development. However, the hormonal studies are

beyond the scope of this introduction.

Oncogenes in Breast Cancer Development

Transgenic mice expressing various oncogenes have been produced to study the

role of variety oncogenes in mammary tumor initiation and progression. Significant

improvement in transgenic studies came with the ability to manipulate transgene

expression specifically in the mammary gland. Stewart et al. describe the first generation

of mammary tumors in transgenic mice with MTV/myc fusion genes in 1984 (Stewart et

al., 1984). The murine mammary tumor virus (MMTV) promoter includes hormone

regulated enhancer elements, and thus the expression of the transgene is dependent on the

hormonal status, which changes during murine embryogenesis, pregnancy and lactation.

(Jamerson et al., 2004; Kim et al., 2004a). They showed that even though the expression

of c-myc in the mammary gland had no obvious effect during early development, it did

contribute to the formation of mammary adenocarcinomas. Furthermore, the F1 progeny

that inherit the MTV/myc transgene also develop mammary adenocarcinomas. This data

indicate that deregulated c-myc expression in mammary gland tissues acts as a heritable

and predisposing factor in mammary tumorigenesis (Stewart et al., 1984).

Since the study by Stewart et al., the use of transgene expression specifically in

murine mammary gland under the control of MMTV promoters has been widely applied

to study the functions of various oncogenes such as wnt (Li et al., 2000), her2/Neu, myc

(Guy et al., 1992; Jamerson et al., 2004; Sinn et al., 1987), H or N-ras (Mangues et al.,

1990; Sinn et al., 1987), c-src (Webster et al., 1995), TGF-o. (Matsui et al., 1990), cyclin
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D1 (Wang et al., 1994b), Fgf3 (Muller et al., 1990), and COX-2 (Liu et al., 2001).

Transgene expression of each of these oncogenes except Fgf3 leads to mammary gland

carcinogenesis generating focal or multifocal mammary lesions. The focal occurrence of

the mammary tumors suggests multi-step carcinogenesis since all mammary epithelia

expressed oncogenes, but only few progress to become malignant. Additional alterations

may be required for tumorigenesis (see next paragraph for examples of combined effects

of two or more oncogenes). MMTV-Fgf3 mice develop early lesions such as mammary

hyperplasia but rarely tumors (Muller et al., 1990) providing a good in vivo model for

studying early steps of breast carcinogenesis.

The murine whey acidic protein (WAP, a normal protein component of milk)

promoter is another popular and highly utilized promoter that directs the expression of

specific oncogenes within the secretory mammary epithelium of mice during late

pregnancy and lactation (Jamerson et al., 2004). Schoenenberger et al. reported that

WAP/c-myc transgene expression was sufficient to induce mammary tumors

(Schoenenberger et al., 1988). Significantly, WAP-stromelysin-1 transgenic mice also

develop mammary tumors (Sternlicht et al., 1999). Stromelysin -1 is an extra cellular

matrix remodeling protein. The results from WAP-stromelysin suggest that alterations in

the microenvironment can contribute to mammary gland carcinogenesis. Indeed, many

studies have pointed to a facilitating role of the microenvironment in carcinogenesis

(Coussens et al., 2000; Lin and Pollard, 2004; Olumi et al., 1999; Tlsty and Hein, 2001).

In addition to MMTV and WAP, a variety of other promoters including MT,

BLG, C3(1), UASXGAL4 bitransgenic, MMTV/MT bitransgenic, RSV, and H4 are also

employed to target gene expressions to the mammary gland (Cardiff et al., 2000). The

21



more sophisticated, inducible and reversible MMTV-rtetTA/tetOP promoter has been

developed to regulate transgene expression such as for c-myc (Jamerson et al., 2004).

One major disadvantage for using either MMTV or WAP as promoters to drive

transgenic expression is that both promoters are hormone sensitive. Hence, it is difficult

or impossible to address hormonal effects that may interact with the transgenic activities

in the mammary tumorigenic process (Blackburn and Jerry, 2002).

Contributions of combinatorial effects of two or more oncogenes have also been

tested specifically in murine mammary gland tumor formation (Jamerson et al., 2004).

For example, c-myc single transgene expression under the MMTV promoter in murine

mammary glands leads to mammary tumors with a 50% incidence following a 7-14

month latency in virgin mice (Jamerson et al., 2004; Schoenenberger et al., 1988; Stewart

et al., 1984). Similarly, MMTV-H-ras transgenic mice develop mammary

adenocarcinomas with a 50% incidence following an average of 186 day latency in virgin

female mice (Sinn et al., 1987). In c-myc and H-ras bitransgenic mice, mammary tumors

emerge in 46 days in contrast to 186 days in H-ras mice and 7-14 month in c-myc mice.

In addition to the reduced latency in the bitransgenic female mice, tumor incidence in

male mice is also elevated (Sinn et al., 1987). Hence, c-myc and H-ras co-operate in the

mammary tumorigenesis as evidenced by the significant synergistic effect seen in the

bitransgenic mice (Sinn et al., 1987). c-myc expression sensitizes cells to apoptosis. But

in the bitransgenic mice, apoptosis was reduced (Sinn et al., 1987). The co-operative

effect or synergy between H-ras and c-myc may be explained by this reduction in

apoptotic index in the bitransgenic mice (Hundley et al., 1997). Interestingly, despite the

co-expression of two oncogenes in mammary tissues, mammary tumors still arose in
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focal lesions in the bitransgenic mice after a latent period. This stochastic pattern in

mammary tumor formation suggests that yet additional unidentified molecular alterations

are required for the full transformation (Sinn et al., 1987).

An effort was subsequently made to generate tritransgenic mice expressing c-neu,

c-myc, and H-ras. Tumor incidence was increased to 100% and tumor latency was

significantly reduced in the tritransgenics (Cardiffet al., 1991). In these experiments,

tumor incidences for myc, ras, neu, myc/neu, and myc/neu/ras were 20%, 67%, 73%,

91%, and 100% respectively. Tumor latencies were roughly 299 days for c-myc, 263 days

for ras, 228 days for neu, 141 days for myc/neu, and 72 days for myc/neu/ras (Cardiffet

al., 1991; Jamerson et al., 2004). Moreover, tumor phenotypes in these tritransgenic mice

are similar to the large cell/dense glandular adenocarcinoma phenotype seen in MMTV

c-myc transgenic mice. This result suggests that c-myc plays a dominant role in the

oncogenic transformation in combination with c-neu and/or H-ras.

Despite the variations among different experiments, studies in transgenic mice

clearly demonstrate a co-operative role of multiple oncogenes in mammary tumor

development. Similar requirements of multiple oncogenes for complete transformation

are also seen in human mammary epithelial cells. Elenbass et al. presented data

indicating that transformation of human mammary epithelial cells in culture requires SV

40 Large T antigen, the telomerase catalytic subunit, and H-ras (Elenbaas et al., 2001).

The Role of p53 in Suppressing Mammary Gland Tumor Development

The roles of tumor suppressors in suppressing mammary gland tumors have been

examined using knockout mice. p53 and pKB are the two most frequently mutated
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proteins in human cancer demonstrating their normal function in inhibiting tumor

formation (Sherr and McCormick, 2002). A large body of evidence from knockout

studies clearly demonstrates tumor suppressor role of these molecules (Donehower et al.,

1995a; Donehower et al., 1992; Harvey et al., 1993; Jacks et al., 1992; Jacks et al., 1994;

Purdie et al., 1994; Williams et al., 1994).

Most mice with no p53 tumor suppressor activity are viable and survive to

adulthood except - 10% p53 -/- mice, which die of exencephaly (Armstrong et al., 1995;

Jacks, 1996; Sah et al., 1995). However, p53-/- animals are highly susceptible to tumor

formation and die before 6 months of age (Donehower et al., 1992). They spontaneously

develop predominantly lymphomas and soft tissue sarcomas (Donehower, 1996;

Donehower et al., 1992; Jacks et al., 1994). Mammary tumors, on the other hand, are

rarely seen in the p53 -/- or p53 +/- mice with a mixed genetic background (75%

C57BL/6 and 25% 129/Sv) or 129/Ola background (Donehower, 1996; Donehower et al.,

1992; Jacks et al., 1994; Purdie et al., 1994). These observations are in contrast with the

observations in humans with Li-Fraumeni syndrome. Approximately half the individuals

with Li-Fraumeni syndrome possess germline mutations in p53 and they develop pre

menopausal breast cancer and other malignancies with high frequency (Kleihues et al.,

1997; Malkin et al., 1990; Srivastava et al., 1990).

The lack of mammary tumors or other adenocarcinomas in p53 -/- mice raise

several possibilities. The first possibility is that p53 is dispensable in murine mammary

tumor initiation or progression. The fact that no mammary tumors were observed in

either p53-/- or p53 +/- mice seems to suggest this possibility. In addition, DMBA

induced mammary tumors in p53 +/- mice do not lose the wild-type allele (Jerry et al.,
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1994). However, it is unlikely that p53, a major tumor suppressor, is dispensable in

mammary carcinogenesis. Even though p53 -/- mice don't form mammary tumors,

serially transplanted mammary cells from either p53 null or heterozygous mice frequently

develop ductal hyperplasias and ductal carcinoma in situ (DCIS) lesions that eventually

progress into invasive breast tumors (Jerry et al., 2000; Medina et al., 2002). The

presence of pituitary isografts, which provide continuous hormonal stimulation, increased

tumor frequency from 60 to 100% and reduced tumor latency from 50 to 37 weeks in

studies using theses serially transplanted mammary cells (Jerry et al., 2000).

A second possibility is that p53 is an important tumor suppressor in mammary

carcinogenesis, however, the rapid and rampant development of lymphomas and

sarcomas in p53 null mice obfuscate the phenotypical changes in the epithelial cells

including mammary epithelium. The result from a serially transplant experiment, in

which p53 -/- or +/- mammary epithelial was transplanted into the p53 wild type BALB/c

female mammary fat pad, points to a role of p53 in suppressing mammary tumor

formation (Jerry et al., 2000; Medina et al., 2002). The conditional p53 null or

heterozygous in mice mammary gland will clearly address this second possibility and

clarify p53’s contribution in suppressing mammary carcinogenesis. Similarly, specific

over-expression of dominant-negative p53 mutants under the WAP or MMTV promoters

in the murine mammary gland is also useful to elucidate p53’s function in mammary

gland.

p53 functions as a tetrameric protein and the presence of a dominant negative

mutant would disrupt the proper tetramerization that’s required for its transcriptional

activity (Jeffrey et al., 1995). Mutant p53, p53-R172H, functions as such a dominant
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negative mutant and its human equivalent (R.175H) is the second most commonly found

mutation in human breast cancers (Hainaut et al., 1997). The expression of p53 R172H

specifically in mammary glands leads to increased tumor burden and decreased tumor

latency in the presence of carcinogens (Li et al., 1998) indicating the tumor suppressor

role of p53 in mammary tumors.

A third possibility is that genetic modifiers in different murine genetic

backgrounds influences p53's ability in suppressing mammary tumors. In contrast to

C57BL/6x129/Sv mice, from which the original p53-/- mice were generated (Donehower

et al., 1992), BALB/c mice have been shown to be sensitive to radiation-induced

mammary tumors (Ponnaiya et al., 1997; Ullrich et al., 1996). To address whether

genetic modifiers or low penetrance susceptibility genes (Balmain, 2002) in different

genetic backgrounds influence p53’s tumor suppressor function, Kuperwasser et al.,

crossed the p53 -/- into the BALB/c background (Blackburn et al., 2003; Kuperwasser et

al., 2000). In this BALB/c background, p53 -/- mice still primarily die of lymphomas

with a median survival time of 15.4 weeks. However, a different result was obtained in

p53 heterozygous BALB/c mice. About 55% p53 +/- BALB/c mice developed mammary

tumors with a 54 weeks latency. In addition, the mammary tumors, which arose from

p53 +/- BALB/c mice, frequently lost the remaining wild type p53 allele indicating a

selective pressure to lose p53 activity. Furthermore, the tumor spectrum observed in p53

+/- BALB/c female mice are similar to the tumor spectrum seen in female individuals

with Li-Fraumeni syndrome (Akashi and Koeffler, 1998; Deng and Brodie, 2001;

Kleihues et al., 1997; Kuperwasser et al., 2000; Malkin et al., 1990). Hence, the p53 +/-
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BALB/c mice model may function as invaluable model system for studying breast

carcinogenesis in individuals with Li-Fraumeni Syndrome.

The apparently different tumor spectra in p53 +/- mice with either BALB/c or

C57BL/6x129/Sv backgrounds suggest the existence of genetic modifiers in different

inbred mouse lines (Donehower et al., 1995b). The BALB/c mice may possess

modifying loci that increase their susceptibility to mammary tumors. Intriguingly, the

BALB/c laboratory mice contain a polymorphic plo” allele and a polymorphic DNA

PK allele, both of which contain two point mutations (Yu et al., 2001b; Zhang et al.,

1998b). The two point mutations in DNA-PK result in increased radiation-induced

genomic abnormalities in mammary epithelial cells and thus may render increased

susceptibility to radiation-induced mammary tumors in BALB/c mice. The two point

mutations in p16” reduce the ability of p16” to inhibit Rb phosphorylation, and thus

render the polymorphic plo” allele hypomorphic (Herzog et al., 1999; Zhang et al.,

1998b; Zhang et al., 2001). The function of p19", on the other hand, does not appear to

be affected (Zhang et al., 1998b; Zhang et al., 2001). Studies with melanoma patients

who possess mutations in CDKN2A gene, which encode pló, suggested that these

individuals are at greater risk in developing breast cancer (Borg et al., 2000; Plna and

Hemminki, 2001). These observations raise the question whether hypomorphic p16”

alleles modify the tumor incidence and spectrum in p53 +/- BALB/c mice. Perhaps,

deficiency in p16 activity co-operates with deficiency in p53 function to promote

mammary carcinogenesis. Studies reported by Sharpless et al. seem to argue against this

possibility of co-operation between p16 and p53 deficiency in mammary carcinogenesis

(Sharpless et al., 2002). Sharpless et al. examined mice (mixed genetic background;
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~87.5% FVB/n) with p53 and/or p16 deficiency for tumor incidence and spectrum in

different tissues. While they found that p53 and p16 double null mice did develop tumors

earlier, they did not develop mammary carcinomas. The increased tumor frequency and

reduced tumor latency in mice missing both p53 and p16 functions suggest that p53 does

indeed co-operate with p16 to prevent tumor formation. But the absence of mammary

tumors in p53 and p16 double null mice seems to argue against the role of p16 in

modifying p53 function during mammary carcinogenesis. These results suggest that

additional modifier loci other than p16” may explain the mammary tumor

susceptibility in the BALB/c background. However, the limited sample size in their

study prevents definitive conclusions.

In an attempt to find the genetic modifiers in BALB/c mice that explain their

mammary tumor susceptibility, Blackburn et al. crossed BALB/cMed-Trp53-/- male mice

with C57BL/6]-Trp53 +/+ mice to generate p53 heterozygous mice with mixed genetic

background. The F1 females (C57BL/6] xBALB/cMed-Trp5+/+) from this cross were

further crossed with BALB/cMed- Trp53-/- males to generate p53 heterozygous N2 with

(C57BL/6xBALB/c)xBALB/c mixed genetic background (Blackburn et al., 2003). They

found that diminishing BALB/c background with the introduction of C57BL/6 alleles

increases murine survival and tumor latency and decreases tumor frequency.

Furthermore, tumor spectra are also altered with the introduction of C57BL/6 alleles into

the BALB/c background (Blackburn et al., 2003). Taking the candidate gene approach,

Blackburn et al., found that neither BALB/c alleles of Prkdc or Cdkn2a, which encode

DNA-PK and p16 respectively, alone statistically modified p53 alleles in mammary

tumor development. However, when the interactions between these two loci are
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considered, both alleles do modify tumor incidence, latency, and spectra in p53

heterozygous mice with Cdkn2a having the stronger effect (Blackburn et al., 2003). This

result demonstrates compound interactions between modifying genes and highlight the

complexity of genetic interactions in determining mammary tumor phenotypes

(Blackburn et al., 2003; Blackburn et al., 2004). To add to the complexity, data reported

by Blackburn et al., also suggest that the effects of multiple modifying loci are also likely

to be cell type, cell cycle, and carcinogen specific (Blackburn et al., 2003).

The fourth possibility is that down regulation of p53 in the mammary gland

creates a conditional phenotype. Under permissive conditions, p53 -/- mammary cells

will embark on the tumorigenic process and unmask a role for p53 in mammary

carcinogenesis. p53 is an important negative regulator of the cell cycle and thus serves as

cell cycle checkpoint protein (Hofseth et al., 2004). Conditional phenotypes have been

exemplified in many cell cycle checkpoint proteins including p53. Cell cycle checkpoint

controls (CCCC) function as surveillance to ensure the accurate duplication and

segregation of genetic material during each cell division and to prevent the persistence of

genomic abnormalities (Hartwell and Weinert, 1989; Weinert and Hartwell, 1988).

Under certain conditions such as in the presence of DNA damage, cell cycle checkpoint

control is activated to halt the cell cycle (Hartwell and Weinert, 1989; Myung et al.,

2001; Weinert and Hartwell, 1988). Thus, mutations in cell cycle checkpoint control

proteins may only manifest the phenotypes when such conditions exist.

One of the conditions that permit manifestation of tumor phenotypes in p53 null

mice in mammary epithelium may be telomeric dysfunction, a consequence of ever

shortening telomeres. Unlike humans where the average telomere length is ~10 kb,
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telomeres in mice are ~30–40 kb (Newbold, 1997). Furthermore, adult murine somatic

tissues express telomerase in contrast to their human counterparts (Greenberg et al.,

1998). Telomerase is a ribonucleoprotein complex that possesses RNA dependent DNA

polymerase activity (Chan and Blackburn, 2004). The primary function of telomeres (at

least the current view) is to maintain telomere length by synthesizing new DNA repeats at

the telomere using its internal RNA template. To generate a mouse model that will better

mimic the progressive telomere shortening phenotype in humans, Artandi et al. mutated

the Terc RNA subunit of telomerase in mice and thus knocked out telomerase activity

(Artandi et al., 2000). In the absence of telomerase activity, proliferating murine cells

undergo progressive telomere shortening similar to proliferating human cells and reach a

critically short telomere length that instigates telomeric dysfunction after several

generations of breeding the Terc RNA null animals (Artandi et al., 2000). Importantly,

the lack of telomerase function and/or the existence of shortened telomeres in the late

generation Terc -/- mice drastically changes both the tumor frequency and spectrum of

p53 heterozygous mice (Artandi et al., 2000). In these mice, increased frequency of

mammary carcinomas was observed along with increased frequency other carcinomas.

This data indicate that deficiency in p53 activity in the context of shortened telomeres

and/or absence of telomerase activity permits mammary tumor development. Perhaps the

genomic abnormalities resulting from shortened telomeres and/or the absence of

telomerase activity create a damage condition that requires proper p53 activity to prevent

cell cycle progression. In other words, p53 is indeed a tumor suppressor in murine

mammary carcinomas. However, its function in modulating mammary tumorigenesis is

only revealed under conditions such as shortened telomeres in mice.
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Haploinsufficiency of p53

The haploinsufficiency of p53 function in suppressing tumors has been

demonstrated in numerous experiments (Chandar et al., 2000; Jones et al., 1997;

Venkatachalam et al., 1998; Venkatachalam et al., 2001). Donehower et al. and Purdie et

al. have reported that only ~50% tumors in p53 heterozygous mice exhibited LOH at the

wild type p53 allele. The fact that some tumors that arose in p53 heterozygous mice still

retain a functional wild type p53 allele indicates that reduction of p53 dosage can

promote cancer development (Venkatachalam et al., 1998).

The reduction in p53 dosage in the heterozygous mice has been shown to result in

an intermediate level of p53’s transcriptional activity, growth control, and apoptosis

phenotype when compared to the both wild type and p53 null cells (Colombel et al.,

1995; Gottlieb et al., 1997; Venkatachalam et al., 2001). Studies on co-operativity

between heterozygous p53 and various other tumorigenic mutations also revealed that

reduction in p53 dosage is sufficient to promote tumors and reduce tumor latency (Kemp

et al., 1993; Williams et al., 1994). In a chemically-induced skin tumor model, reduction

in p53 dosage promotes malignant progression (Kemp et al., 1993). Interestingly, this

reduction in p53 dosage does not affect tumor initiation. These results, and others,

expose the complexity of p53 activity in different cell types and under different

conditions.
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Transcriptional Transactivation Activities of p53 are Necessary for
Suppressing Tumor Formation

To address whether the transcriptional transactivation activity of p53 is required

to suppress tumorigenesis, Jimenez et al. replaced the wild-type p53 allele with a mutant

allele (encoding changes at Leu25 and Trp.26) known to be essential for transcriptional

transactivation and Mdm2 binding (Jimenez et al., 2000). The resulting knock-in mice

with mutant alleles of p53 are also tumor prone and phenotypically similar to p53 null

mice, suggesting the p53 tumor suppressor functions in mice require the transcriptional

transactivation activity. Through studies of various p53 mutants and their abilities in

growth suppression in tumor cell lines, Pietenpol et al. reached the same conclusion: i.e.,

the sequence specific transcriptional transactivation activity of p53 is required for its

function as a tumor suppressor (Pietenpol et al., 1994).

A prominent transcriptional target of p53 is the cyclin E-cdk2 inhibitor, p21°".

Interestingly, even thought p21"mediates many aspects of p53-induced growth arrest

(Brugarolas et al., 1995; Deng et al., 1995), p21"-/- mice do not phenocopy p53 -/- mice

and are not tumor prone (Deng et al., 1995). This result suggests that the tumor

suppression function of p53 is not mediated through p21" alone, and additional

transcriptional targets, such as those involved in apoptosis, of p53 are required.

Intriguingly, Rowan et al. reported that p53's ability in inducing apoptosis may be more

important than its cell cycle arrest properties in suppressing tumor development (Rowan

et al., 1996).

Numerous experiments have clearly demonstrated the important role of p53 in

suppressing mammary tumorigenic process. The co-operation between p53 and various

tumor suppressors or oncogenes have also been under intense investigation. While co
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operation between various oncogenes or tumor suppressors and p53 exist in the

mammary tumorigenic process, there is no apparent co-operation between c-myc and p53

in mammary tumor development. Interestingly, p53 and c-myc co-operation does exist in

tumors other than mammary tumors, such as in lymphomas (Elson et al., 1995). These

data suggest that co-operativity between c-myc and p53, and likely others, are tissue or

cell type specific.

The Importance of an Intact RB Pathway in Suppressing
Tumorigenesis

Knockout mice modified in another important tumor suppressor, RB, or its family

members, have also been generated (Clarke et al., 1992; Jacks et al., 1992; Lee et al.,

1992). RB -/- embryos die between day 13 and 15 from deficient erythropoiesis,

defective differentiation, excessive proliferation, and cell death in multiple organs,

whereas RB heterozygous mice develop pituitary and thyroid tumors, but not

retinoblastoma or other tumors commonly associated with RB mutation in humans

(Clarke et al., 1992; Jacks, 1996; Jacks et al., 1992; Lee et al., 1992). Different from RB

null or heterozygous mice, mice lacking either p107 or p130 develop normally and no

tumor predisposition has been observed. The crosses between p130 and p107 (Cobrinik

et al., 1996), RB and p107 (Lee et al., 1996), and RB and p130 (Mulligan and Jacks,

1998) have revealed both functional overlap and differences among the three family

members. For example, all RB+/- p107-/- mice develop multifocal and bilateral retinal

dysplasia whereas RB+/-p130-/-, p130+/-p107-1-, and p107+/-p130-|- mice don't

(Mulligan and Jacks, 1998). Furthermore, by studying the differences between the acute
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RB loss vs. germline RB loss, Sage et al. demonstrated that the compensation activities

among RB family members are highly context dependent (Sage et al., 2003).

Similar to the original p53 knockout mice, mice lacking RB do not exhibit

increased mammary tumor frequency (Clarke et al., 1992; Donehower et al., 1992; Jacks

et al., 1992; Lee et al., 1992). In addition, both chimera and tissue grafting experiments

indicate that loss of RB alone is not sufficient for mammary tumor formation (Maandag

et al., 1994; Robinson et al., 2001). Perhaps, similar to the case of p53, genetic modifiers

or permissive conditions are required for mammary tumor formation in RB -/- mice. It

remains of interest to find out whether RB null mammary cells in a different genetic

background such as in BALB/c will develop into mammary tumors. In other words, do

modifying loci in BALB/c mice also increase mammary tumor susceptibility in RB null

mammary glands.

Another possibility is that p107 and/or p130 are sufficient to compensate for RB

loss in mammary cells. To clearly address the specific contributions of RB family

members, RB, p107, and p130, in suppressing mammary tumor initiation and

progression, it is important to ablate all RB family members specifically in mammary

cells. Since it is technically difficult to generate a triple knockout of essential genes that

are required for mammary gland development, Simin et al. circumvented the difficulties

by specifically expressing Tizi in murine mammary glands under the control of the WAP

promoter (Simin et al., 2004). Tizi is the truncated variant of simian virus 40 (SV40) T

antigen and is capable of inhibiting all three RB family members. Two deletions were

made in T antigen to generate T12 variant. The 196bp N-terminal deletion abolishes small

t antigen products and the dll 137 deletion truncates T antigen so that it no longer binds to
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and inhibits p53 (Simin et al., 2004). The expression of Tl21 in mammary glands leads to

increased proliferation and apoptosis and leads to adenocarcinoma formation with a 16

month latency (Simin et al., 2004). This result demonstrates that RB family proteins are

indeed important tumor suppressors in suppressing mammary tumor formation.

The importance of the RB pathway in suppressing mammary tumors is further

demonstrated through studies of transgenic mice that exhibit deregulation of the RB

pathway. Murine mammary gland models for upstream regulators of RB have also been

generated and provide great insights into the RB-E2F pathway in mammary

carcinogenesis. The RB tumor suppressor protein is phosphorylated and hence inhibited

by cyclinD/cdk4/6 and cyclin E/cdk2. Over-expression of cyclin D, E, cdk2, or cdk4 as

well as mutations in cdk2 that render it resistant to p16 inhibition have been detected in

human breast cancers. In mouse models, all transgenic mice over-expressing cyclin D1

under MMTV promoter exhibit hyperplastic changes and ~66% mice develop multifocal

mammary adenocarcinomas with papillary and cribriform elements and squamous

differentiation with ~ 551 days of latency (Wang et al., 1994b). This result clearly

demonstrates the tumor promoting functions of cyclin D. The oncogenic role of cyclin

D1 in mammary gland tumor formation was further confirmed by Yu et al. By crossing

cyclin D1 null mice with four different transgenic MMTV mice (c-neu, v-Ha-ras, c-myc,

and wnt-1) that develop mammary tumors, they found that loss of cyclin D1 specifically

prevented mammary tumors, but not other tumor types induced by either c-neu or v-Ha

Ras demonstrating the tumor-promoting function of cyclin D1 in mammary gland tumors

induced by either c-neu or v-Ha-Ras (Yu et al., 2001a). Intriguingly, cyclin D1 is

dispensable for c-myc and wnt-1 induced mammary tumors indicating the complexity of
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the mammary tumorigenic process (Yu et al., 2001a). Subsequently, Gadd et al. found

that cyclin D1 over-expression under the MMTV promoter abolishes the pulse of p16

expression that normal occurs and is essential for growth arrest during mammary gland

involution (Gadd et al., 2001). Hence, it is possible that cyclin D1 over-expression may

contribute to mammary tumorigenesis via inhibiting p16-induced arrest and promoting

the expansion of a stem cell population (Gadd et al., 2001).

Similar to cyclin D1, over-expression of cyclin D 3 has also been seen in many

cancers (Bartkova et al., 1996) and its expression in breast cancer correlates with high

tumor grade (Wong et al., 2001). Transgenic mice over-expressing cyclin D3 under the

MMTV promoter develop mammary carcinoma with a 73% frequency indicating the

tumor promoting effect of cyclin D3 (Pirkmaier et al., 2003). Interestingly, cyclin D3

over-expressing mice develop Squamous cell carcinomas of the mammary glands whereas

cyclin D1 over-expressing mice primarily develop adenocarcinomas. These data suggest

differences between the two cyclin proteins in cellular differentiation (Pirkmaier et al.,

2003; Wang et al., 1994b).

Unlike cyclin D1 and D3, cyclin D2 levels are often reduced in human breast

cancer and nearly 50% of human breast cancers exhibit cyclin D2 promoter silencing

(Evron et al., 2001). Transgenic mice over-expressing MMTV-driven cyclin D2 exhibit

defects in alveologenesis and only a low frequency of tumor incidence (Kong et al.,

2002). Interestingly, Kong et al. also found that over-expression of cyclin D2 leads to

reduction in both hypo and hyperphosphorylated cyclin D1 (Kong et al., 2002).

Considering the pivotal role of cyclin D1 in mammary tumor development, the inhibitory
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effect of cyclin D2 on cyclin D1 may explain the frequent absence of cyclin D2 in human

breast cancers.

Despite the fact that p16 loss is seen in approximately 30% of human breast

cancers, mice lacking p16 do not exhibit increased incidence of mammary tumors

(Krimpenfort et al., 2001; Sharpless et al., 2001). However, a recent study indicated that

p16 inhibits cyclin D1 abundance in breast cancer cell lines (D'Amico et al., 2004).

Perhaps p16's tumor suppressor role in mammary tumor development is exerted through

inhibiting cyclin D1, a clear tumor-promoting gene in the mammary gland. Crossing a

p16 null mouse with MMTV-driven cyclin D1 transgenic mice will illuminate the role of

p16, if any, in suppressing mammary tumors. Should the mice from such a cross exhibit

increased tumor frequency and reduced tumor latency, p16 would indeed be an important

tumor suppressor in mammary carcinogenesis. It also remains interesting to determine

whether genetic modifiers or permissive conditions such as shortened telomeres

cooperate with the loss of p16 to promote mammary tumor development. Consistent with

p16 being a tumor suppressor in mammary carcinogenesis, mice with a knock-in of a

Cdk4* germline mutation, which abolishes the ability of CDK4 to bind to and be

inhibited by p16, develop various tumors including those of the mammary gland (Rane et

al., 2002). Furthermore, Williams et al. reported that loss of p16”“co-operates with

loss of caveolin-1 in promoting mammary hyperplasia (Williams et al., 2004).

Brca 1 and 2 in Mammary Gland Tumors

Several strains of mice with targeted deletions in various regions of Brca 1 have

been generated (Brodie and Deng, 2001; Deng, 2002). Mice with germline loss of Brca 1
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function exhibit embryonic lethality due to deficiency in DNA damage repair,

centrosomal and chromosomal abnormalities, cell cycle arrest and growth retardation,

and increased apoptosis (Brodie and Deng, 2001; Deng, 2002). Early lethality for brea 1

-/- mice prior to mammary gland development obscures the role of brea 1 in suppressing

mammary tumors. Brea 1 heterozygous mice, on the other hand, develop normally. And

unlike humans who carry one mutant allele of BRCA 1, Brca 1 +/- mice do not exhibit

increased mammary carcinoma frequency.

To reveal the specific function of Brca 1 in mammary tumors and generate a

murine model of human BRCA1, a conditional knockout model was generated by

crossing Brea 1-exon 11 floxed mice with either MMTV-Cre or WAP-Cre transgenic

mice (Wagner et al., 1997; Xu et al., 1999). Mammary glands from the conditionally

mutant animals demonstrated abnormal ductal and alveolar development and increased

apoptosis (Xu et al., 1999). Approximately 23% of the mice developed mammary tumors

at 11 month of age. Similar to their human counterparts, mammary tumor cells from the

conditional knockouts displayed extensive genomic abnormalities and were highly

aneuploid. A crossing between the Brea 1 conditional knockout with p53 heterozygous

mice accelerated mammary tumor development. The resulting Breal”MMTV

Crep53+/- mice exhibited increased tumor frequency and decreased latency (6–8 months

for half the mice and 15 months for all) when compared to either Breal”MMTV-Cre or

p53 +/- mice. Most tumors that arose in Breal”MMTV-Crep53+/- mice showed loss of

the wild type p53 allele (Xu et al., 1999). Taken together, these data demonstrate that

mutations in Breal and Trp53 are co-operative in mammary gland tumorigenesis.

Mutations in the “gatekeeper gene”, p53, are likely to permit survival of cells with
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mutation in the “caretaker gene”, brea 1, and facilitate tumor development in Brca 1

mutantS.

Like Brca 1 -/- mice, Brca 2 -/- mice also exhibit embryonic lethality (Suzuki et

al., 1997). To circumvent the embryonic lethality seen in Brea 2 knockout mice,

conditional Brea 2 knockout mice have also been generated using K14–Cre (Jonkers et

al., 2001). Interestingly, Brea2°“K14-Cre mice did not develop epithelial tumors over a

30 months period. However, a reduction in p53 dosage was sufficient to facilitate

mammary and skin tumor development within 10 months and all tumors that arose lost

the wild-type p53 allele indicating the significance of p53 in monitoring tumors resulting

from Brca 2 loss (Jonkers et al., 2001). The cooperation between the loss of Brca 1 or 2

and p53 deficiency in mammary tumorigenesis is not unique to mice. In human BRCA1

or 2 breast cancers, p53 mutations are frequently detected.

In Addition to GEM, Model Systems Employing Human Mammary
Epithelial Cells are also Necessary to Comprehend Breast Cancer

Murine models have proven to be extremely useful systems to study breast cancer

genetics due to the following reasons. First, a large repertoire of genetic tools is available

for easy manipulation. Second, interbreeding provides ways to study co-operativity

between different oncogenes and tumor suppressors and to identify genetic modifiers.

Third, easy monitoring and follow-up permit studies of early stages of carcinoma as well

as tumor progression.

However, mice are not human. About 50% of human breast cancers are ER

positive or responsive where as majority of mammary tumors in GEM are ER-negative,
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or hormone independent (Nandi et al., 1995). Similarly, invasive breast cancers are

frequently seen in humans, but most murine models of breast cancer do not exhibit

metastatic lesions (Blackburn and Jerry, 2002). Mice containing mutations in most tumor

suppressor genes are tumor prone, but they often do not phenocopy their human

counterpart (Jacks, 1996; McClatchey and Jacks, 1998). Furthermore, murine cells may

spontaneous immortalize whereas human primary cells including mammary epithelial

cells are resistant to immortalization and often require multiple oncogenic actions (Hahn

and Weinberg, 2002a; Hahn and Weinberg, 2002b). Transformation of human primary

cells into tumorigenic variants requires a multistep process involving multiple genetic

and/or epigenetic alterations, and each genetic and/or epigenetic alteration confers a

proliferative advantage (Hahn and Weinberg, 2002a: Hahn and Weinberg, 2002b; Sherr

and McCormick, 2002). The difference in immortalization ability may be in part

explained by the difference in their telomere length. Human telomeres are about 10 kb in

length whereas murine telomeres are up to 40-60 kb in length (Newbold, 1997) and adult

murine somatic tissues express telomerase (Greenberg et al., 1998).

Given the numerous dissimilarities between mice and humans, it is essential to

establish model systems that employ human mammary epithelial cells as well as murine

models. Thus far, xenoplant models involving both heterotopic (kidney capsule or

subcutenous) and othotopic (mammary fat pad) transplants and tissue culture models

involving both 2D and 3D have been employed to study human breast carcinogenesis.

Both heterotopic and othotopic Xenoplant models using human mammary epithelial cells
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are still in the early stage of development (Kuperwasser et al., 2004; Parmar et al., 2002)

and are excitingly awaited to reach their full potential.

Culturing Human Mammary Epithelial Cells in 2D

Several research groups have independently developed techniques to isolate and

culture human mammary epithelial cells (HMEC) from reduction mammoplasty tissues

(Hammond et al., 1984; Kao et al., 1995; Pechoux et al., 1999; Stinglet al., 1998). These

techniques differ in the ways of isolating and culturing the cells. Among them, the one

developed by the Stampfer group at Lawrence Berkeley Laboratory was one of earliest

and also most utilized (Hammond et al., 1984). Their culture conditions involve growing

cells on plastic in serum free medium with only one undefined supplement, bovine

pituitary gland extract. The ability to isolate HMEC from reduction mammoplasty of

women, who have no indication nor predisposition to breast cancer, has made studying

early steps of breast cancer possible since existing breast cancer cell lines would not be

particularly useful to reveal early molecular events that initiate carcinogenesis.

Furthermore, the Stampfer group was also successful in separately isolating and culturing

isogenic fibroblast from the same reduction mammoplasty (http://www.lbl.gov/~mrgs/).

This separation of HMEC and isogenic fibroblasts permits the independent examination

of cell-type specific regulations. Studies from such independent analyses may provide

insight into why breast cancers are largely derived from mammary epithelial cells and not

from fibroblasts. In our laboratory, we employed the method developed by the Stampfer

group because of its common acceptance, conveniently obtainable growth medium (from

BioWhittaker), and easy manipulation and monitoring. In chapter 2, I will discuss our
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attempts in identifying the early molecular alterations that may aid in the breast

carcinogenic process using this model system.

One disadvantage of the Stampfer system is that HMEC are, unlike the in vivo

situation, grown on plastic without the support of stromal cells. However, it can also be

advantageous and valid to utilize a simplified system to begin to dissect complex biology.

Without the knowledge gained through studies in simple model systems, the more

complex model systems would only confuse us.

In an attempt to generate culturing systems that might mimic the in vivo situation,

both bone marrow cells and mitomycin-treated 3T3 cells have been tried as possible

stromal component added to the HMEC culture (Emerman et al., 1996; Ramirez et al.,

2001; Wright and Shay, 2002). However, both models may not be appropriate

representations since neither marrow cells nor 3T3 cells are part of the human mammary

stroma. Mammary fibroblasts and/or myofibroblasts isolated from human breasts would

be the better choice. Furthermore, mitomycin C-treated 3T3 cells may behave as

activated fibroblasts such as those associated with carcinomas or radiation-activated

stroma. Thinking of them as normal stromal components that support proper growth of

mammary epithelial cells in culture may not be accurate. To demonstrate that irradiated

mammary stroma behaves differently from the normal stroma and that alterations in the

stromal response to radiation promote neoplastic progression, Barcellos-Hoff and Ravani

transplanted initiated but weakly-tumorigenic mammary epithelial cells, COMMA-D,

into either irradiated or non-irradiated mammary fat pads. They found that irradiated

mammary stroma promotes tumorigenecity of un-irradiated mammary epithelial cells and

increases the tumor incidence by 4 fold when compared to the sham-irradiated stroma
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(Barcellos-Hoff and Ravani, 2000). Rapid remodeling of the stromal environment

occurred upon radiation involving remodeling of extracellular matrix and activation of

the latent tumor transforming growth factor £1 (TGF-31) (Barcellos-Hoff, 2001). These

alterations in stroma in response to irradiation may be responsible for the tumor

promoting phenotypes. Perhaps in a similar way, Mitomycin-C, which also produces

DNA damage, can cause alterations in the mouse 3T3 fibroblasts that promote neoplastic

phenotypes.

Stromal-Epithelial Interactions in Breast Carcinogenesis

Even though it is mostly the mammary epithelial cells that exhibit increased

proliferation, decreased apoptosis, and invasive ability, the mammary stroma, which

consists of fibroblasts, adipocytes, pre-adipocytes, endothelial cells, inflammatory cells,

and extra-cellular matrix (ECM), clearly participates in the mammary tumorigenic

process by providing both suppressive (in the case of normal stroma), permissive, and

instructive (in the case of altered mammary stroma) signals (Wiseman and Werb, 2002).

The concept that stromal components of the breast can modulate the phenotypes of

mammary epithelial cells is not new and should not be surprising. During mammary

gland development, the proper cross-talk between the epithelial cells and the stroma is

essential in ensuring proper mammary gland morphogenesis, patterning, and Secretory

functions of normal mammary gland (Fata et al., 2004; Wiseman and Werb, 2002). The

disruption of this proper cross talk due to ECM remodeling and/or reactive fibroblasts, on

the other hand, impairs mammary gland development and can also initiate and/or foster

breast carcinogenesis (Bissell and Radisky, 2001; Fata et al., 2004; Radisky et al., 2002;
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Shekhar et al., 2003; Wiseman and Werb, 2002).

Evidence demonstrating that alterations in the stromal components could initiate

and/or promote tumorigenesis comes from the following experiments. First, the wound

healing response in stroma can influence tumor development (Dolberg et al., 1985;

Sieweke and Bissell, 1994). Second, irradiation-induced stromal alterations promote

tumorigenecity of weakly-tumorigenic mammary epithelial cells, COMMA-D (Barcellos

Hoff and Ravani, 2000). Third, targeted expression of the stromal protease

MMP3/stromelysin-1, which degrades ECM, in mammary glands influences mammary

tumor initiation and progression (Sternlicht et al., 1999). Fourth, signals from

inflammatory cells, a component of the stroma, facilitate malignant transformation of

mammary tumors (Lin et al., 2001). Fifth, chemical carcinogen-treated (N-

nitrosomethylurea (NMU)) stroma promotes mammary gland tumorigenesis regardless

whether or not the epithelial cells are treated with NMU, whereas control stroma does not

even when the epithelial cells are exposed to NMU (Maffini et al., 2004). Sixth, targeted

inactivation of the TGF-3 type II receptor gene in mouse fibroblasts influences the

tumorigenecity of adjacent epithelial cells in prostate and forestomach (Bhowmick et al.,

2004). Careful examination of mammary phenotypes in these mice is anxiously awaited.

Studies from Allinen et al. also support the active effect of stroma in breast

carcinogenesis. Allinen et al. separated the different cell types composing either normal

or cancerous breast tissues and compared their gene expression profiles (Allinen et al.,

2004). They found that substantial gene expression alterations were seen in all cell types

isolated from the cancerous tissue, but the most consistent and dramatic gene expression

alterations were found in the tumor myoepithelial cells and myofibroblasts. Furthermore,



many of the genes that exhibit altered expression encode secreted proteins and receptors.

The authors demonstrated that two of the genes with altered expression in tumor

myoepithelial cells and myofibroblast encode secreted CXCL12 and CXCL14

chemokines. Both chemokines are able to bind to their receptors on epithelial cells and

enhance epithelial cell proliferation, migration, and invasion suggesting that they act in

paracrine fashion to promote breast tumorigenesis (Allinen et al., 2004). In contrast,

normal myoepithelial cells isolated from normal breast tissue, when co-cultured with

various breast cancer cell lines in the presence or absence of additional fibroblasts,

suppress cancerous cells' invasive ability (Jones et al., 2003). This invasion-suppressing

effect of normal myoepithelial cells was achieved through down-regulation of

metalloproteinase (MMP) expression in both cancer cells and fibroblasts via a paracrine

fashion highlighting the importance of microenvironment on tumor development (Jones

et al., 2003).

In breast cancer, emerging data have challenged the notion that the reason late

stage cancers are more invasive than the early-stage ones is the acquisition additional

genetic mutations in the cancerous epithelial cells (Schedin and Elias, 2004). While it

may be true that additional genetic mutations in the late-stage cancers can facilitate the

invasion, an alternative explanation (though the two are not mutually exclusive) is that

the tumor microenvironment plays a major role in determining whether a metastatic

tumor cell will remain dormant or become invasive. This alternative hypothesis suggests

that tumor cells possess metastatic potential early on, but only metastasize when

permitted and/or promoted by the microenvironment. The evidence supporting, but far

from proving, this alternative hypothesis comes from various microarray experiments
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(Ma et al., 2003; Sorlie et al., 2001; Sorlie et al., 2003; van 't Veer et al., 2002; van de

Vijver et al., 2002). Results from these experiments indicate that signature genes

associated with metastasis can be found in at least a subpopulation of primary tumors and

this metastatic potential in early-stage tumors is not limited to only a few rare cells.

Similarly, the histologically pre-metastatic lesions can be partitioned into those with or

those without metastatic potential. For those with metastatic potential, the gene

expression profiles are similar between the pre-invasive and invasive lesions.

Furthermore, early-stage premalignant lesions such as DCIS can exhibit similar gene

expression profiles to that of invasive breast tumors. Finally, data from Allinen et al.

indicate that the most consistent and dramatic gene expression changes occur in the

stroma among normal breast tissue, DCIS, and invasive breast tumors, and at least two of

the genes that are over-expressed in the myoepithelial cells and myofibroblast promote

epithelial cell invasion (Allinen et al., 2004).

In summary, accumulating data indicate that the tumor microenvironment or

stromal-epithelial interaction plays a key role in determining tumor initiation,

progression, and invasion. Therefore, studies of human breast cancer development must

take the stromal components into consideration in the future.

Culturing Human Mammary Epithelial Cells in 3D

Given the importance of stromal-epithelial interactions, it is essential to develop

cell-based culture systems that better recapitulate the in vivo 3D organization and

complexity of tissue than the 2D culture system does, and yet permits experimental

manipulation and monitoring. Thus far, numerous 3D culture systems have been
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developed ranging from spontaneous cell aggregation, 3D monotypic or multicellular

spheroids in extracellular matrix, liquid overlay culture, gyratory rotation and spinner

flask spheroid cultures, scaffold based cultures, to rotary cell culture systems (Kim et al.,

2004b). Among them, the most commonly employed method is the 3D monotypic or

multicellular spheroids in extracellular matrix. It was developed more than two decades

ago and has been improved over time by Bissell and others (Bissell, 1981; Elsdale and

Bard, 1972; Emerman and Pitelka, 1977; Ingber and Folkman, 1989; Schmeichel and

Bissell, 2003). It is relatively inexpensive and best of all easily manipulated, monitored,

and reproduced.

In 1982, Hall et al. showed that murine mammary epithelial cells developed acini

like structures with hollow lumen when plated in between two layers of ECM, collagen I

(Hall et al., 1982). Similar acini-like structures were also observed for human mammary

epithelial cells in collagen I (Howlett et al., 1995; Lelievre et al., 1998). However, the

acini-like structures formed in collagen I exhibited abnormal polarity, disorganization,

altered expression of integrin and other polarity markers, and do not differentiate

properly to produce milk (Gudjonsson et al., 2002; Howlett et al., 1995; Streuli et al.,

1991; Weaver et al., 2002). Addition of normal myoepithelial cells, but not

myoepithelial cells isolated from breast cancers, to the collagen I matrix rescue the

polarity defects and facilitate the formation of acini with center lumen (Gudjonsson et al.,

2002) demonstrating the importance of myoepithelial cells in proper acini development

and suggesting the valuable role of myoepithelial cells in maintaining proper polarity of

normal breast tissues.
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One of the functions of myoepithelial cells is to express laminins for generating

basement membrane. To test whether it was the presence of proper basement membrane

components after the addition of myoepithelial cells that promotes properacini polarity,

the authors reconstituted basement membrane components such as various laminins to the

collagen I matrix. They found that among various laminins in human mammary

basement membrane, laminin-1 could substitute for myoepithelial cells in rescuing the

polarity defects (Gudjonsson et al., 2002). Consistently, when embedded in the laminin

rich matrigels derived from murine Engelbreth-Holm-Swarm tumors (Kleinman et al.,

1986), human mammary epithelial cells also develop polarized spherical structures

similar to that of normal mammary acini, express proper integrins, and differentiate to

produce milk as normal mammary acini do (Bissell et al., 2003; Howlett et al., 1995;

Petersen et al., 1992; Streuli et al., 1991; Weaver et al., 1997). In addition to ECM, Huss

and Kratz showed that adipocytes may also facilitate proper acini development (Huss and

Kratz, 2001). Together, these data demonstrate that human mammary epithelial cells

respond to the spatially restricted biochemical cues provided by the normal myoepithelial

cells and/or extracellular matrix for the accurate presentation of multi-cellular

phenotypes.

A single epithelial cell, at least in the case of MCF-10A (a non-transformed

mammary epithelial cell line), initially proliferates and subsequently enters growth arrest

to form a spherical structure when suspended in matrigel (Debnath et al., 2002). The

cells in the center of the spherical structure that do not adhere to the basement membrane

die of apoptosis to create the center lumen and develop acini-like structure (Blatchford et

al., 1999; Debnath et al., 2002; Muthuswamy et al., 2001). This phenomenon is
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physiologically relevant to involution, which is in part due to the transient disruption of

the basement membrane by metalloproteinases at the end of lactation. This data is

consistent with the notion that normal ECM provides survival cues for epithelial cells that

adhere (Frisch and Francis, 1994). Whereas cells that are detached from ECM die of

apoptosis (anoikis) (Frisch and Francis, 1994). Boudreau et al. later showed that

inappropriate ECM, such as collagen I, only temporarily delayed the anoikis. Only

relevant ECM, such as basement membrane, maintained long-term survival (Boudreau et

al., 1995). Now, the interesting question is what spatially restricted biochemical and

biological cues provided by the appropriate ECM suppress apoptosis of epithelial cells

that adhere to it.

To answer this question, Reginato et al. showed that detachment from matrigel

down-regulates EGF receptor (EGFR) and up-regulates a pro-apoptotic gene, Bim,

among several BH3-only proteins (Reginato et al., 2003). This up-regulation of Bim

upon detachment is required for the apoptotic process since down-regulation of Bim via

RNA interference (RNAi) inhibits anoikis. Furthermore, Bim up-regulation requires fl1

integrin disengagement and down-regulation of EGFR, both of which occur upon

detachment from the matrigel or upon the addition of 31-integrin blocking antibody

(Reginato et al., 2003). Hence, the appropriate £1-integrin signaling mediated via proper

stromal-epithelial cell interactions can act dominantly and epigenetically to influence

epithelial cell phenotypes. The £1-integrin engagement between proper stromal and

epithelial cells may also help to explain why only relevant ECM such as matrigel can

sustain long-term survival since mammary epithelial cells may express different integrins

when suspended in different ECM.
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Interestingly, apoptosis mediated by the loss of 31-integrin engagement is not

necessary for lumen formation since Bcl-2 over-expression, which blocks apoptosis, does

not block lumen formation (Debnath et al., 2002; Reginato et al., 2003). Under this

situation, autophagy is sufficient to create central lumen in the absence of apoptotic

process (Debnath et al., 2002). Similarly, over-expression of oncogenes, such as cyclin

D1 or HPV E7 that enhance proliferation but do not affect apoptosis, does not block

lumen formation (Debnath et al., 2002). These data indicate that over-proliferation or

inhibition of apoptosis alone is not sufficient to block lumen formation and that acini

structure is resistant to isolated oncogenic insult. However, consistent with multi-step

carcinogenesis, autophagy alone is no longer able to generate center lumen and mammary

epithelial cells develop into distorted, depolarized, and filled 3D structures when both

increased proliferation and inhibition of apoptosis are achieved through over-expression

of oncogenes such as ErbB2 or HPV E7 together with bcl-2 (Debnath et al., 2002;

Muthuswamy et al., 2001). Under these situations, apoptosis is necessary for lumen

formation.

Human mammary epithelial cells isolated from breast tumors, on the other hand,

exhibit deregulated proliferation and abnormal 3D structure, do not deposit endogenous

basement membrane, and do not respond to the signaling cues provided by the ECM

when suspended in laminin rich matrigels (Petersen et al., 1992; Roskelley and Bissell,

2002). These phenotypes of cancerous mammary epithelial cells in matrigel are often

associated with the activation of 31-integrin at the expense of 0.634 integrin required for

normal polarity establishment (Nievers et al., 1999) and the up-regulation of EGFR

(Wang et al., 1998; Weaver et al., 1997). Inhibition of 31-integrin and EGFR signaling
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by blocking antibodies revert the malignant phenotype of a breast cancer cell line to

polarized and growth arrested acini-like structures (Wang et al., 1998; Weaver et al.,

1997). Furthermore, blocking £1-integrin signaling down-regulates both endogenous £1

integrins and the levels of EGFR whereas inhibition of EGFR reduces the level of £1

integrin and normalizes Él-integrin signaling. Significantly, this cross-modulation

between EGFR and 51-integrin only occurs in a 3D context (Liu et al., 2004; Wang et al.,

1998; Weaver et al., 1997). Taken together, these data strengthen the argument that

appropriate 3D culture system is essential in dissecting the complex biological signaling

networks during mammary gland development and carcinogenesis.

51



References

Akashi, M., and Koeffler, H. P. (1998). Li-Fraumeni syndrome and the role of the p53
tumor suppressor gene in cancer susceptibility. Clin Obstet Gynecol 41, 172-199.

Alcorta, D. A., Xiong, Y., Phelps, D., Hannon, G., Beach, D., and Barrett, J. C. (1996).
Involvement of the cyclin-dependent kinase inhibitor p16 (INK4a) in replicative
Senescence of normal human fibroblasts. Proc Natl Acad Sci U S A 93, 13742-13747.

Allinen, M., Beroukhim, R., Cai, L., Brennan, C., Lahti-Domenici, J., Huang, H., Porter,
D., Hu, M., Chin, L., Richardson, A., et al. (2004). Molecular characterization of the
tumor microenvironment in breast cancer. Cancer Cell 6, 17-32.

Alt, J. R., Gladden, A. B., and Diehl, J. A. (2002). p21(Cip1) Promotes cyclin D1 nuclear
accumulation via direct inhibition of nuclear export. J Biol Chem 277, 8517-8523.

Armstrong, J. F., Kaufman, M. H., Harrison, D. J., and Clarke, A. R. (1995). High
frequency developmental abnormalities in p53-deficient mice. Curr Biol 5,931-936.

Artandi, S. E., Chang, S., Lee, S. L., Alson, S., Gottlieb, G. J., Chin, L., and DePinho, R.
A. (2000). Telomere dysfunction promotes non-reciprocal translocations and epithelial
cancers in mice. Nature 406,641–645.

Balbin, M., Hannon, G. J., Pendas, A. M., Ferrando, A. A., Vizoso, F., Fueyo, A., and
Lopez-Otin, C. (1996). Functional analysis of a p21WAF1,CIP1,SDI1 mutant (Arg94 -->
Trp) identified in a human breast carcinoma. Evidence that the mutation impairs the
ability of p21 to inhibit cyclin-dependent kinases. J Biol Chem 271, 15782-15786.

Balmain, A. (2002). Cancer as a complex genetic trait: tumor susceptibility in humans
and mouse models. Cell 108, 145-152.

Barcellos-Hoff, M. H. (2001). It takes a tissue to make a tumor: epigenetics, cancer and
the microenvironment. J Mammary Gland Biol Neoplasia 6, 213-221.

Barcellos-Hoff, M. H., and Ravani, S.A. (2000). Irradiated mammary gland stroma
promotes the expression of tumorigenic potential by unirradiated epithelial cells. Cancer
Res 60, 1254–1260.

Bartkova, J., Zemanova, M., and Bartek, J. (1996). Abundance and subcellular
localisation of cyclin D3 in human tumours. Int J Cancer 65,323-327.

Beijersbergen, R. L., Kerkhoven, R. M., Zhu, L., Carlee, L., Voorhoeve, P. M., and
Bernards, R. (1994). E2F-4, a new member of the E2F gene family, has oncogenic
activity and associates with p107 in vivo. Genes Dev 8, 2680-2690.

52



Bhowmick, N. A., Chytil, A., Plieth, D., Gorska, A. E., Dumont, N., Shappell, S.,
Washington, M. K., Neilson, E. G., and Moses, H. L. (2004). TGF-beta signaling in
fibroblasts modulates the oncogenic potential of adjacent epithelia. Science 303,848-851.

Biankin, A. V., Kench, J. G., Morey, A. L., Lee, C. S., Biankin, S.A., Head, D. R., Hugh,
T. B., Henshall, S. M., and Sutherland, R. L. (2001). Overexpression of
p21(WAF1/CIP1) is an early event in the development of pancreatic intraepithelial
neoplasia. Cancer Res 61,8830–8837.

Bissell, M. J. (1981). The differentiated state of normal and malignant cells or how to
define a "normal" cell in culture. Int Rev Cytol 70,27-100.

Bissell, M. J., and Radisky, D. (2001). Putting tumours in context. Nat Rev Cancer 1, 46
54.

Bissell, M. J., Rizki, A., and Mian, I. S. (2003). Tissue architecture: the ultimate regulator
of breast epithelial function. Curr Opin Cell Biol 15, 753-762.

Blackburn, A. C., Brown, J. S., Naber, S. P., Otis, C. N., Wood, J. T., and Jerry, D. J.
(2003). BALB/c alleles for Prkdc and Cdkn2a interact to modify tumor susceptibility in
Trp53+/- mice. Cancer Res 63,2364-2368.

Blackburn, A. C., and Jerry, D.J. (2002). Knockout and transgenic mice of Trps3: what
have we learned about p53 in breast cancer? Breast Cancer Res 4, 101-111.

Blackburn, A. C., McLary, S. C., Naeem, R., Luszcz, J., Stockton, D. W., Donehower, L.
A., Mohammed, M., Mailhes, J. B., Soferr, T., Naber, S. P., et al. (2004). Loss of
heterozygosity occurs via mitotic recombination in Trps3+/- mice and associates with
mammary tumor susceptibility of the BALB/c strain. Cancer Res 64, 5140-5147.

Blain, S. W., Montalvo, E., and Massague, J. (1997). Differential interaction of the
cyclin-dependent kinase (Cdk) inhibitor p27Kip1 with cyclin A-Cdk2 and cyclin D2
Cdk4. J Biol Chem 272,25863–25872.

Blain, S. W., Scher, H. I., Cordon-Cardo, C., and Koff, A. (2003). p27 as a target for
cancer therapeutics. Cancer Cell 3, 111-115.

Blatchford, D. R., Quarrie, L. H., Tonner, E., McCarthy, C., Flint, D. J., and Wilde, C. J.
(1999). Influence of microenvironment on mammary epithelial cell survival in primary
culture. J Cell Physiol 181,304–311.

Borg, A., Sandberg, T., Nilsson, K., Johannsson, O., Klinker, M., Masback, A.,
Westerdahl, J., Olsson, H., and Ingvar, C. (2000). High frequency of multiple melanomas
and breast and pancreas carcinomas in CDKN2A mutation-positive melanoma families. J
Natl Cancer Inst 92, 1260-1266.

53



Boudreau, N., Sympson, C.J., Werb, Z., and Bissell, M.J. (1995). Suppression of ICE
and apoptosis in mammary epithelial cells by extracellular matrix. Science 267,891-893.

Brodie, S. G., and Deng, C. X. (2001). BRCA1-associated tumorigenesis: what have we
learned from knockout mice? Trends Genet 17, S18-22.

Brugarolas, J., Chandrasekaran, C., Gordon, J. I., Beach, D., Jacks, T., and Hannon, G. J.
(1995). Radiation-induced cell cycle arrest compromised by p21 deficiency. Nature 377,
552–557.

Cardiff, R. D., Moghanaki, D., and Jensen, R. A. (2000). Genetically engineered mouse
models of mammary intraepithelial neoplasia. J Mammary Gland Biol Neoplasia 5,421
437.

Cardiff, R. D., Sinn, E., Muller, W., and Leder, P. (1991). Transgenic oncogene mice.
Tumor phenotype predicts genotype. Am J Pathol 139,495-501.

Carr, A. M. (2000). Cell cycle. Piecing together the p53 puzzle. Science 287, 1765-1766.

Catzavelos, C., Bhattacharya, N., Ung, Y. C., Wilson, J. A., Roncari, L., Sandhu, C.,
Shaw, P., Yeger, H., Morava-Protzner, I., Kapusta, L., et al. (1997). Decreased levels of
the cell-cycle inhibitor p27Kip1 protein: prognostic implications in primary breast
cancer. Nat Med 3, 227–230.

Chan, S. R., and Blackburn, E. H. (2004). Telomeres and telomerase. Philos Trans R Soc
Lond B Biol Sci 359, 109-121.

Chandar, N., Donehower, L., and Lanciloti, N. (2000). Reduction in p53 gene dosage
diminishes differentiation capacity of osteoblasts. Anticancer Res 20, 2553-2559.

Cheng, M., Olivier, P., Diehl, J. A., Fero, M., Roussel, M. F., Roberts, J. M., and Sherr,
C.J. (1999). The p21(Cip1) and p27(Kip1) CDK'inhibitors' are essential activators of
cyclin D-dependent kinases in murine fibroblasts. Embo J 18, 1571-1583.

Chin, K., de Solorzano, C. O., Knowles, D., Jones, A., Chou, W., Rodriguez, E. G., Kuo,
W. L., Ljung, B. M., Chew, K., Myambo, K., et al. (2004). In situ analyses of genome
instability in breast cancer. Nat Genet 36,984–988.

Chlebowski, R. T., Hendrix, S. L., Langer, R. D., Stefanick, M. L., Gass, M., Lane, D.,
Rodabough, R. J., Gilligan, M. A., Cyr, M. G., Thomson, C. A., et al. (2003). Influence
of estrogen plus progestin on breast cancer and mammography in healthy
postmenopausal women: the Women's Health Initiative Randomized Trial. Jama 289,
3243–3253.

54



Cipollini, G., Tommasi, S., Paradiso, A., Aretini, P., Bonatti, F., Brunetti, I., Bruno, M.,
Lombardi, G., Schittulli, F., Sensi, E., et al. (2004). Genetic alterations in hereditary
breast cancer. Ann Oncol 15 Suppl 1, 17-I13.

Clarke, A. R., Maandag, E. R., van Roon, M., van der Lugt, N. M., van der Valk, M.,
Hooper, M. L., Berns, A., and te Riele, H. (1992). Requirement for a functional Rb-1
gene in murine development. Nature 359, 328-330.

Classon, M., and Harlow, E. (2002). The retinoblastoma tumour suppressor in
development and cancer. Nat Rev Cancer 2,910-917.

Cobrinik, D., Lee, M. H., Hannon, G., Mulligan, G., Bronson, R. T., Dyson, N., Harlow,
E., Beach, D., Weinberg, R. A., and Jacks, T. (1996). Shared role of the pKB-related
p130 and p107 proteins in limb development. Genes Dev 10, 1633-1644.

Colditz, G.A., Hankinson, S. E., Hunter, D. J., Willett, W. C., Manson, J. E., Stampfer,
M. J., Hennekens, C., Rosner, B., and Speizer, F. E. (1995). The use of estrogens and
progestins and the risk of breast cancer in postmenopausal women. N Engl J Med 332,
1589-1593.

Colombel, M., Radvanyi, F., Blanche, M., Abbou, C., Buttyan, R., Donehower, L.A.,
Chopin, D., and Thiery, J. P. (1995). Androgen suppressed apoptosis is modified in p53
deficient mice. Oncogene 10, 1269-1274.

Consortium, C. B. C. C.-C. (2004). CHEK2*1100delC and susceptibility to breast cancer.
a collaborative analysis involving 10,860 breast cancer cases and 9,065 controls from 10
Studies. Am J Hum Genet 74, 1175–1182.

Coussens, L. M., Tinkle, C. L., Hanahan, D., and Werb, Z. (2000). MMP-9 supplied by
bone marrow-derived cells contributes to skin carcinogenesis. Cell 103,481-490.

Craig, C., Kim, M., Ohri, E., Wersto, R., Katayose, D., Li, Z., Choi, Y. H., Mudahar, B.,
Srivastava, S., Seth, P., and Cowan, K. (1998). Effects of adenovirus-mediated
p16INK4A expression on cell cycle arrest are determined by endogenous p16 and Rb
status in human cancer cells. Oncogene 16, 265-272.

D'Amico, M., Wu, K., Fu, M., Rao, M., Albanese, C., Russell, R. G., Lian, H., Bregman,
D., White, M.A., and Pestell, R. G. (2004). The inhibitor of cyclin-dependent kinase
4a/alternative reading frame (INK4a/ARF) locus encoded proteins p16INK4a and
p19ARF repress cyclin D1 transcription through distinct cis elements. Cancer Res 64,
4122–4130.

Debnath, J., Mills, K. R., Collins, N. L., Reginato, M. J., Muthuswamy, S. K., and
Brugge, J. S. (2002). The role of apoptosis in creating and maintaining luminal space
within normal and oncogene-expressing mammary acini. Cell 111, 29–40.

sºr-º-º:

55



Deng, C., Zhang, P., Harper, J. W., Elledge, S.J., and Leder, P. (1995). Mice lacking
p21CIP1/WAF1 undergo normal development, but are defective in G1 checkpoint
control. Cell 82, 675-684.

Deng, C. X. (2002). Tumor formation in Brcal conditional mutant mice. Environ Mol
Mutagen 39, 171-177.

Deng, C. X., and Brodie, S. G. (2001). Knockout mouse models and mammary
tumorigenesis. Semin Cancer Biol 11, 387-394.

Deng, C. X., and Scott, F. (2000). Role of the tumor suppressor gene Brca 1 in genetic
stability and mammary gland tumor formation. Oncogene 19, 1059-1064.

Dickson, C., Fantl, V., Gillett, C., Brookes, S., Bartek, J., Smith, R., Fisher, C., Barnes,
D., and Peters, G. (1995). Amplification of chromosome band 11q13 and a role for cyclin :-
D1 in human breast cancer. Cancer Lett 90, 43-50. *…*

***** --"

Dolberg, D. S., Hollingsworth, R., Hertle, M., and Bissell, M.J. (1985). Wounding and *::::
* *

its role in RSV-mediated tumor formation. Science 230,676-678. *** * *
suº º 'º'

Donehower, L.A. (1996). The p53-deficient mouse: a model for basic and applied cancer ~
-

studies. Semin Cancer Biol 7, 269-278. º --

Donehower, L.A., Godley, L. A., Aldaz, C. M., Pyle, R., Shi, Y. P., Pinkel, D., Gray, J., sº-sºº
Bradley, A., Medina, D., and Varmus, H. E. (1995a). Deficiency of p53 accelerates
mammary tumorigenesis in Wnt-1 transgenic mice and promotes chromosomal -º-º:
instability. Genes Dev 9, 882-895. * 2°

* -:

* * *-

Donehower, L. A., Harvey, M., Slagle, B. L., McArthur, M. J., Montgomery, C. A., Jr., -***
Butel, J. S., and Bradley, A. (1992). Mice deficient for p53 are developmentally normal --->
but susceptible to spontaneous tumours. Nature 356, 215-221.

Donehower, L. A., Harvey, M., Vogel, H., McArthur, M. J., Montgomery, C. A., Jr.,
Park, S. H., Thompson, T., Ford, R. J., and Bradley, A. (1995b). Effects of genetic
background on tumorigenesis in p53-deficient mice. Mol Carcinog 14, 16-22.

Dyson, N. (1998). The regulation of E2F by pKB-family proteins. Genes Dev 12, 2243–
2262.

Dyson, N., Dembski, M., Fattaey, A., Ngwu, C., Ewen, M., and Helin, K. (1993).
Analysis of p107-associated proteins: p.107 associates with a form of E2F that differs
from pRB-associated E2F-1.J Virol 67,7641-7647.

Elenbaas, B., Spirio, L., Koerner, F., Fleming, M.D., Zimonjic, D. B., Donaher, J. L.,
Popescu, N. C., Hahn, W. C., and Weinberg, R. A. (2001). Human breast cancer cells

56



generated by oncogenic transformation of primary mammary epithelial cells. Genes Dev
15, 50–65.

Elsdale, T., and Bard, J. (1972). Collagen substrata for studies on cell behavior. J Cell
Biol 54,626–637.

Elson, A., Deng, C., Campos-Torres, J., Donehower, L. A., and Leder, P. (1995). The
MMTV/c-myc transgene and p53 null alleles collaborate to induce T-cell lymphomas, but
not mammary carcinomas in transgenic mice. Oncogene 11, 181-190.

Emerman, J. T., and Pitelka, D. R. (1977). Maintenance and induction of morphological
differentiation in dissociated mammary epithelium on floating collagen membranes. In
Vitro 13,316–328.

Emerman, J. T., Stingl, J., Petersen, A., Shpall, E. J., and Eaves, C.J. (1996). Selective
growth of freshly isolated human breast epithelial cells cultured at low concentrations in
the presence or absence of bone marrow cells. Breast Cancer Res Treat 41, 147-159.

Emig, R., Magener, A., Ehemann, V., Meyer, A., Stilgenbauer, F., Volkmann, M.,
Wallwiener, D., and Sinn, H. P. (1998). Aberrant cytoplasmic expression of the p16
protein in breast cancer is associated with accelerated tumour proliferation. Br J Cancer
78, 1661–1668.

Esteller, M., Corn, P. G., Baylin, S. B., and Herman, J. G. (2001). A gene
hypermethylation profile of human cancer. Cancer Res 61, 3225–3229.

Evron, E., Umbricht, C. B., Korz, D., Raman, V., Loeb, D. M., Niranjan, B., Buluwela,
L., Weitzman, S.A., Marks, J., and Sukumar, S. (2001). Loss of cyclin D2 expression in
the majority of breast cancers is associated with promoter hypermethylation. Cancer Res
61, 2782–2787.

Ewart-Toland, A., Briassouli, P., de Koning, J. P., Mao, J. H., Yuan, J., Chan, F.,
MacCarthy-Morrogh, L., Ponder, B. A., Nagase, H., Burn, J., et al. (2003). Identification
of Stk6/STK15 as a candidate low-penetrance tumor-susceptibility gene in mouse and
human. Nat Genet 34, 403-412.

Ewen, M. E., and Lamb, J. (2004). The activities of cyclin D1 that drive tumorigenesis.
Trends Mol Med 10, 158-162.

Fata, J. E., Werb, Z., and Bissell, M.J. (2004). Regulation of mammary gland branching
morphogenesis by the extracellular matrix and its remodeling enzymes. Breast Cancer
Res 6, 1-11.

Fernandez, P. L., Jares, P., Rey, M. J., Campo, E., and Cardesa, A. (1998). Cell cycle
regulators and their abnormalities in breast cancer. Mol Pathol 51,305-309.

gºº."

º-º-º-º:

57



Foster, J. S., Henley, D.C., Bukovsky, A., Seth, P., and Wimalasena, J. (2001).
Multifaceted regulation of cell cycle progression by estrogen: regulation of Cdk
inhibitors and Cdc25A independent of cyclin D1-Cdk4 function. Mol Cell Biol 21, 794–
810.

Friend, S. H., Bernards, R., Rogelj, S., Weinberg, R. A., Rapaport, J. M., Albert, D. M.,
and Dryja, T. P. (1986). A human DNA segment with properties of the gene that
predisposes to retinoblastoma and osteosarcoma. Nature 323, 643-646.

Frisch, S. M., and Francis, H. (1994). Disruption of epithelial cell-matrix interactions
induces apoptosis. J Cell Biol 124,619–626.

Fung, Y. K., Murphree, A. L., T'Ang, A., Qian, J., Hinrichs, S. H., and Benedict, W. F.
(1987). Structural evidence for the authenticity of the human retinoblastoma gene.
Science 236, 1657-1661.

Gadd, M., Pisc, C., Branda, J., Ionescu-Tiba, V., Nikolic, Z., Yang, C., Wang, T.,
Shackleford, G. M., Cardiff, R. D., and Schmidt, E. V. (2001). Regulation of cyclin D1
and p16(INK4A) is critical for growth arrest during mammary involution. Cancer Res 61,
881 1-8819.

Ganesan, S., Silver, D. P., Drapkin, R., Greenberg, R., Feunteun, J., and Livingston, D.
M. (2004). Association of BRCA1 with the inactive X chromosome and XIST RNA.
Philos Trans R Soc Lond B Biol Sci 359, 123-128.

Ganesan, S., Silver, D. P., Greenberg, R. A., Avni, D., Drapkin, R., Miron, A., Mok, S.
C., Randrianarison, V., Brodie, S., Salstrom, J., et al. (2002). BRCA1 supports XIST
RNA concentration on the inactive X chromosome. Cell 111, 393-405.

Geradts, J., and Wilson, P. A. (1996). High frequency of aberrant p16(INK4A)
expression in human breast cancer. Am J Pathol 149, 15-20.

Gillett, C. E., Lee, A. H., Millis, R. R., and Barnes, D. M. (1998). Cyclin D1 and
associated proteins in mammary ductal carcinoma in situ and atypical ductal hyperplasia.
J Pathol 184, 396–400.

Ginsberg, D., Vairo, G., Chittenden, T., Xiao, Z. X., Xu, G., Wydner, K. L., DeCaprio, J.
A., Lawrence, J. B., and Livingston, D. M. (1994). E2F-4, a new member of the E2F
transcription factor family, interacts with p107. Genes Dev 8, 2665-2679.

Gottlieb, E., Haffner, R., King, A., Asher, G., Gruss, P., Lonai, P., and Oren, M. (1997).
Transgenic mouse model for studying the transcriptional activity of the p53 protein: age
and tissue-dependent changes in radiation-induced activation during embryogenesis.
Embo J 16, 1381–1390.

º * ---
*

***** - ***
- - -

58



Greenberg, R. A., Allsopp, R. C., Chin, L., Morin, G. B., and DePinho, R. A. (1998).
Expression of mouse telomerase reverse transcriptase during development, differentiation
and proliferation. Oncogene 16, 1723-1730.

Gruis, N. A., van der Velden, P. A., Sandkuijl, L. A., Prins, D. E., Weaver-Feldhaus, J.,
Kamb, A., Bergman, W., and Frants, R. R. (1995). Homozygotes for CDKN2 (p16)
germline mutation in Dutch familial melanoma kindreds. Nat Genet 10, 351–353.

Gudjonsson, T., Ronnov-Jessen, L., Villadsen, R., Rank, F., Bissell, M. J., and Petersen,
O. W. (2002). Normal and tumor-derived myoepithelial cells differ in their ability to
interact with luminal breast epithelial cells for polarity and basement membrane
deposition. J Cell Sci 115, 39-50.

Guy, C. T., Webster, M. A., Schaller, M., Parsons, T. J., Cardiff, R. D., and Muller, W. J.
(1992). Expression of the neu protooncogene in the mammary epithelium of transgenic
mice induces metastatic disease. Proc Natl Acad Sci U S A 89, 10578–10582.

Hahn, W. C., and Weinberg, R. A. (2002a). Modelling the molecular circuitry of cancer.
Nat Rev Cancer 2, 331-341.

Hahn, W. C., and Weinberg, R. A. (2002b). Rules for making human tumor cells. N Engl
J Med 347, 1593–1603.

Hainaut, P., Soussi, T., Shomer, B., Hollstein, M., Greenblatt, M., Hovig, E., Harris, C.
C., and Montesano, R. (1997). Database of p53 gene somatic mutations in human tumors
and cell lines: updated compilation and future prospects. Nucleic Acids Res 25, 151-157.

Hall, H. G., Farson, D. A., and Bissell, M.J. (1982). Lumen formation by epithelial cell
lines in response to collagen overlay: a morphogenetic model in culture. Proc Natl Acad
Sci U S A 79, 4672–4676.

Hall, J. M., Lee, M. K., Newman, B., Morrow, J. E., Anderson, L. A., Huey, B., and
King, M. C. (1990). Linkage of early-onset familial breast cancer to chromosome 17q21.
Science 250, 1684–1689.

Hammond, S. L., Ham, R. G., and Stampfer, M. R. (1984). Serum-free growth of human
mammary epithelial cells: rapid clonal growth in defined medium and extended serial
passage with pituitary extract. Proc Natl Acad Sci U S A 81, 5435-5439.

Hanahan, D., and Weinberg, R. A. (2000). The hallmarks of cancer. Cell 100, 57-70.

Hara, E., Smith, R., Parry, D., Tahara, H., Stone, S., and Peters, G. (1996). Regulation of
p16CDKN2 expression and its implications for cell immortalization and senescence. Mol
Cell Biol 16, 859–867.

59



Harbour, J. W., and Dean, D.C. (2000). The Rb/E2F pathway: expanding roles and
emerging paradigms. Genes Dev 14, 2393-2409.

Harkin, D. P., Bean, J. M., Miklos, D., Song, Y. H., Truong, V. B., Englert, C.,
Christians, F. C., Ellisen, L. W., Maheswaran, S., Oliner, J. D., and Haber, D. A. (1999).
Induction of GADD45 and JNK/SAPK-dependent apoptosis following inducible
expression of BRCA1. Cell 97, 575-586.

Hartwell, L. H., and Weinert, T. A. (1989). Checkpoints: controls that ensure the order of
cell cycle events. Science 246,629–634.

Harvey, M., McArthur, M. J., Montgomery, C. A., Jr., Butel, J. S., Bradley, A., and
Donehower, L.A. (1993). Spontaneous and carcinogen-induced tumorigenesis in p53
deficient mice. Nat Genet 5, 225-229.

Heard, E. (2004). Recent advances in X-chromosome inactivation. Curr Opin Cell Biol
16, 247-255.

Herzog, C. R., Noh, S., Lantry, L. E., Guan, K. L., and You, M. (1999). Cdkn2a encodes
functional variation of p16INK4a but not p19ARF, which confers selection in mouse
lung tumorigenesis. Mol Carcinog 25, 92-98.

Hinds, P. W., Dowdy, S. F., Eaton, E. N., Arnold, A., and Weinberg, R. A. (1994).
Function of a human cyclin gene as an oncogene. Proc Natl Acad Sci U S A 91, 709–713.

Hofseth, L. J., Hussain, S. P., and Harris, C. C. (2004). p53: 25 years after its discovery.
Trends Pharmacol Sci 25, 177-181.

Houlston, R. S., and Peto, J. (2004). The search for low-penetrance cancer susceptibility
alleles. Oncogene 23,6471-6476.

Howlett, A. R., Bailey, N., Damsky, C., Petersen, O. W., and Bissell, M.J. (1995).
Cellular growth and survival are mediated by beta 1 integrins in normal human breast
epithelium but not in breast carcinoma. J Cell Sci 108 (Pt 5), 1945-1957.

Hundley, J. E., Koester, S. K., Troyer, D. A., Hilsenbeck, S. G., Barrington, R. E., and
Windle, J. J. (1997). Differential regulation of cell cycle characteristics and apoptosis in
MMTV-myc and MMTV-ras mouse mammary tumors. Cancer Res 57,600-603.

Huss, F. R., and Kratz, G. (2001). Mammary epithelial cell and adipocyte co-culture in a
3-D matrix: the first step towards tissue-engineered human breast tissue. Cells Tissues
Organs 169,361-367.

Hussussian, C.J., Struewing, J. P., Goldstein, A. M., Higgins, P. A., Ally, D. S.,
Sheahan, M. D., Clark, W. H., Jr., Tucker, M. A., and Dracopoli, N.C. (1994). Germline
p16 mutations in familial melanoma. Nat Genet 8, 15-21.

60



Ingber, D. E., and Folkman, J. (1989). How does extracellular matrix control capillary
morphogenesis? Cell 58, 803-805.

Jacks, T. (1996). Tumor suppressor gene mutations in mice. Annu Rev Genet 30, 603
636.

Jacks, T., Fazeli, A., Schmitt, E. M., Bronson, R. T., Goodell, M. A., and Weinberg, R.
A. (1992). Effects of an Rb mutation in the mouse. Nature 359, 295-300.

Jacks, T., Remington, L., Williams, B. O., Schmitt, E. M., Halachmi, S., Bronson, R. T.,
and Weinberg, R. A. (1994). Tumor spectrum analysis in p53-mutant mice. Curr Biol 4,
1–7.

Jamerson, M. H., Johnson, M. D., and Dickson, R. B. (2004). Of mice and Myc: c-Myc
and mammary tumorigenesis. J Mammary Gland Biol Neoplasia 9, 27–37.

Jazaeri, A. A., Yee, C. J., Sotiriou, C., Brantley, K. R., Boyd, J., and Liu, E. T. (2002).
Gene expression profiles of BRCA1-linked, BRCA2-linked, and sporadic ovarian
cancers. J Natl Cancer Inst 94, 990-1000.

Jeffrey, P. D., Gorina, S., and Pavletich, N. P. (1995). Crystal structure of the
tetramerization domain of the p53 tumor suppressor at 1.7 angstroms. Science 267, 1498–
1502.

Jerry, D. J., Butel, J. S., Donehower, L. A., Paulson, E. J., Cochran, C., Wiseman, R. W.,
and Medina, D. (1994). Infrequent p53 mutations in 7,12-dimethylbenz[a]anthracene
induced mammary tumors in BALB/c and p53 hemizygous mice. Mol Carcinog 9, 175–
183.

Jerry, D.J., Kittrell, F. S., Kuperwasser, C., Laucirica, R., Dickinson, E. S., Bonilla, P. J.,
Butel, J. S., and Medina, D. (2000). A mammary-specific model demonstrates the role of
the p53 tumor suppressor gene in tumor development. Oncogene 19, 1052-1058.

Jimenez, G. S., Nister, M., Stommel, J. M., Beeche, M., Barcarse, E. A., Zhang, X. Q.,
O'Gorman, S., and Wahl, G. M. (2000). A transactivation-deficient mouse model
provides insights into Trps3 regulation and function. Nat Genet 26, 37-43.

Johnson, S. M., Shaw, J. A., and Walker, R. A. (2002). Sporadic breast cancer in young
women: prevalence of loss of heterozygosity at p53, BRCA1 and BRCA2. Int J Cancer
98, 205-209.

Jones, J. L., Shaw, J. A., Pringle, J. H., and Walker, R. A. (2003). Primary breast
myoepithelial cells exert an invasion-suppressor effect on breast cancer cells via
paracrine down-regulation of MMP expression in fibroblasts and tumour cells. J Pathol
201,562-572.

61



Jones, J. M., Attardi, L., Godley, L. A., Laucirica, R., Medina, D., Jacks, T., Varmus, H.
E., and Donehower, L. A. (1997). Absence of p53 in a mouse mammary tumor model
promotes tumor cell proliferation without affecting apoptosis. Cell Growth Differ 8, 829
838.

Jonkers, J., Meuwissen, R., van der Gulden, H., Peterse, H., van der Valk, M., and Berns,
A. (2001). Synergistic tumor suppressor activity of BRCA2 and p53 in a conditional
mouse model for breast cancer. Nat Genet 29, 418–425.

Kamb, A., Gruis, N. A., Weaver-Feldhaus, J., Liu, Q., Harshman, K., Tavtigian, S. V.,
Stockert, E., Day, R. S., 3rd, Johnson, B. E., and Skolnick, M. H. (1994a). A cell cycle
regulator potentially involved in genesis of many tumor types. Science 264, 436–440.

Kamb, A., Shattuck-Eidens, D., Eeles, R., Liu, Q., Gruis, N. A., Ding, W., Hussey, C.,
Tran, T., Miki, Y., Weaver-Feldhaus, J., and et al. (1994b). Analysis of the p16 gene
(CDKN2) as a candidate for the chromosome 9p melanoma susceptibility locus. Nat
Genet 8, 23–26.

Kao, C. Y., Nomata, K., Oakley, C. S., Welsch, C. W., and Chang, C. C. (1995). Two
types of normal human breast epithelial cells derived from reduction mammoplasty:
phenotypic characterization and response to SV40 transfection. Carcinogenesis 16, 531
538.

Kemp, C.J., Donehower, L. A., Bradley, A., and Balmain, A. (1993). Reduction of p53
gene dosage does not increase initiation or promotion but enhances malignant
progression of chemically induced skin tumors. Cell 74, 813–822.

Keohavong, P., Gao, W. M., Mady, H. H., Kanbour-Shakir, A., and Melhem, M. F.
(2004). Analysis of p53 mutations in cells taken from paraffin-embedded tissue sections
of ductal carcinoma in situ and atypical ductal hyperplasia of the breast. Cancer Lett 212,
121-130.

Keyomarsi, K., Conte, D., Jr., Toyofuku, W., and Fox, M. P. (1995). Deregulation of
cyclin E in breast cancer. Oncogene 11, 941-950.

Kim, J. B., O'Hare, M. J., and Stein, R. (2004a). Models of breast cancer: is merging
human and animal models the future? Breast Cancer Res 6, 22-30.

Kim, J. B., Stein, R., and O'Hare, M. J. (2004b). Three-dimensional in vitro tissue culture
models of breast cancer-- a review. Breast Cancer Res Treat 85,281-291.

Kitahara, K., Yasui, W., Kuniyasu, H., Yokozaki, H., Akama, Y., Yunotani, S.,
Hisatsugu, T., and Tahara, E. (1995). Concurrent amplification of cyclin E and CDK2
genes in colorectal carcinomas. Int J Cancer 62,25-28.

*… "
re------
, sº tº

-

*** = -s.

ºie, - -
gº's -- s

***
pºss - " -

rºse-rº º

ºr "

memº "

62



Kleihues, P., Schauble, B., zur Hausen, A., Esteve, J., and Ohgaki, H. (1997). Tumors
associated with p53 germline mutations: a synopsis of 91 families. Am J Pathol 150, 1
13.

Kleinman, H. K., McGarvey, M. L., Hassell, J. R., Star, V. L., Cannon, F. B., Laurie, G.
W., and Martin, G. R. (1986). Basement membrane complexes with biological activity.
Biochemistry 25, 312–318.

Ko, L. J., and Prives, C. (1996). p53: puzzle and paradigm. Genes Dev 10, 1054–1072.

Kong, G., Chua, S. S., Yijun, Y., Kittrell, F., Moraes, R. C., Medina, D., and Said, T. K.
(2002). Functional analysis of cyclin D2 and p27(Kip1) in cyclin D2 transgenic mouse
mammary gland during development. Oncogene 21, 7214–7225.

Krimpenfort, P., Quon, K. C., Mooi, W. J., Loonstra, A., and Berns, A. (2001). Loss of
p16Ink4a confers susceptibility to metastatic melanoma in mice. Nature 413, 83-86.

Kuperwasser, C., Chavarria, T., Wu, M., Magrane, G., Gray, J. W., Carey, L.,
Richardson, A., and Weinberg, R. A. (2004). Reconstruction of functionally normal and
malignant human breast tissues in mice. Proc Natl Acad Sci U S A 101,4966–4971.

Kuperwasser, C., Hurlbut, G. D., Kittrell, F. S., Dickinson, E. S., Laucirica, R., Medina,
D., Naber, S. P., and Jerry, D. J. (2000). Development of spontaneous mammary tumors
in BALB/c p53 heterozygous mice. A model for Li-Fraumeni syndrome. Am J Pathol
157, 2151-2159.

LaBaer, J., Garrett, M. D., Stevenson, L. F., Slingerland, J. M., Sandhu, C., Chou, H. S.,
Fattaey, A., and Harlow, E. (1997). New functional activities for the p21 family of CDK
inhibitors. Genes Dev 11, 847-862.

Lamb, J., Ramaswamy, S., Ford, H. L., Contreras, B., Martinez, R. V., Kittrell, F. S.,
Zahnow, C. A., Patterson, N., Golub, T. R., and Ewen, M. E. (2003). A mechanism of
cyclin D1 action encoded in the patterns of gene expression in human cancer. Cell 114,
323-334.

Lee, E. Y., Chang, C. Y., Hu, N., Wang, Y.C., Lai, C. C., Herrup, K., Lee, W. H., and
Bradley, A. (1992). Mice deficient for Rb are nonviable and show defects in neurogenesis
and haematopoiesis. Nature 359,288-294.

Lee, E. Y., To, H., Shew, J. Y., Bookstein, R., Scully, P., and Lee, W. H. (1988).
Inactivation of the retinoblastoma susceptibility gene in human breast cancers. Science
241, 218–221.

Lee, M. H., Williams, B. O., Mulligan, G., Mukai, S., Bronson, R. T., Dyson, N., Harlow,
E., and Jacks, T. (1996). Targeted disruption of p107: functional overlap between p107
and Rb. Genes Dev 10, 1621-1632.

-**

*-i----"

tº sº ****
- ** -

*...*- *

63



Lee, W. H., Bookstein, R., Hong, F., Young, L. J., Shew, J. Y., and Lee, E. Y. (1987).
Human retinoblastoma susceptibility gene: cloning, identification, and sequence. Science
235, 1394–1399.

Lees, J. A., Saito, M., Vidal, M., Valentine, M., Look, T., Harlow, E., Dyson, N., and
Helin, K. (1993). The retinoblastoma protein binds to a family of E2F transcription
factors. Mol Cell Biol 13, 7813–7825.

Lelievre, S.A., Weaver, V. M., Nickerson, J. A., Larabell, C. A., Bhaumik, A., Petersen,
O. W., and Bissell, M.J. (1998). Tissue phenotype depends on reciprocal interactions
between the extracellular matrix and the structural organization of the nucleus. Proc Natl
Acad Sci U S A 95, 14711–14716.

Levine, A.J. (1997). p53, the cellular gatekeeper for growth and division. Cell 88, 323
331.

Li, B., Murphy, K. L., Laucirica, R., Kittrell, F., Medina, D., and Rosen, J. M. (1998). A
transgenic mouse model for mammary carcinogenesis. Oncogene 16,997-1007.

Li, Y., Hively, W. P., and Varmus, H. E. (2000). Use of MMTV-Wnt-1 transgenic mice
for studying the genetic basis of breast cancer. Oncogene 19, 1002-1009.

Lin, E. Y., Nguyen, A. V., Russell, R. G., and Pollard, J. W. (2001). Colony-stimulating
factor 1 promotes progression of mammary tumors to malignancy. J Exp Med 193, 727
740.

Lin, E. Y., and Pollard, J. W. (2004). Macrophages: modulators of breast cancer
progression. Novartis Found Symp 256, 158-168; discussion 168-172, 259-169.

Liu, C. H., Chang, S. H., Narko, K., Trifan, O. C., Wu, M. T., Smith, E., Haudenschild,
C., Lane, T. F., and Hla, T. (2001). Overexpression of cyclooxygenase-2 is sufficient to
induce tumorigenesis in transgenic mice. J Biol Chem 276, 18563-18569.

Liu, H., Radisky, D.C., Wang, F., and Bissell, M. J. (2004). Polarity and proliferation are
controlled by distinct signaling pathways downstream of PI3-kinase in breast epithelial
tumor cells. J Cell Biol 164, 603–612.

Lowe, S. W., and Sherr, C.J. (2003). Tumor suppression by Ink4a-Arf: progress and
puzzles. Curr Opin Genet Dev 13, 77-83.

Ma, X. J., Salunga, R., Tuggle, J. T., Gaudet, J., Enright, E., McQuary, P., Payette, T.,
Pistone, M., Stecker, K., Zhang, B. M., et al. (2003). Gene expression profiles of human
breast cancer progression. Proc Natl Acad Sci U S A 100, 5974-5979.

64



Maandag, E. C., van der Valk, M., Vlaar, M., Feltkamp, C., O'Brien, J., van Roon, M.,
van der Lugt, N., Berns, A., and te Riele, H. (1994). Developmental rescue of an
embryonic-lethal mutation in the retinoblastoma gene in chimeric mice. Embo J 13,
4260–4268.

Maffini, M. V., Soto, A. M., Calabro, J. M., Ucci, A. A., and Sonnenschein, C. (2004).
The stroma as a crucial target in rat mammary gland carcinogenesis. J Cell Sci 117, 1495
1502.

Malkin, D., Li, F. P., Strong, L. C., Fraumeni, J. F., Jr., Nelson, C. E., Kim, D. H.,
Kassel, J., Gryka, M.A., Bischoff, F. Z., Tainsky, M. A., and et al. (1990). Germ line p53
mutations in a familial syndrome of breast cancer, sarcomas, and other neoplasms.
Science 250, 1233-1238.

Mangues, R., Seidman, I., Pellicer, A., and Gordon, J. W. (1990). Tumorigenesis and
male sterility in transgenic mice expressing a MMTV/N-ras oncogene. Oncogene 5,
1491–1497.

Marone, M., Scambia, G., Giannitelli, C., Ferrandina, G., Masciullo, V., Bellacosa, A.,
Benedetti-Panici, P., and Mancuso, S. (1998). Analysis of cyclin E and CDK2 in ovarian
cancer: gene amplification and RNA overexpression. Int J Cancer 75,34–39.

Marshall, C. (1999). How do small GTPase signal transduction pathways regulate cell
cycle entry? Curr Opin Cell Biol 11, 732-736.

Matsui, Y., Halter, S.A., Holt, J. T., Hogan, B. L., and Coffey, R. J. (1990).
Development of mammary hyperplasia and neoplasia in MMTV-TGF alpha transgenic
mice. Cell 61, 1147–1155.

McClatchey, A. I., and Jacks, T. (1998). Tumor suppressor mutations in mice: the next
generation. Curr Opin Genet Dev 8, 304-310.

Medina, D., Kittrell, F. S., Shepard, A., Stephens, L. C., Jiang, C., Lu, J., Allred, D.C.,
McCarthy, M., and Ullrich, R. L. (2002). Biological and genetic properties of the p53
null preneoplastic mammary epithelium. Faseb J 16,881-883.

Meek, D. W. (1999). Mechanisms of switching on p53: a role for covalent modification?
Oncogene 18, 7666–7675.

Meijers-Heijboer, H., van den Ouweland, A., Klijn, J., Wasielewski, M., de Snoo, A.,
Oldenburg, R., Hollestelle, A., Houben, M., Crepin, E., van Veghel-Plandsoen, M., et al.
(2002). Low-penetrance susceptibility to breast cancer due to CHEK2(*)1100delC in
noncarriers of BRCA1 or BRCA2 mutations. Nat Genet 31, 55-59.
S

Merlo, A., Herman, J. G., Mao, L., Lee, D. J., Gabrielson, E., Burger, P. C., Baylin, S. B.,
and Sidransky, D. (1995). 5' CpG island methylation is associated with transcriptional

65



silencing of the tumour suppressor p16/CDKN2/MTS1 in human cancers. Nat Med 1,
686–692.

Miki, Y., Swensen, J., Shattuck-Eidens, D., Futreal, P. A., Harshman, K., Tavtigian, S.,
Liu, Q., Cochran, C., Bennett, L. M., Ding, W., and et al. (1994). A strong candidate for
the breast and ovarian cancer susceptibility gene BRCA1. Science 266, 66–71.

Moinfar, F., Man, Y. G., Arnould, L., Bratthauer, G. L., Ratschek, M., and Tavassoli, F.
A. (2000). Concurrent and independent genetic alterations in the stromal and epithelial
cells of mammary carcinoma: implications for tumorigenesis. Cancer Res 60, 2562-2566.

Muller, W.J., Lee, F. S., Dickson, C., Peters, G., Pattengale, P., and Leder, P. (1990).
The int-2 gene product acts as an epithelial growth factor in transgenic mice. Embo J9,
907–913.

Mulligan, G., and Jacks, T. (1998). The retinoblastoma gene family: cousins with
overlapping interests. Trends Genet 14, 223-229.

Mummenbrauer, T., Janus, F., Muller, B., Wiesmuller, L., Deppert, W., and Grosse, F.
(1996). p53 Protein exhibits 3'-to-5' exonuclease activity. Cell 85, 1089-1099.

Muthuswamy, S. K., Li, D., Lelievre, S., Bissell, M.J., and Brugge, J. S. (2001). ErbB2,
but not ErbB1, reinitiates proliferation and induces luminal repopulation in epithelial
acini. Nat Cell Biol 3, 785–792.

Myung, K., Datta, A., and Kolodner, R. D. (2001). Suppression of spontaneous
chromosomal rearrangements by S phase checkpoint functions in Saccharomyces
cerevisiae. Cell 104, 397–408.

Nandi, S., Guzman, R. C., and Yang, J. (1995). Hormones and mammary carcinogenesis
in mice, rats, and humans: a unifying hypothesis. Proc Natl Acad Sci U S A 92, 3650–
3657.

Nathanson, K. L., Shugart, Y. Y., Omaruddin, R., Szabo, C., Goldgar, D., Rebbeck, T.
R., and Weber, B. L. (2002). CGH-targeted linkage analysis reveals a possible BRCA1
modifier locus on chromosome 54. Hum Mol Genet 11, 1327-1332.

Nathanson, K. L., and Weber, B. L. (2001). "Other" breast cancer susceptibility genes:
searching for more holy grail. Hum Mol Genet 10, 715-720.

Nathanson, K. L., Wooster, R., Weber, B. L., and Nathanson, K. N. (2001). Breast cancer
genetics: what we know and what we need. Nat Med 7,552-556.

Newbold, R. F. (1997). Genetic control of telomerase and replicative senescence in
human and rodent cells. Ciba Found Symp 211, 177-189; discussion 189-197.

>~~~

sº-º-º: .***
–cº-º- "

66



Nielsen, N. H., Arnerlov, C., Emdin, S.O., and Landberg, G. (1996). Cyclin E
overexpression, a negative prognostic factor in breast cancer with strong correlation to
oestrogen receptor status. Br J Cancer 74, 874–880.

Nielsen, N. H., Emdin, S. O., Cajander, J., and Landberg, G. (1997). Deregulation of
cyclin E and D1 in breast cancer is associated with inactivation of the retinoblastoma
protein. Oncogene 14, 295-304.

Nievers, M. G., Schaapveld, R. Q., and Sonnenberg, A. (1999). Biology and function of
hemidesmosomes. Matrix Biol 18, 5-17.
Nobori, T., Miura, K., Wu, D. J., Lois, A., Takabayashi, K., and Carson, D. A. (1994).
Deletions of the cyclin-dependent kinase-4 inhibitor gene in multiple human cancers.
Nature 368, 753–756.

Nowell, P. C. (1976). The clonal evolution of tumor cell populations. Science 194, 23–28.
Ogawa, H., Ishiguro, K., Gaubatz, S., Livingston, D. M., and Nakatani, Y. (2002). A
complex with chromatin modifiers that occupies E2F- and Myc-responsive genes in G0
cells. Science 296, 1132-1136.

Olumi, A. F., Grossfeld, G. D., Hayward, S. W., Carroll, P. R., Tlsty, T. D., and Cunha,
G. R. (1999). Carcinoma-associated fibroblasts direct tumor progression of initiated
human prostatic epithelium. Cancer Res 59,5002-5011.

Oren, M. (2003). Decision making by p53: life, death and cancer. Cell Death Differ 10,
431–442.

Ortega, S., Malumbres, M., and Barbacid, M. (2002). Cyclin D-dependent kinases, INK4
inhibitors and cancer. Biochim Biophys Acta 1602, 73-87.

Ouchi, T., Monteiro, A. N., August, A., Aaronson, S.A., and Hanafusa, H. (1998).
BRCA1 regulates p53-dependent gene expression. Proc Natl Acad Sci U S A 95, 2302
2306.

Oyama, T., Kashiwabara, K., Yoshimoto, K., Arnold, A., and Koerner, F. (1998).
Frequent overexpression of the cyclin D1 oncogene in invasive lobular carcinoma of the
breast. Cancer Res 58,2876-2880.

Page, D. L., Jensen, R. A., Simpson, J. F., and Dupont, W. D. (2000). Historical and
epidemiologic background of human premalignant breast disease. J Mammary Gland
Biol Neoplasia 5,341-349.

Parmar, H., Young, P., Emerman, J. T., Neve, R. M., Dairkee, S., and Cunha, G. R.
(2002). A novel method for growing human breast epithelium in vivo using mouse and
human mammary fibroblasts. Endocrinology 143,4886–4896.

67



Pechoux, C., Gudjonsson, T., Ronnov-Jessen, L., Bissell, M. J., and Petersen, O. W.
(1999). Human mammary luminal epithelial cells contain progenitors to myoepithelial
cells. Dev Biol 206, 88-99.

Petersen, O. W., Ronnov-Jessen, L., Howlett, A. R., and Bissell, M. J. (1992). Interaction
with basement membrane serves to rapidly distinguish growth and differentiation pattern
of normal and malignant human breast epithelial cells. Proc Natl Acad Sci U S A 89,
9064–9068.

Pietenpol, J. A., Tokino, T., Thiagalingam, S., el-Deiry, W. S., Kinzler, K. W., and
Vogelstein, B. (1994). Sequence-specific transcriptional activation is essential for growth
suppression by p53. Proc Natl Acad Sci U S A 91, 1998-2002.

Pirkmaier, A., Dow, R., Ganiatsas, S., Waring, P., Warren, K., Thompson, A., Hendley,
J., and Germain, D. (2003). Alternative mammary oncogenic pathways are induced by D
type cyclins; MMTV-cyclin D3 transgenic mice develop squamous cell carcinoma.
Oncogene 22, 4425-4433.

Plna, K., and Hemminki, K. (2001). Re: High frequency of multiple melanomas and
breast and pancreas carcinomas in CDKN2A mutation-positive melanoma families. J
Natl Cancer Inst 93, 323-325.

Ponnaiya, B., Cornforth, M. N., and Ullrich, R. L. (1997). Radiation-induced
chromosomal instability in BALB/c and C57BL/6 mice: the difference is as clear as black
and white. Radiat Res 147, 121-125.

Powell, S. N., and Kachnic, L.A. (2003). Roles of BRCA1 and BRCA2 in homologous
recombination, DNA replication fidelity and the cellular response to ionizing radiation.
Oncogene 22, 5784–5791.

Purdie, C. A., Harrison, D. J., Peter, A., Dobbie, L., White, S., Howie, S. E., Salter, D.
M., Bird, C. C., Wyllie, A. H., Hooper, M. L., and et al. (1994). Tumour incidence,
spectrum and ploidy in mice with a large deletion in the p53 gene. Oncogene 9, 603-609.

Quelle, D. E., Zindy, F., Ashmun, R. A., and Sherr, C.J. (1995). Alternative reading
frames of the INK4a tumor suppressor gene encode two unrelated proteins capable of
inducing cell cycle arrest. Cell 83,993-1000.

Radisky, D., Muschler, J., and Bissell, M. J. (2002). Order and disorder: the role of
extracellular matrix in epithelial cancer. Cancer Invest 20, 139-153.

Ramirez, R. D., Morales, C. P., Herbert, B. S., Rohde, J. M., Passons, C., Shay, J. W.,
and Wright, W. E. (2001). Putative telomere-independent mechanisms of replicative
aging reflect inadequate growth conditions. Genes Dev 15, 398-403.

******

* --->
sº- - **

isser ºf --

*** - - -----
* - --
* sº tº

*...*-*** º
nº r" --
mº - --" "

gº º

68



Rane, S. G., Cosenza, S. C., Mettus, R. V., and Reddy, E. P. (2002). Germ line
transmission of the Cdk4(R24C) mutation facilitates tumorigenesis and escape from
cellular senescence. Mol Cell Biol 22, 644–656.

Rayman, J. B., Takahashi, Y., Indjeian, V. B., Dannenberg, J. H., Catchpole, S., Watson,
R. J., te Riele, H., and Dynlacht, B. D. (2002). E2F mediates cell cycle-dependent
transcriptional repression in vivo by recruitment of an HDAC1/mSin3B corepressor
complex. Genes Dev 16,933-947.

Reginato, M. J., Mills, K. R., Paulus, J. K., Lynch, D. K., Sgroi, D.C., Debnath, J.,
Muthuswamy, S. K., and Brugge, J. S. (2003). Integrins and EGFR coordinately regulate
the pro-apoptotic protein Bim to prevent anoikis. Nat Cell Biol 5, 733–740.

Robinson, G. W., Wagner, K. U., and Hennighausen, L. (2001). Functional mammary
gland development and oncogene-induced tumor formation are not affected by the
absence of the retinoblastoma gene. Oncogene 20, 7115–7119.

Romanov, S. R., Kozakiewicz, B. K., Holst, C. R., Stampfer, M. R., Haupt, L. M., and
Tlsty, T. D. (2001). Normal human mammary epithelial cells spontaneously escape
senescence and acquire genomic changes. Nature 409, 633-637.

Roskelley, C. D., and Bissell, M. J. (2002). The dominance of the microenvironment in
breast and ovarian cancer. Semin Cancer Biol 12, 97-104.

Roussel, M. F. (1999). The INK4 family of cell cycle inhibitors in cancer. Oncogene 18,
5311-5317.

Rowan, S., Ludwig, R. L., Haupt, Y., Bates, S., Lu, X., Oren, M., and Vousden, K. H.
(1996). Specific loss of apoptotic but not cell-cycle arrest function in a human tumor
derived p53 mutant. Embo J 15,827-838.

Ruas, M., and Peters, G. (1998). The p16INK4a/CDKN2A tumor suppressor and its
relatives. Biochim Biophys Acta 1378, F115-177.

Rudas, M., Schmidinger, M., Wenzel, C., Okamoto, I., Budinsky, A., Fazeny, B., and
Marosi, C. (2000). Karyotypic findings in two cases of male breast cancer. Cancer Genet
Cytogenet 121, 190-193.

Sage, J., Miller, A. L., Perez-Mancera, P. A., Wysocki, J. M., and Jacks, T. (2003). Acute
mutation of retinoblastoma gene function is sufficient for cell cycle re-entry. Nature 424,
223-228.

Sah, V. P., Attardi, L. D., Mulligan, G. J., Williams, B. O., Bronson, R. T., and Jacks, T.
(1995). A subset of p53-deficient embryos exhibit exencephaly. Nat Genet 10, 175-180.
Schedin, P., and Elias, A. (2004). Multistep tumorigenesis and the microenvironment.
Breast Cancer Res 6, 93-101.

69



Schmeichel, K. L., and Bissell, M. J. (2003). Modeling tissue-specific signaling and
organ function in three dimensions. J Cell Sci 116, 2377–2388.

Schoenenberger, C. A., Andres, A. C., Groner, B., van der Valk, M., LeMeur, M., and
Gerlinger, P. (1988). Targeted c-myc gene expression in mammary glands of transgenic
mice induces mammary tumours with constitutive milk protein gene transcription. Embo
J 7, 169-175.

Serrano, M., Lee, H., Chin, L., Cordon-Cardo, C., Beach, D., and DePinho, R. A. (1996).
Role of the INK4a locus in tumor suppression and cell mortality. Cell 85, 27–37.

Sharpless, N. E., Alson, S., Chan, S., Silver, D. P., Castrillon, D. H., and DePinho, R. A.
(2002). p16(INK4a) and p53 deficiency cooperate in tumorigenesis. Cancer Res 62,
2761–2765.

Sharpless, N. E., Bardeesy, N., Lee, K. H., Carrasco, D., Castrillon, D. H., Aguirre, A.J.,
Wu, E. A., Horner, J. W., and DePinho, R. A. (2001). Loss of p16Ink4a with retention of
p19Arf predisposes mice to tumorigenesis. Nature 413, 86-91.

Sharpless, N. E., and DePinho, R. A. (1999). The INK4A/ARF locus and its two gene
products. Curr Opin Genet Dev 9, 22-30.

Sheaff, R. J., Groudine, M., Gordon, M., Roberts, J. M., and Clurman, B. E. (1997).
Cyclin E-CDK2 is a regulator of p27Kip1. Genes Dev 11, 1464–1478.

Shekhar, M. P., Pauley, R., and Heppner, G. (2003). Host microenvironment in breast
cancer development: extracellular matrix-stromal cell contribution to neoplastic
phenotype of epithelial cells in the breast. Breast Cancer Res 5, 130-135.

Sherr, C.J. (2004). Principles of tumor suppression. Cell 116, 235-246.

Sherr, C. J., and DePinho, R. A. (2000). Cellular senescence: mitotic clock or culture
shock? Cell 102,407-410.

Sherr, C.J., and McCormick, F. (2002). The RB and p53 pathways in cancer. Cancer Cell
2, 103-112.

Sherr, C.J., and Roberts, J. M. (1995). Inhibitors of mammalian G1 cyclin-dependent
kinases. Genes Dev 9, 1149-1163.

Sherr, C.J., and Roberts, J. M. (1999). CDK inhibitors: positive and negative regulators
of G1-phase progression. Genes Dev 13, 1501-1512.

Sherr, C.J., and Weber, J. D. (2000). The ARF/p53 pathway. Curr Opin Genet Dev 10,
94–99.

70



Sieweke, M. H., and Bissell, M.J. (1994). The tumor-promoting effect of wounding: a
possible role for TGF-beta-induced stromal alterations. Crit Rev Oncog 5,297-311.

Simin, K., Wu, H., Lu, L., Pinkel, D., Albertson, D., Cardiff, R. D., and Dyke, T. V.
(2004). pKb Inactivation in Mammary Cells Reveals Common Mechanisms for Tumor
Initiation and Progression in Divergent Epithelia. PLoS Biol 2, E22.

Simpson, J. F., Quan, D. E., O'Malley, F., Odom-Maryon, T., and Clarke, P. E. (1997).
Amplification of CCND1 and expression of its protein product, cyclin D1, in ductal
carcinoma in situ of the breast. Am J Pathol 151, 161-168.

Sinn, E., Muller, W., Pattengale, P., Tepler, I., Wallace, R., and Leder, P. (1987).
Coexpression of MMTV/v-Ha-ras and MMTV/c-myc genes in transgenic mice:
synergistic action of oncogenes in vivo. Cell 49,465–475.

Soos, T. J., Kiyokawa, H., Yan, J. S., Rubin, M. S., Giordano, A., DeBlasio, A., Bottega,
S., Wong, B., Mendelsohn, J., and Koff, A. (1996). Formation of p27-CDK complexes
during the human mitotic cell cycle. Cell Growth Differ 7, 135-146.

Sorlie, T., Perou, C. M., Tibshirani, R., Aas, T., Geisler, S., Johnsen, H., Hastie, T.,
Eisen, M. B., van de Rijn, M., Jeffrey, S. S., et al. (2001). Gene expression patterns of
breast carcinomas distinguish tumor subclasses with clinical implications. Proc Natl Acad
Sci U S A 98, 10869-10874.

Sorlie, T., Tibshirani, R., Parker, J., Hastie, T., Marron, J. S., Nobel, A., Deng, S.,
Johnsen, H., Pesich, R., Geisler, S., et al. (2003). Repeated observation of breast tumor
subtypes in independent gene expression data sets. Proc Natl Acad Sci U S A 100, 8418
8423.

Srivastava, S., Zou, Z. Q., Pirollo, K., Blattner, W., and Chang, E. H. (1990). Germ-line
transmission of a mutated p53 gene in a cancer-prone family with Li-Fraumeni
syndrome. Nature 348, 747-749.

Sternlicht, M. D., Lochter, A., Sympson, C. J., Huey, B., Rougier, J. P., Gray, J. W.,
Pinkel, D., Bissell, M. J., and Werb, Z. (1999). The stromal proteinase
MMP3/stromelysin-1 promotes mammary carcinogenesis. Cell 98, 137-146.

Stewart, T. A., Pattengale, P. K., and Leder, P. (1984). Spontaneous mammary
adenocarcinomas in transgenic mice that carry and express MTV/myc fusion genes. Cell
38, 627-637.

Stingl, J., Eaves, C.J., Kuusk, U., and Emerman, J. T. (1998). Phenotypic and functional
characterization in vitro of a multipotent epithelial cell present in the normal adult human
breast. Differentiation 63, 201-213.

71



Streuli, C. H., Bailey, N., and Bissell, M. J. (1991). Control of mammary epithelial
differentiation: basement membrane induces tissue-specific gene expression in the
absence of cell-cell interaction and morphological polarity. J Cell Biol 115, 1383-1395.

Suzuki, A., de la Pompa, J. L., Hakem, R., Elia, A., Yoshida, R., Mo, R., Nishina, H.,
Chuang, T., Wakeham, A., Itie, A., et al. (1997). Brcaz is required for embryonic cellular
proliferation in the mouse. Genes Dev 11, 1242–1252.

Swerdlow, A. J., Hermon, C., Jacobs, P. A., Alberman, E., Beral, V., Daker, M., Fordyce,
A., and Youings, S. (2001). Mortality and cancer incidence in persons with numerical sex
chromosome abnormalities: a cohort study. Ann Hum Genet 65, 177-188.

Szyf, M., Pakneshan, P., and Rabbani, S.A. (2004). DNA methylation and breast cancer.
Biochem Pharmacol 68, 1187–1197.

T'Ang, A., Varley, J. M., Chakraborty, S., Murphree, A. L., and Fung, Y. K. (1988).
Structural rearrangement of the retinoblastoma gene in human breast carcinoma. Science
242, 263-266.

Tan, P., Cady, B., Wanner, M., Worland, P., Cukor, B., Magi-Galluzzi, C., Lavin, P.,
Draetta, G., Pagano, M., and Loda, M. (1997). The cell cycle inhibitor p27 is an
independent prognostic marker in small (T1a,b) invasive breast carcinomas. Cancer Res
57, 1259-1263.

Tang, L., Li, G., Tron, V. A., Trotter, M. J., and Ho, V.C. (1999). Expression of cell
cycle regulators in human cutaneous malignant melanoma. Melanoma Res 9, 148-154.

Teixeira, M. R., Pandis, N., Dietrich, C. U., Reed, W., Andersen, J., Qvist, H., and Heim,
S. (1998). Chromosome banding analysis of gynecomastias and breast carcinomas in
men. Genes Chromosomes Cancer 23, 16-20.

Teixeira, M. R., Pandis, N., and Heim, S. (2002). Cytogenetic clues to breast
carcinogenesis. Genes Chromosomes Cancer 33, 1-16.

Tirkkonen, M., Johannsson, O., Agnarsson, B. A., Olsson, H., Ingvarsson, S., Karhu, R.,
Tanner, M., Isola, J., Barkardottir, R. B., Borg, A., and Kallioniemi, O. P. (1997).
Distinct somatic genetic changes associated with tumor progression in carriers of BRCA1
and BRCA2 germ-line mutations. Cancer Res 57, 1222–1227.

Tlsty, T. D., and Hein, P. W. (2001). Know thy neighbor: stromal cells can contribute
oncogenic signals. Curr Opin Genet Dev 11, 54–59.

Tlsty, T. D., Romanov, S. R., Kozakiewicz, B. K., Holst, C. R., Haupt, L. M., and
Crawford, Y. G. (2001). Loss of chromosomal integrity in human mammary epithelial
cells subsequent to escape from senescence. J Mammary Gland Biol Neoplasia 6, 235
243.

!-----

war----e.

72



Trimarchi, J. M., and Lees, J. A. (2002). Sibling rivalry in the E2F family. Nat Rev Mol
Cell Biol 3, 11-20.

Tuveson, D. A., and Jacks, T. (2002). Technologically advanced cancer modeling in
mice. Curr Opin Genet Dev 12, 105-110.

Ullrich, R. L., Bowles, N. D., Satterfield, L. C., and Davis, C. M. (1996). Strain
dependent susceptibility to radiation-induced mammary cancer is a result of differences
in epithelial cell sensitivity to transformation. Radiat Res 146, 353-355.

Vairo, G., Livingston, D. M., and Ginsberg, D. (1995). Functional interaction between
E2F-4 and p130: evidence for distinct mechanisms underlying growth suppression by
different retinoblastoma protein family members. Genes Dev 9, 869-881.

van 't Veer, L. J., Dai, H., van de Vijver, M. J., He, Y. D., Hart, A. A., Mao, M., Peterse,
H. L., van der Kooy, K., Marton, M. J., Witteveen, A. T., et al. (2002). Gene expression
profiling predicts clinical outcome of breast cancer. Nature 415, 530-536.

van de Vijver, M.J., He, Y. D., van't Veer, L. J., Dai, H., Hart, A. A., Voskuil, D. W.,
Schreiber, G. J., Peterse, J. L., Roberts, C., Marton, M. J., et al. (2002). A gene
expression signature as a predictor of survival in breast cancer. N Engl J Med 347, 1999
2009.

Velicer, C. M., Heckbert, S. R., Lampe, J. W., Potter, J. D., Robertson, C. A., and Taplin,
S. H. (2004). Antibiotic use in relation to the risk of breast cancer. Jama 291,827-835.

Venkatachalam, S., Shi, Y. P., Jones, S. N., Vogel, H., Bradley, A., Pinkel, D., and
Donehower, L. A. (1998). Retention of wild-type p53 in tumors from p53 heterozygous
mice: reduction of p53 dosage can promote cancer formation. Embo J 17,4657–4667.

Venkatachalam, S., Tyner, S. D., Pickering, C. R., Boley, S., Recio, L., French, J. E., and
Donehower, L. A. (2001). Is p53 haploinsufficient for tumor suppression? Implications
for the p53+/- mouse model in carcinogenicity testing. Toxicol Pathol 29 Suppl. 147-154.

Venkitaraman, A. R. (2002). Cancer susceptibility and the functions of BRCA1 and
BRCA2. Cell 108, 171-182.

Vlach, J., Hennecke, S., and Amati, B. (1997). Phosphorylation-dependent degradation of
the cyclin-dependent kinase inhibitor p27. Embo J 16,5334–5344.

Vogelstein, B., Lane, D., and Levine, A.J. (2000). Surfing the p53 network. Nature 408,
307-310.

Wagner, K. U. (2004). Models of breast cancer: quo vadis, animal modeling? Breast
Cancer Res 6, 31-38.

****
*

*…*
º-º-º-º:

- *
as ºf
*-* -as

* * * -->

*** * *
*****~~~

*** * *
gº-- * *

sºrºt --

tº º

73





Wagner, K. U., Wall, R. J., St-Onge, L., Gruss, P., Wynshaw-Boris, A., Garrett, L., Li,
M., Furth, P. A., and Hennighausen, L. (1997). Cre-mediated gene deletion in the
mammary gland. Nucleic Acids Res 25, 4323-4330.

Wang, A., Schneider-Broussard, R., Kumar, A. P., MacLeod, M. C., and Johnson, D. G.
(2000). Regulation of BRCA1 expression by the Rb-E2F pathway. J Biol Chem 275,
4532–4536.

Wang, F., Weaver, V. M., Petersen, O. W., Larabell, C. A., Dedhar, S., Briand, P., Lupu,
R., and Bissell, M.J. (1998). Reciprocal interactions between beta1-integrin and
epidermal growth factor receptor in three-dimensional basement membrane breast
cultures: a different perspective in epithelial biology. Proc Natl Acad Sci U S A 95,
14821-14826.

Wang, J. Y., Knudsen, E. S., and Welch, P. J. (1994a). The retinoblastoma tumor
suppressor protein. Adv Cancer Res 64, 25-85.

Wang, T. C., Cardiff, R. D., Zukerberg, L., Lees, E., Arnold, A., and Schmidt, E. V.
(1994b). Mammary hyperplasia and carcinoma in MMTV-cyclin D1 transgenic mice.
Nature 369, 669-671.

Wang, X. W., Yeh, H., Schaeffer, L., Roy, R., Moncollin, V., Egly, J. M., Wang, Z.,
Freidberg, E. C., Evans, M. K., Taffe, B. G., and et al. (1995). p53 modulation of TFIIH
associated nucleotide excision repair activity. Nat Genet 10, 188-195.

Warren, M. P., and Halpert, S. (2004). Hormone replacement therapy: controversies, pros
and cons. Best Pract Res Clin Endocrinol Metab 18, 317-332.

Weaver, V. M., Lelievre, S., Lakins, J. N., Chrenek, M. A., Jones, J. C., Giancotti, F.,
Werb, Z., and Bissell, M.J. (2002). beta4 integrin-dependent formation of polarized
three-dimensional architecture confers resistance to apoptosis in normal and malignant
mammary epithelium. Cancer Cell 2, 205-216.

Weaver, V. M., Petersen, O. W., Wang, F., Larabell, C. A., Briand, P., Damsky, C., and
Bissell, M.J. (1997). Reversion of the malignant phenotype of human breast cells in
three-dimensional culture and in vivo by integrin blocking antibodies. J Cell Biol 137,
231–245.

Webster, M. A., Cardiff, R. D., and Muller, W.J. (1995). Induction of mammary
epithelial hyperplasias and mammary tumors in transgenic mice expressing a murine
mammary tumor virus/activated c-src fusion gene. Proc Natl Acad Sci U S A 92, 7849
7853.

Weinberg, R. A. (1995). The retinoblastoma protein and cell cycle control. Cell 81,323
330.

º:-----

74



Weinert, T. A., and Hartwell, L. H. (1988). The RAD9 gene controls the cell cycle
response to DNA damage in Saccharomyces cerevisiae. Science 241, 317-322.

Weinstat-Saslow, D., Merino, M. J., Manrow, R. E., Lawrence, J. A., Bluth, R. F.,
Wittenbel, K. D., Simpson, J. F., Page, D. L., and Steeg, P. S. (1995). Overexpression of
cyclin D mRNA distinguishes invasive and in situ breast carcinomas from non-malignant
lesions. Nat Med 1, 1257–1260.

Welcsh, P. L., and King, M. C. (2001). BRCA1 and BRCA2 and the genetics of breast
and ovarian cancer. Hum Mol Genet 10, 705–713.

Wernert, N., Locherbach, C., Wellmann, A., Behrens, P., and Hugel, A. (2001). Presence
of genetic alterations in microdissected stroma of human colon and breast cancers.
Anticancer Res 21, 2259-2264.

Williams, B. O., Remington, L., Albert, D. M., Mukai, S., Bronson, R. T., and Jacks, T.
(1994). Cooperative tumorigenic effects of germline mutations in Rb and p53. Nat Genet
7, 480–484.

Williams, T. M., Lee, H., Cheung, M. W., Cohen, A. W., Razani, B., Iyengar, P., Scherer,
P. E., Pestell, R. G., and Lisanti, M. P. (2004). Combined loss of INK4a and caveolin-1
synergistically enhances cell proliferation and oncogene-induced tumorigenesis: role of
INK4a/CAV-1 in mammary epithelial cell hyperplasia. J Biol Chem 279, 24745-24756.

Winters, Z. E., Leek, R. D., Bradburn, M. J., Norbury, C. J., and Harris, A. L. (2003).
Cytoplasmic p21WAF1/CIP1 expression is correlated with HER-2/neu in breast cancer
and is an independent predictor of prognosis. Breast Cancer Res 5, R242-249.

Wiseman, B. S., and Werb, Z. (2002). Stromal effects on mammary gland development
and breast cancer. Science 296, 1046-1049.

Wolfel, T., Hauer, M., Schneider, J., Serrano, M., Wolfel, C., Klehmann-Hieb, E., De
Plaen, E., Hankeln, T., Meyer zum Buschenfelde, K. H., and Beach, D. (1995). A
p16INK4a-insensitive CDK4 mutant targeted by cytolytic T lymphocytes in a human
melanoma. Science 269, 1281-1284.

Wong, S. C., Chan, J. K., Lee, K. C., and Hsiao, W. L. (2001). Differential expression of
p16/p21/p27 and cyclin D1/D3, and their relationships to cell proliferation, apoptosis, and
tumour progression in invasive ductal carcinoma of the breast. J Pathol 194, 35-42.

Wooster, R., Bignell, G., Lancaster, J., Swift, S., Seal, S., Mangion, J., Collins, N.,
Gregory, S., Gumbs, C., and Micklem, G. (1995). Identification of the breast cancer
susceptibility gene BRCA2. Nature 378, 789-792.

º

- **
*...*
º-sa --"

gº."

----- a -

*- : * *

*** * *

**

*. * * * *

* *
rº- - --"

sº-rºt

75



Wooster, R., Neuhausen, S. L., Mangion, J., Quirk, Y., Ford, D., Collins, N., Nguyen, K.,
Seal, S., Tran, T., Averill, D., and et al. (1994). Localization of a breast cancer
susceptibility gene, BRCA2, to chromosome 13412-13. Science 265, 2088-2090.

Wright, W. E., and Shay, J. W. (2002). Historical claims and current interpretations of
replicative aging. Nat Biotechnol 20, 682-688.

Xu, X., Wagner, K. U., Larson, D., Weaver, Z., Li, C., Ried, T., Hennighausen, L.,
Wynshaw-Boris, A., and Deng, C. X. (1999). Conditional mutation of Brca 1 in mammary
epithelial cells results in blunted ductal morphogenesis and tumour formation. Nat Genet
22, 37–43.

Yu, Q., Geng, Y., and Sicinski, P. (2001a). Specific protection against breast cancers by
cyclin D1 ablation. Nature 411, 1017-1021.

Yu, Y., Okayasu, R., Weil, M. M., Silver, A., McCarthy, M., Zabriskie, R., Long, S.,
Cox, R., and Ullrich, R. L. (2001b). Elevated breast cancer risk in irradiated BALB/c
mice associates with unique functional polymorphism of the Prkdc (DNA-dependent
protein kinase catalytic subunit) gene. Cancer Res 61, 1820-1824.

Zahnow, C. A. (2002). CCAAT/enhancer binding proteins in normal mammary
development and breast cancer. Breast Cancer Res 4, 113-121.

Zhang, H., Somasundaram, K., Peng, Y., Tian, H., Bi, D., Weber, B. L., and El-Deiry, W.
S. (1998a). BRCA1 physically associates with p53 and stimulates its transcriptional
activity. Oncogene 16, 1713-1721.

Zhang, S., Ramsay, E. S., and Mock, B. A. (1998b). Cdkn2a, the cyclin-dependent kinase
inhibitor encoding p16INK4a and p19ARF, is a candidate for the plasmacytoma
susceptibility locus, Pctrl. Proc Natl Acad Sci U S A 95,2429-2434.

Zhang, S. L., DuBois, W., Ramsay, E. S., Bliskovski, V., Morse, H. C., 3rd, Taddesse
Heath, L., Vass, W. C., DePinho, R. A., and Mock, B. A. (2001). Efficiency alleles of the
Pctrl modifier locus for plasmacytoma susceptibility. Mol Cell Biol 21, 310-318.

Zindy, F., Quelle, D. E., Roussel, M. F., and Sherr, C.J. (1997). Expression of the
p16INK4a tumor suppressor versus other INK4 family members during mouse
development and aging. Oncogene 15, 203-211.

Zukerberg, L. R., Yang, W.I., Gadd, M., Thor, A. D., Koerner, F. C., Schmidt, E. V., and
Arnold, A. (1995). Cyclin D1 (PRAD1) protein expression in breast cancer:
approximately one-third of infiltrating mammary carcinomas show overexpression of the
cyclin D1 oncogene. Mod Pathol 8,560-567.

*~~ *
º-º-º-º-

-*
****

*...* ---
º

ºr, sº tº

--> **sº
st sº - -
ºn----- *

sº --

.*- **-

*:º
* * *

***
******

76



Zuo, L., Weger, J., Yang, Q., Goldstein, A. M., Tucker, M. A., Walker, G. J., Hayward,
N., and Dracopoli, N. C. (1996). Germline mutations in the p16INK4a binding domain of
CDK4 in familial melanoma. Nat Genet 12, 97-99.

º

rººt ***

º ---
**_-

pºss ****
pºrºs -aº

77



Chapter 2

Histologically Normal Human Mammary Epithelia with
Silenced p16INK4a Over-express COX-2, Promoting a

Premalignant Program

Yongping G. Crawford, 1 Mona L. Gauthier, 1 Anita Joubel, 1 Kristen Mantei,1,2
Krystyna Kozakiewicz, 1 Cynthia A. Afshari,3,4 and Thea D. Tisty 1*

1Department of Pathology and UCSF Comprehensive Cancer Center, University of
California at San Francisco, San Francisco, California 94143- 0511, USA
2 Present address: Department of Pathology, University of Washington, Seattle,
Washington 98195
3National Institutes of Environmental Health Sciences, Research Triangle Park, NC,
USA
4Present address: Amgen Inc. One Amgen Center Dr., Mailstop 5-1-A, Thousand Oaks,
CA 91320–1799

*Correspondence: Thea D. Tisty (ttlsty®itsa.ucsf.edu)

78



Summary

Breast tissue from healthy women contains variant mammary epithelial cells

(VHMEC) exhibiting p16INK4a promoter hypermethylation both in vivo and in vitro.

When continuously cultured, vh1/EC acquire telomeric dysfunction and produce the

types of chromosomal abnormalities seen in pre-malignant lesions of cancer. We find

that late passage VHMEC express elevated prostaglandin cyclo-oxygenase 2 (COX-2),

which contributes to increased prostaglandin synthesis, angiogenic activity, and invasive

ability. These data demonstrate the existence of human mammary epithelial cells with the

potential to acquire multiple genomic alterations and phenotypes associated with

malignant cells. Moreover, COX-2 over-expression coincides with focal areas of

p16INK4A hypermethylation in vivo creating ideal candidates as precursors to breast

cancer. These putative precursors can be selectively eliminated upon exposure to COX-2

inhibitors in vitro.

Significance

Our studies provide molecular markers for identifying perhaps the earliest lesions

of human breast cancer (i.e., pre-malignant mammary epithelial cells) and a molecular

mechanism for their generation. Furthermore, our data indicate that these vBMEC with

malignant phenotypes can be selectively eliminated, thus preventing their further

progression. Finally, our study suggests that NSAIDs can directly target epithelial cells

for cancer prevention, in addition to its effect in targeting stromal and inflammatory cells.

These data point to a possible molecular mechanism through which nonsteroidal anti

inflammatory drugs (NSAIDs) reduce breast cancer risk.
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Introduction

Breast tissue from healthy women, when examined in vitro, contains a

subpopulation of variant mammary epithelial cells (VHMEC, post-selection, M0 or post

senescent HMEC) that have silenced p16” through hypermethylation of promoter

sequences (Brenner et al., 1998; Foster et al., 1998; Huschtscha et al., 1998). These cells

exhibit several properties that distinguish them from the majority of mammary epithelial

cells that proliferate from a tissue explant (HMEC or pre-selection HMEC) including the

silencing of p16” gene expression through promoter hypermethylation and the

stabilization of p53 (Romanov et al., 2001). In culture, VHMEC proliferate an additional

30–50 generations beyond the time that the HMEC population activates a proliferative

arrest, before reaching a second population growth plateau, termed agonescence

(Romanov et al., 2001). Remarkably, nearly 100% of VHMEC approaching agonescence

exhibit telomeric dysfunction and acquire chromosomal defects, including aneuploidy,

telomeric associations, and various other classes of structural abnormalities similar to

those seen in the earliest lesions of breast cancer (Holst et al., 2003; Romanov et al.,

2001; Tlsty et al., 2001). In a recent study, we found that a subpopulation of

histologically normal human mammary tissues in vivo also contain cells with

6|N K4ahypermethylated pl promoter sequences. These cells were found in discrete foci in a

substantial fraction of women with no indication or predisposition to breast cancer (Holst

et al., 2003). We hypothesize that this subpopulation of VHMEC, which exists in vivo,

has potential for progression to pre-malignant, and ultimately malignant, lesions of the

breast. Therefore, characterization of these cells in vitro may provide molecular markers
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for identifying pre-malignant lesions of breast cancer in vivo, as well as, critical targets

for therapeutic or preventive intervention.

In this study, we find that cyclo-oxygenase 2 (COX-2), a gene that is often over

expressed in many human cancers and contributes to colon cancer initiation and

progression in murine models (Oshima et al., 1996), is up-regulated in p16”

hypermethylated mammary epithelia in vitro. This up-regulation of COX-2 contributes to

increased prostaglandin synthesis, increased endothelial cell invasion and invasive ability

in vh1/EC, and thus provides growth advantages to already genomically unstable cells.

Ominously, we found that cells with p16”“promoter hypermethylation and co-incident

intense COX-2 expression exist in histologically normal human tissues in vivo, creating

ideal candidates for breast cancer precursors.
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Results

Human Mammary Epithelial Cells in Agonescence Express High
Levels of COX-2

To identify novel properties that distinguish vBMEC from HMEC, we compared

the gene expression profiles of both cell populations as they progressed through

increasing population doublings using microarrays. Primary explants from reduction

mammoplasties from women ranging in age from 16 to 57 years were cultured as

described previously to generate the growth curves for HMEC and whMEC (Figure 2

1A). For this study, RNAs from cells at different passages in culture were compared to

identify markers that change as the cells approach agonescence (Figure 2-1A). Among

the genes that were up-regulated in vBMEC at later passage or agonescence was COX-2

(an -6 fold induction between late and early whMEC, Figure 2-1A, inset). This gene was

of immediate interest since several lines of evidence implicate COX-2 protein as an

important modulator of tumor progression (Howe et al., 2001). We verified that the up

regulation of COX-2 mRNA was indeed accompanied by an increase in protein

expression via Western analysis (Figure 2-1B) and immunocytochemistry (Figure 2-1C).

In these analyses, COX-2 expression was undetectable in the early HMEC population but

increased significantly as VHMEC populations approached and entered agonescence

(Figure 2-1B and C). Similar COX-2 up-regulation in VHMEC was observed in samples

derived from three additional individuals (Figure 2-1C and microarray data not shown).

In a fifth case, low levels of COX-2 expression were observed in HMEC (RM9) and

v}{MEC from the same mammoplasty demonstrated similar COX-2 expression to that of

the other vBMEC populations.
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We further investigated the timing, heterogeneity and level of COX-2 over

expression in individual vBMEC cells. Immunocytochemistry analysis demonstrated that,

while COX-2 was expressed at a high level in the majority of vBNMEC at late passage, the

protein was expressed at a similarly high level but in far fewer cells in whMEC

populations at early passage. Thus, the majority of the increase in COX-2 expression was

the result of the induction of an increased number of cells exhibiting high expression

(Figure 2-1C, right column) rather than a general increase in all cells. These data indicate

that the loss of p16” protein perse is not responsible for the induction of COX-2 since

all early vBMEC cells in the population exhibit p16” promoter hypermethylation, but

only a few cells over-express COX-2. Furthermore, expression of exogenous p16*

protein in v}{MEC over-expressing COX-2 does not suppress COX-2 over-expression

(data not shown). Taken together, these data suggest that the lack of p16 activity may be

permissive for a subsequent event, which then leads to the induction of COX-2 over

expression. Once this subsequent event occurs, the consequences cannot be suppressed

6|Nkaby pl expression.

High Levels of COX-2 Expression can be induced by DNA Damage
Associated with Telomeric Dysfunction

An event that occurs subsequent to the loss of p16” protein activity and

coincides with the increase in COX-2 over-expression is the increase in the number of

cells exhibiting telomeric dysfunction (Figure 2-2A). Numerous studies have described

how telomeric dysfunction can activate DNA damage response pathways (de Lange,

2002; Nautiyal et al., 2002). Therefore, we investigated the possibility that DNA damage

signals such as those generated by telomeric dysfunction could induce COX-2. To

****
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experimentally induce a DNA damage response that mimics telomeric dysfunction, we

exposed early passage VHMEC (with negligible COX-2 expression) to adriamycin, which

was previously reported to cause telomeric dysfunction and result in telomere-related

chromosomal abnormalities in breast tumor cells (Elmore et al., 2002). We found that

early passage vBMEC exhibited a strong induction of COX-2 expression upon exposure

to luMadriamycin (Figure 2-2B). Additionally, we exposed early passage whMEC to

inhibitors for topoisomerases I and II (campothecin and etoposide, respectively), two

agents that also generate DNA breaks similar to those produced by telomeric dysfunction

(i.e. dicentric chromosomal breakage). Under both of these conditions, COX-2 was

induced in a dose dependent manner (Figure 2-2B and C, and data not shown). A recent

study demonstrated that DNA damage, induced by mitomycin C, also up-regulated COX

2 (Han et al., 2002). Taken together, our data support the interpretation that DNA damage

similar to that produced by telomeric dysfunction, an event that occurs in VHMEC

subsequent to plo"promoter hypermethylation, can contribute to the induction ofQ p p ype y

COX-2 over-expression.

High Levels of COX-2 Expression in Agonescent wh/MEC Confers
Malignant Phenotypes

While the downstream effects of over-expressing COX-2 in tumor cells are well

established, the phenotypes that accompany COX-2 over-expression in whMEC are

unknown. Comparison of vBMEC expressing a high level of COX-2 to those with a

negligible level revealed significant differences in the expression of phenotypes

hypothesized to be critical to malignancy (e.g. control of prostaglandin synthesis,

angiogenesis, invasion, and apoptosis). VHMEC expressing a high level of COX-2
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demonstrated a dramatic increase in the induction of prostaglandin E2 (PGE2), a direct

product of COX-2 activity, as well as three other downstream products of COX-2: 6-keto

PGFla. PGF2, and thromboxane B2 (TXB2), when compared to cells expressing a

negligible level of COX-2 (Figure 2-3A and B, and data not shown) (RM16 and 48).

Furthermore, vhmEC expressing a high level of COX-2 stimulated a significant increase

in the invasion of human umbilical vein endothelial cells (HUVEC) across a collagen

layer when compared to HMEC expressing a negligible level of COX-2 in an assay for

inducing angiogenic ability (Figure 2-3C, black bars) in three vBMEC population tested

(RM15, RM16, and 48). Finally, whMEC expressing a high level of COX-2 induced

increased invasion of mammary epithelial cells across a Boyden chamber barrier when

compared to HMEC expressing a negligible level of COX-2 (Figure 2-3D, black bars) in

three vBMEC population tested (RM 15, RM16, and 48). Hence, both whMEC and

tumor cells, each over-expressing COX-2, exhibit similar phenotypes that contribute to

malignant potential. Interestingly, conditioned media from the COX-2-overexpressing

vHMEC did not demonstrate an ability to induce either HUVEC or mammary epithelial

cell invasion across a collagen layer (Figure 2-3C and 3D, white bars). These data

suggest that the downstream signal(s) of COX-2 that mediate both angiogenic and

invasive activity is transient or short-lived. Thus, constant COX-2 activity is required for

the invasive phenotype induced by VHMEC.

To determine if the specific expression of COX-2 is necessary and/or sufficient

for the exhibition of these malignant phenotypes, we manipulated COX-2 levels and

documented the causal relationship between the two events. To remove elevated COX-2

expression from late passage VHMEC we used both a chemical inhibitor and a COX-2
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anti-sense construct. We exposed the late passage vBMEC to a COX-2 inhibitor, NS

398, for 24 hours and measured HUVEC invasion 12 hours later. We found that the

originally observed HUVEC invasion (Figure 2-3C) was substantially reduced upon

exposure to NS-398 (Figure 2-4A). We next introduced a COX-2 anti-sense construct

under the control of tetracycline promoter into late whMEC over-expressing COX-2

(RM16: PD 38 and 48. PD 48). Four days after the addition of doxycycline, COX-2

protein levels were reduced in VHMEC containing a COX-2 anti-sense construct (Figure

2-4E, top panel). Furthermore, this reduction in COX-2 protein level was accompanied

by a reduced level of excreted PGE, (Figure 2-4B). When these cells (RM16 and 48)

were assayed for their ability to stimulate HUVEC invasion or movement of vFIMEC

across transwell barrier, both phenotypes were substantially attenuated, dropping to the

same levels observed after exposure to NS-398 (Figure 2-4C and D). Expression of an

anti-sense RNA may trigger an interferon response as a consequence of dsRNA

formation and an altered pattern of protein expression. To exclude the possibility that the

activation of an interferon response caused the reduction in the phenotypes observed

above, we induced an interferon response in our whMEC cells (RM15: PD 25 and RM

16: PD 30) by exposing them to human interferon 3. We found that the addition of

interferon 3 (5-100 unit/ml) for 2-6 days was sufficient to up-regulate the expression of a

cell surface protein, HLA-1, as previously reported (Satoh et al., 1995) (Supplementary

Figure 2-S1). However, despite the activation of interferon response in these v}{MECs,

neither HUVEC invasion nor movement of vBMEC across transwell barrier was reduced

(Supplementary Figure 2-S2). Furthermore, the HLA-1 protein level was similar in cells

expressing either a COX-2 anti-sense or the vector control (Supplementary Figure 2-S3)

º
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and the growth kinetics (or population doublings) (Supplementary Figure 2-S4) for

vHMEC containing either a COX-2 anti-sense or a control construct remain the same

after the induction of COX-2 anti-sense expression for a period of time, including the 4

days during which all the relevant experiments were done. Together our data indicate

that COX-2 plays a causal role in the induction of these phenotypes observed in late

VHMEC.

To investigate the sufficiency of COX-2 in promoting the phenotypes observed,

we introduced exogenous COX-2 into early vBMEC (RM15: PD 7, RM16: PD 10, and

48. PD 10) that exhibited a low level of endogenous COX-2 expression (Figure 2-4E,

bottom panel). This increase in COX-2 protein level was accompanied with an increased

level of excreted PGE2 (Figure 2-4F) and we found an increase in HUVEC and vBNMEC

invasion phenotypes (Figure 2-4G and H) in all three vBMEC populations tested (RM15,

RM16, and 48, only data for RM15 is shown). Interestingly, early vBMEC expressing

exogenous COX-2 often demonstrated only a modest increase in the HUVEC invasion

phenotypes when compared to late passage vBNMEC over-expressing endogenous COX-2

(Figure 2-3C) despite the fact that their COX-protein levels were similar (data not

shown). This data suggest that early vBMEC, but not late whMEC, may still maintain the

ability to modulate COX-2 mediated phenotypes. Nevertheless, our data suggest that

COX-2 over-expression alone is able to increase the HUVEC and whMEC invasion

phenotype. Together, our data demonstrate that COX-2 over-expression in late whMEC

is causal for the phenotypes that promote malignant potential.

rs = ºr
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Foci of Histologically Normal Human Mammary Epithelia with
p16INK4a Promoter Methylation Over-express COX-2 in Vivo

Our previous work identified focal aggregates of mammary epithelial cells that

contained methylated p16” promoter sequences in a subgroup of reduction

mammoplasties obtained from healthy women (Holst et al., 2003). As reported here, in

vitro cultured vBMEC with methylated p16” promoter sequences have the ability not

only to accumulate chromosomal abnormalities, but also to induce malignant phenotypes

by up-regulating COX-2. These cells would be ideal candidates for precursors to pre

malignant lesions of breast cancer, an observation that provoked our search for these cells

in vivo. As reported earlier, cells within histological sections containing the methylated

p16"“promoter sequences retained normal tissue architecture as confirmed by

hemotoxylin and eosin (H&E) staining of adjacent serial sections (Holst et al., 2003).

Strikingly, COX-2 staining of the adjacent serial sections demonstrated that only samples

with foci containing ductal or lobular epithelial cells with p16"“promoter

hypermethylation (yellow areas, Figure 2-5) exhibited intense COX-2 staining (red

demarcations, Figure 2-5, samples 9698 and 9624). This co-localization of COX-2

protein staining and p16” promoter hypermethylation within the same cells is

presented in a novel mapping technique (Figure 2-5 and Holst et al., 2003) and examples

of COX-2 staining are shown. In some places, the areas of intense COX-2 staining are

seen beyond the individual ducts and lobules that contain luminal mammary epithelial

INK4acells with hypermethylation of p16 promoter sequences in the surrounding epithelial

structures. This is possibly due to the diffusion of COX-2 products (e.g., prostaglandins)

to the immediately adjacent areas, which up-regulate COX-2 expression (Tjandrawinata

and Hughes-Fulford, 1997). Alternatively, this may be due to an underestimate of the

tºº
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number of ducts and lobules that contain cells with hypermethylated p16"“promoter

sequences. The mammary tissue that expresses high COX-2 levels may have

hypermethylation of adjacent CpG islands that are beyond the region of the p16"“

promoter sequences we investigated via methylation-specific-PCR. In one sample, 10811,

COX-2 staining was less intense than that observed in the other two samples with p16"“

silencing (Figure 2–5, sample 10811). This may reflect a cell population that has not yet

fully sustained the events subsequent top 16” promoter hypermethylation that allow for

full COX-2 induction or, alternatively, a cell population that has processed the events so

that they no longer induce COX-2. Low to undetectable expression of COX-2 was

observed in the majority of the tissue from the seven samples that were devoid of p16"“

promoter hypermethylation. Expression of COX-2 was largely devoid in surrounding

stromal areas independent of p16"“promoter hypermethylation status in the epithelial

cells. These data demonstrate that foci of VHMEC in vivo exhibit elevated COX-2

expression.

vHMEC with High Levels of COX-2 Expression Apoptose when
Exposed to a COX-2 inhibitor both in Two-Dimensional Culture and in
Three-Dimensional Mammospheres

These newly described attributes of VHMEC have important clinical implications.

Since COX-2 is known to inhibit apoptosis, inhibition of COX-2 functions may reinstate

the apoptotic response and curtail the expansion of cells over-expressing COX-2. To this

end, we exposed HMEC and VHMEC to various concentrations of NS-398, a specific

COX-2 inhibitor (Liu et al., 1998), for 5 days and assayed its effect on viability. As

shown in Figure 2-6A, B and C, whMEC that expressed high levels of COX-2 protein
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exhibited a significant decline in viability and activation of apoptosis as demonstrated by

TUNEL analysis (Figure 2-6B). Upon exposure of the cells to NS-398 for 5 days, the

majority of late passage VHMEC died while, under identical conditions, the majority of

the (non-COX-2 over-expressing) HMEC remained viable (Figure 2-6A, B and C). This

analysis was performed on four isogenic sets of HMEC and VHMEC with similar results

(RM15, RM16, 48, and 240).

It has often been observed that therapeutic agents that are effective in two

dimensional assays may be ineffective when the cells are grown in three-dimensional

structures (Hoffman, 1993). To better assess the potential of COX-2 inhibitors in vivo, we

suspended HMEC and whMEC (RM16 and 240) in reconstituted basement membrane

where they formed three-dimensional structures (mammospheres), and exposed these

mammospheres to NS-398. Our results demonstrate that even when in three-dimensional

structures, the COX-2 inhibitor effectively killed the COX-2 over-expressing whMEC

while having a negligible effect on HMEC (Figure 2-6D).
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Discussion

In Vivo Foci of Histologically Normal Mammary Epithelial Cells Have
Silenced a Tumor Suppressor and Activated a Tumor Promoting
Program

Excitingly, our studies identify an in vivo population of mammary epithelial cells

in disease-free women that have the ability to silence the tumor suppressor gene, p16”,

through promoter hypermethylation and over-express the tumor promoting gene, COX-2.

Our studies also identify an in vitro population of variant mammary epithelial cells from
**

disease-free women that, by loss of certain cell cycle checkpoint controls, have the ability º
to accumulate chromosomal abnormalities and express phenotypes that are critical to º º

ºr "

malignant progression. Without inactivation of pathways that prevent proliferation past a º
* : *

barrier, vh1/EC could not proliferate to the point of telomeric crisis and undergo the º
º

sustained subsequent induction of COX-2. Thus, the initial checkpoint control defect, in gºt

part due to the epigenetic modulation of p16”, plays a crucial role in funneling cells º:
into malignant pathways. The striking co-localization of COX-2 expression and p16” lº
promoter hypermethylation within the same cells both in vivo and in vitro emphasizes the I.
relevance of our in vitro studies in dissecting the early pathways leading to

carcinogenesis.

Importantly, these studies also identify therapeutic targets that would allow for the

elimination of these variant cells if they prove relevant to human disease. If variant cells

were involved in disease progression, one would expect to find them in at least a fraction

of premalignant lesions. Our recent finding of COX-2 over-expression in the majority of

ductal carcinoma in situ (DCIS) lesions lends credence to this hypothesis (Shim et al.,

2003). Even more intriguing was the finding that the histologically normal epithelial cells
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surrounding DCIS lesions, which were either positive or negative for COX-2 over

expression, also demonstrated increased expression of COX-2. These observations

suggest that cells with over-expression of COX-2 may provide a fertile field for the

emergence of premalignant lesions and, as discussed below, could be excellent targets for

preventive therapy.

Several of the “Hallmarks of Cancer” are Co-Coordinately Controlled
by COX-2 Expression

The co-localization of intense COX-2 staining in cells with hypermethylated

p16” sequences has important implications for the initiation and progression of

malignancy in breast tissue. COX-2 expression has been shown to be accompanied by

phenotypes that are critically relevant to cancer development (Howe et al., 2001), several

of which have been designated as “hallmarks of cancer” (Hanahan and Weinberg, 2000).

COX-2 catalyzes the production of prostaglandins (PG) including prostaglandin E,

(PDE2), which stimulates mammary epithelial cell proliferation in the presence of EGF

(Bandyopadhyay et al., 1987), and estrogen synthesis by activating aromatase (Harris et

al., 1999). COX-2 induced PDE, also mediates immunosuppression by inhibiting T and

B-lymphocytes and cytokine production (Howe et al., 2001; Huang et al., 1998).

Furthermore, the over-expression of COX-2 in tumor cells regulates angiogenesis,

invasion and apoptosis by promoting production of pro-angiogenic, pro-invasive and

anti-apoptotic factors (Gately, 2000, Tsujii and DuBois, 1995). Therefore, COX-2

expression in human mammary cells may provide sustained growth signals to mammary

epithelial cells, protection from immune surveillance, and expression of malignant

phenotypes. Our data (Figures 2-3 and 2-6) suggest that VHMEC containing

*
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hypermethylated p16” promoter sequences and COX-2 over-expression exhibit

malignant phenotypes such as increased angiogenesis and invasion and decreased

apoptosis. Thus, they possess several characteristics identified as the “hallmarks of

cancer” (Hanahan and Weinberg, 2000) and may represent a bona fide pre-malignant

population. One characteristic these cells do not exhibit is unlimited replicative potential.

6|NkaIn these cells the loss of p1 allows an extended proliferative potential, but not

immortalization. Thus, we hypothesize that the over-expression of COX-2 enhances their

malignant potential, priming them for malignant transformation, but additional alterations sº

…s.

may be required for full transformation. 2. º:
** *

DNA Damage and Genomic Instability Leads to the Induction of COX- º
2 and the Activation of Stromal and Epithelial Phenotypes Crucial in
Malignant Progression ... --

Genomic instability plays a pivotal role in initiating and promoting the expression

of malignant phenotypes on several levels. In human mammary epithelial cells, the :
---

hypermethylation of p16” promoter sequence abrogates selected cell cycle checkpoint T.:
wº
ºr a 3

controls (Meyer et al., 1999) and allows the HMEC to bypass an in vitro growth barrier –

whose origin is currently unknown (Brenner et al., 1998; Romanov et al., 2001) (Figure

2-7). This loss of p16 protein relieves cyclin D1/cyclin dependent kinase 4/6-control

during G1/S transition and allows the subsequent unrestrained phosphorylation of pKB

by cdk4/6 (T.D.T., unpublished results). In the absence of these restraints and the

presence of adequate nutrients and mitogenic factors, the vHMEC have an extended

replicative potential (Brenner et al., 1998; Romanov et al., 2001). As VHMEC further

proliferate, they continue to erode telomeric sequences until they experience telomeric

dysfunction and initiate a cascade of genomic instability (Romanov et al., 2001).
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Telomere dysfunction not only provides genetic mutations required for cancer initiation

(Maser and DePinho, 2002) but also instigates an apoptotic response (Karlseder et al.,

1999). Studies in this report suggest that whl/EC with telomere dysfunction may also

oppose these death signals by inducing COX-2, an anti-apoptotic regulator, and thus

allow the further proliferation of otherwise unviable cells. Concomitantly, these cells

acquire malignant phenotypes that act within the epithelial cell as well as in the

surrounding stroma (i.e., increased angiogenic response). The COX-2-induced inhibition

of apoptosis and immune surveillance, along with the acquisition of invasive abilities,

generate a population of epithelial cells that are poised for malignant progression.

Furthermore, the COX-2-induced remodeling of the stroma along with the induction of

angiogenesis supports this malignant program. Thus, we postulate that the two events of

genomic instability, epigenetic modulation of p16” and chromosomal breaks

generated by telomeric dysfunction, provide the initiating and promoting forces that drive

the acquisition of a premalignant program (Figure 2-7). Subsequent induction of COX-2

(and other gene alterations) provide growth advantages to these otherwise compromised

cells. While we do not suggest that all cancers arise in this manner, we do suggest that the

critical events in this process (loss of cell cycle checkpoint control, telomere dysfunction,

DNA damage, and sustained induction of COX-2) provide a mechanistic framework for

malignant transformation.

NSAIDS Target Over-expression of COX-2 in Mammary Epithelia in
Addition to Stroma Acting Both Early and Late in Malignant
Progression

The first convincing evidence linking COX-2 to tumor initiation and progression

came from studies in APC-deficient, COX-2-null mice (Oshima et al., 1996). The lack of
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COX-2 (either through genetic or pharmacological manipulation) reduces the incidence

of intestinal adenomas and tumor size (Alshafie et al., 2000; Harris et al., 2000;

Nakatsugi et al., 2000; Robertson et al., 1998). While the removal of COX-2 function

suppresses tumor initiation and progression, the over-expression of COX-2 exacerbates

the process in murine models. Oshima et al provide genetic evidence that the induction of

COX-2 is an early, rate-limiting step for adenoma formation (Oshima et al., 1996).

Furthermore, tissue-specific over-expression of COX-2 from a mouse mammary tumor

virus (MMTV) promoter was sufficient to cause mammary tumors in multiparous mice

(Liu et al., 2001). These results in murine models strongly suggest that COX-2 is an

important modulator of both tumor initiation and progression.

In humans, COX-2 also plays a dual role in carcinogenesis. The over-expression

of COX-2 is often observed in multiple human tumors including breast, colon, pancreas,

and prostate (Soslow et al., 2000; Tucker et al., 1999). Additionally, and consistent with

our view that COX-2 may play a role in early steps of carcinogenesis, epidemiological

data suggests regular use of nonsteroidal anti-inflammatory drugs (NSAIDs) including

aspirin, which inhibits COX-2, reduces both sporadic and familial colon cancer incidence

(Gupta and Dubois, 2001; Thun et al., 1991). Other studies point to a similar NSAID

effect for breast and pancreatic cancer incidence (Friedman and Ury, 1980; Harris et al.,

1996; Schreinemachers and Everson, 1994; Sharpe et al., 2000). A recent large

prospective cohort study involving over 80,000 postmenopausal women indicated that

there was a 21% and 28% reduction in the risk of breast cancer for women who took

NSAIDs at least twice a week for at least 5 to 10 years when compared to women who

reported no or minimal NSAIDs usage (Harris et al., 2003). These data, in conjunction
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with our observations of histologically normal human tissue in this report and studies

from murine models, suggest that COX-2 functions both early and late in tumor

progression and highlight COX-2 as a potential target for preventive therapy.
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Summary

In summary, we demonstrate intense expression of COX-2 protein co-localized

with p16"“promoter hypermethylation in human mammary epithelial cells both in vitro

and in vivo. COX-2 expression in these cells parallels the acquisition of telomeric

dysfunction and can be induced by DNA damage. Further, COX-2 over-expression

together with p16"“promoter hypermethylation generates critical phenotypes that are

believed to be instrumental in the progression to malignancy. Our data also indicate that

NSAIDs can directly target epithelial cells for cancer prevention, in addition to its effect

in targeting stromal and inflammatory cells. Finally, the identification of differentially

expressed genes in VHMEC not only allows for the identification of early lesions of

breast cancer but also suggests targets for the selective removal of these putative

precursor cells from the body.
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Experimental procedures

Cells and cell culture. Isolation and culture of HMEC in modified MCDB 170 (MEGM,

BioWhittaker, USA) has been described (Hammond et al., 1984). We studied

HMEC/vHMEC from reduction mammoplasty specimens from five individuals:

HMEC/vHMEC 48, HMEC/vHMEC 240 (kindly provided by Martha Stampfer) and

HMEC/vHMEC RM9, RM15, and RM16 (cells derived in our laboratory). Population

doublings (PD) were calculated using the equation, PD = log(A/B)/log2, where A is the

number of cells collected and B is the number of cells plated.

Microarray Experiment. Total RNA was isolated from HMEC (individual 48) using

Qiagen Rneasy midi kit (Qiagen, Valencia, CA). Filled red circles in Figure 2-1A

indicate points in the growth curve when mRNAs were isolated. The microarray

experiments were performed at the National Institute of Environmental Health Sciences

Microarray Center (Research Triangle Park, NC). Detailed protocols for microarray

procedures are available at http://dirniehs.nih.gov/microarray.

Immunohistochemistry. Five-micron sections were cut from routinely fixed paraffin

embedded tissue blocks and mounted on SuperFrost plus microscope slides (Fisher

Scientific, Pittsburgh, PA). Specimens were stepwise deparaffinized in xylene and

rehydrated in descending alcohols. Endogenous peroxidase activity was blocked by

incubation in 3% hydrogen peroxide in methanol for 10 min. Sections were microwaved

for antigen retrieval for 10 min in a 10mM citrate buffer, pH 6.0. Sections were rinsed in

PBS, incubated for 30 min in blocking buffer (10% horse serum, and 1% bovine serum

albumin [BSA] in PBS) and immunostaining was performed using a COX-2 specific anti

human mouse monoclonal antibody (Cayman Chemical, No. 1601 12, Ann Arbor, MI)

diluted 1:200 in 1% BSA in PBS overnight at 4°C. Control sections received human

COX-2 control peptide (40 pg/ml; Cayman Chemical) along with the COX-2 primary
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antibody (incubated for 1 hour prior to application). Sections were rinsed in 0.05%

Tween-20 in PBS followed by incubation in a biotinylated IgG anti-mouse secondary

(Vector Laboratories, No. BA-2000, Burlingame, CA) made in horse, diluted 1:200 in

1% BSA in PBS. Slides were rinsed in PBS and incubated in avidin-biotin horseradish

peroxidase complex (Vector Laboratories, No. PK-6100, Vectastain Elite ABC kit) at a

1:100 dilution in 1% BSA in PBS for 30 min. Specimens were rinsed in 0.05% Tween

20 in PBS and incubated with 3,3'-diaminobenzadine (DAB) chromogenic substrate

(Sigma Chemical, No. D-5905, St. Louis, MO) for 4 min. Sections were counterstained

in hematoxylin, stepwise dehydrated through graded alcohols, and cleared in xylene

before mounting using permount.

Western analysis. 30 ug of protein from total cell extracts was fractionated in gradient

(4%-20%) polyacrylamide gels (FMC) and transferred to Hybond-P (Amersham)

membrane. Lysates were sequentially exposed to rabbit polyclonal anti-human COX-2

antibody (Oxford Research Biochemical and/or Cayman Chemical Co.) followed by

horse-radish peroxidase (HRP)-conjugated goat-anti-rabbit antibody (Gibco).

Flow analysis. Cells were fixed with 1% PFA and permeablized with 0.3% triton X-100.

Subsequent flow analysis was performed using FITC conjugated anti-COX-2 antibody

(Cayman Chemical, No. 1601.13).

Measurement of angiogenesis and invasion. Various HMEC and VHMEC were plated

onto 12 well plates at a density that would reach 80% confluency three days later.

HUVEC (from ATCC) or HMEC were plated onto inserted chambers at a density of

3x10'/chamber. The number of cells moving across a collagen layer was determined by

trypan blue staining and adjusted to the number of HMEC or vBMEC in each 12 well

plate. Fold of induction in invaded HUVEC or HMEC was determined when compared

to HMEC, which was then set to be one. Each experiment was done in triplicate. For

experiments involving cells with vector only, COX-2 anti-sense construct, or COX-2
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over-expression construct, fold changes were determined when compared to vector

control cells, which was set to be one. Each experiment was done six times.

PGE2 measurement. PGE2 was determined using Prostaglandin E2–Monoclonal

Enzyme Immunoassay kit (Cayman Chemical). Each experiments was carried out in

triplicate according to the manufacturer’s protocol.

Expression of COX-2 sense and anti-sense constructs. COX-2 sense construct was

packaged in phoenix A cells for viral propagation. Viral supernatant was diluted 1:1 with

MEGM media and then added to the early vBMEC twice consecutively. VHMEC

infected with retroviruses were selected and maintained in lug/ml puromycin. The

tetracycline-on gene expression plasmid puhD.2neo expressing the COX-2 anti-sense

was transfected into late vBMECs using lipofectamine 2000 (Invitrogene). Stable clones

of vBMEC containing COX-2 anti-sense construct were selected and maintained in 70

ug/ml of Geneticin (GibcoBRL). To induce the expression of COX-2 anti-sense, 2 ug/ml

doxycycline (Clontech) was added to the media prior to the experiments.

NS-398 inhibition. NS-398 (Caymen Chemical Company, Ann Arbor, Michigan) was

dissolved in DMSO to generate 10 mM and 100 mM stock solutions. All final

concentrations of NS-398 used for the experiments were diluted in the same amount of

DMSO and made fresh for each usage. For two-dimensional culture, vBMEC were

trypsinized and plated at a density of 2x10" cells per well in a 6 well plate for exposure of
cells to 0, 10, and 25 um and 5x10" per well for cells exposed to 50 um NS-398. HMEC
were treated similarly except 3.5x10" cells per well were plated for exposure to 50 um

NS-398. NS-398 was applied to cells one day after initial seeding and every other day

thereafter via a media change. Cells were harvested on the sixth day and the numbers of

live and total cells for each experiment were determined using the trypan blue exclusion

assay. Percent survival was calculated as the number of live cells divided by the number

º
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of total cells in 0 uM NS-398, and adjusted according to the initial number of cells

seeded. The relative percent survival for cells in 0 um NS-398 was set to be 100%. The

relative percent survival for cells in 10, 25, and 50 um were calculated as the ratio

between the percent of survival at various NS-398 concentrations and the percent survival

at 0 um NS-398. This experiment was done in triplicate for each of four sets of

HMEC/vHMEC pairs. For 3D culture, HMEC/vHMEC were trypsinized and suspended

in Matrigel (BD Bioscience, Bedford, MA) at a density of 5x10" cells/300pl. Cells were
allowed to form 3D structures for 10 days followed by exposure to 0, 50, 100 um NS

398. Five days after applying NS-398, cells were stained with propidium iodide (PI)

without fixation and imaged using IP lab image software.

TUNEL Assay. TUNEL experiments were performed according to the manufacturer’s

protocol from Clontech.
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Figure 2-1. COX-2 expression is elevated in vBMEC in vitro. A, Representative

HMEC/vHMEC 48 growth curve. Filled red circles indicate population doublings (PD)

at which mRNA was isolated for microarray experiment. Insert, an example of

microarray data showing the up-regulation of COX-2 (arrow and red color). B,

Expression of human COX-2 protein quantity assessed by Western blot analysis. Lysates

from HMEC/vHMEC 48 were loaded: HMEC (PD 3), early passage vBNMEC (PD 21),

mid passage vBMEC (PD 34), late passage vFIMEC (PD 44). Lysates from

HMEC/vHMEC RM16 were loaded: HMEC (PD 4), early passage vBMEC (PD 18), late

passage vBMEC (PD 38). C, Immunocytochemistry for COX-2 expression in HMEC,

early, and late passage vBMEC 240 (PD 3, PD 25, and PD 46), RM15 (PD 3, PD 19, and

PD 48), and RM16 (PD 3, PD 13, and PD 44) respectively.
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Figure 2-2. DNA damage induces COX-2 expression. A, Percent COX-2 positive

vPHMEC (48) increases as percent vBMEC exhibiting telomere association (TAS)

increases. Percent COX-2 positive cells were determined using flow cytometry. TAS

was scored as dicentric telomeres after G-banding karyotyping. B-D, Flow analysis

indicates DNA damaging agents, adriamycin (1 um), campothecin (2.5 puM), and

etoposide (2.5 mM) induce COX-2 expression. Early vBMEC (RM16: PD 13 or PD 18)

were incubated with adriamycin for 2 hours, and with campothecin or etoposide for 6

hours, and analyzed 24 hours later.
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Figure 2-3. Late passage, COX-2-over-expressing vPHMEC exhibit increased PGE2

production, angiogenic potential, and invasive ability. A, Fold induction in PGE2 levels.

PGE2 levels were determined using ELISA essay (Cayman Chemical) and normalized to

the number of cells (RM 16) harvested. The level of PGE2 for HMEC was set to be one.

Fold of PGE2 induction for vBMEC was determined as the ratio of PGE2 levels for

vHMEC vs. HMEC (mean + S.E.M.). RM 16 HMEC, early, and late vBMEC were at PD

5, PD 20, and PD 43 respectively. B, PGE2 concentration in media (determined using

mass spectrometry) increases as vBMEC (RM 16 p4 or PD 20, p8 or PD 34, and p11 or

PD 43) approach agonescence. C, Late passage vBMEC (RM 16), but not conditioned

media from late passage vFIMEC, exhibit increased ability to summon HUVEC. “c”

(black bar) means the experiment was done with HMEC or vFIMEC, "cm” (white bar)

means conditioned media was used for the experiment. D, Late passage vFIMEC (RM

16), but not conditioned media from late passage vFIMEC, exhibits increased ability to

induce mammary epithelial cell invasion across a collagen layer. RM16 HMEC/vHMEC

p1, p.2, p7, p11, p13 were at PD 2, PD 13, PD 30, PD 44 and PD 49 respectively. All

experiments in C-D were done in triplicate and all data were normalized to the number of

cells harvested. Data obtained for HMEC or conditioned media from HMEC within each

experiment were set to be one, and fold induction for vBMEC were determined as the

ratio of VHMEC vs. HMEC (mean + S.E.M).
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Figure 2-4. COX-2 contributes to the phenotypes observed in late vBMEC, A, COX-2

specific inhibitor, NS-398 (25 uM), reduces the angiogenic activity in late vFIMEC

(RM16: PD 44). The experiment was carried out as above except that DMSO or NS-398

in DMSO was added to the media 24 hours before the assay. Data obtained for DMSO

control was set to be one, and fold change for vBMEC in NS-398 was determined as the

ratio of vBMEC/NS-398 vs. VHMEC/DMSO. Note: Addition of NS-398 (25 uM) did

not kill vBMEC within the 36 hour period exposure time. B - D, Expression of COX-2

anti-sense RNA reduces PGE2 level, and reduced HUVEC and VHMEC invasion

phenotypes, respectively, in late vBMEC (RM16:PD 44). E, Top panel: Western

analysis for COX-2 protein level in late vBMEC with either vector control or COX-2

anti-sense with or without the addition of Doxycycline (RM16: PD 44). Bottom panel:

Western analysis for COX-2 protein level in early vBMEC (RM15: PD 7) with either

vector or COX-2 over-expression construct. F - H, Over-expression of COX-2 leads to

increased PGE2 level, and increased HUVEC and vBMEC invasion phenotypes,

respectively, in early vBMEC (RM15: PD 7). Similar results were observed with other

RMS.
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Figure 2 - 5
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Figure 2-5. Intense COX-2 staining coincides with focal areas of p16”“promoter

hypermethylation in histologically normal tissue in vivo. a-j. We generated a gridded map

of epithelial cell clusters by examining the H&E section at 40x magnification. All

samples were determined to be histologically normal. Ductal clusters are illustrated as

open ovals, lobular clusters as filled ovals, and foci of p16"“promoter

hypermethylation as yellow areas in a, b, c (samples 9698, 9624 and 10811, respectively).

In the adjacent serial sections, COX-2 expression level was assessed by

immunohistochemical-staining, and then scored as intense (red, ~50% cells staining at

highest intensity), moderate (pink, 1-50% cells staining with heterogeneous low to

moderate intensity) or low (black, 0% - ‘5% cells staining with low intensity). The

examples of moderate COX-2 staining displayed in rows 4 and 5 are examples of the

most intense staining observed in samples d and e. The few epithelial cell clusters that

could not be assessed due to processing problems are gray. Regions of adipose tissue are

not indicated for simplicity. Samples (a) 9624 (b) 9698 and (c) 10811 each contain areas

of p16'N* promoter hypermethylation as previously identified by in situ hybridization

detection of methylation-specific PCR. Samples (d-j) 10966, 10434, 12075, 11755,

11018, 11139, and 12610 respectively, were previously determined to be devoid of foci

with p16” promoter hypermethylation. The arrows indicate representative areas of

intense (I), moderate (M) or low (L) staining for selected samples within that row. Note

that the seven samples that were devoid of p1 6” promoter hypermethylation did not

contain any areas of intense COX-2 staining and in most instances contained either few

or no areas of moderate staining.
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Figure 2-6. COX-2 inhibitor reduces cell survival of COX-2-expressing vPIMEC, A,

Percent survival of HMEC and vBMEC (RM16:PD 4 and PD 34) in the presence of

various concentration of NS-398 after 5 days of incubation (mean + S.E.M.). B, TUNEL

experiment demonstrating the percentage of apoptotic cells after exposure to 25 um NS

398 (RM16:PD 4 and PD 37). C, Phase image of RM16 HMEC/vHMEC (PD 4 and PD

34) after incubation with 0, 25 and 50 uM NS-398 for 5 days. D, Light microscopy (LM)

and Propidium iodine (PI) staining of HMEC and vBMEC (sample 240: PD 4 and PD 44)

mammospheres in 3D-culture after incubation with 0, 50 and 100 um NS-398 for 5 days.

Light microscopy illustrates the disrupted architecture of vBMEC mammospheres after

incubation with NS-398. PI staining (red color) indicates cell death within vFIMEC

mammospheres after incubation with NS-398.
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sequence hypermethylation allows cells to proliferate until acquiring telomeric º
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telomeric dysfunction is pivotal in activating multiple phenotypes associated with cancer | ** *
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Supplementary Figure 2-S 1
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Supplementary Figure 2-S1. Interferon 3 (IFN-B) induces HLA-I expression. VHMECs º
were stained with either non-specific IgG-FITC or DX17- FITC (gift from Dr. Lewis –

Lanier at UCSF) for 30 minutes on ice, washed, and then subjected to flow analysis. A, º
non-specific IgG-FITC staining. B, DX17-FITC staining for cell surface protein HLA-I. º
HLA-I expression level in vh MEC after the addition of IFN-B at 0 (dark blue), 5 (green), º

----

10 (pink), 50 (light blue), and 100 (orange) unit/ml for indicated times. Top, middle, and

bottom panels represent 2, 4, and 6 days after IFN-É addition respectively.
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SupplementaryFigure2-S2
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Supplementary Figure 2-S2. Activation of interferon response does not reduce HUVEC º

and VHMEC invasion. a, whMEC from RM15 (A) and RM16 (B) that were exposed to

IFN-B at 10 units/ml (green) for 36 hours up-regulated HLA-I expression compared to 7.
control cells (0 unit/ml IFN-3, blue). b, Fold changes in HUVEC invasion phenotype in

the presence or absence of 10 units/ml IFN-B. c, Fold changes in VHMEC invasion

phenotype in the presence or absence of 10 units/ml IFN-3, b and c, experiments were

done as described in the experimental procedures except 10 units/ml IFN-B was added 24

hour prior to the 12-hour assay. Fold changes were determined when compared to control

cells with 0 unit/ml IFN-3, which was set to be one.
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Supplementary Figure 2-S 3
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Supplementary Figure 2-S3. HLA-I expression levels are similar in cells containing º
either a COX-2 anti-sense or a vector control construct. A, HLA-I expression level in 7.

-

vector control cells. B, HLA-I expression level in cells expressing COX-2 anti-sense. º
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Supplementary Figure 2-S 4 *
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Supplementary Figure 2-S4. Growth curves are similar for vBMEC with or without

COX-2 anti-sense expression. The expression of COX-2 anti-sense RNA was induced

upon doxycycline (2 ug/ml) addition and the proliferation kinetics were measured for 10

days.
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Abstract

Breast tissues from healthy women contain a subpopulation of variant human

mammary epithelial cells (vBMEC). Unlike the majority of human mammary epithelial

cells (HMEC) isolated from the same tissue explants, whMEC exhibit p16”“promoter

hypermethylation and extended proliferation, and acquire genomic abnormalities and

COX-2 mediated premalignant phenotypes. Moreover, whMEC-like cells exhibiting

both p16”“promoter hypermethylation and intense COX-2 expression exist in vivo in

histologically normal human mammary epithelium and are candidates as precursors to

breast cancer. In this study, we find that VHMEC or HMEC with down-regulated

p16** expression exhibit higher E2F activity than HMEC. This relatively high E2F

activity supports the preferential replication of conditionally replicative adenovirus

(Onyx 411) and permits selective lyses of these cells by Onyx 411. These data coupled

with the premalignant nature of vBMEC suggest that using conditionally replicative

adenovirus such as Onyx 411may be an effective method for preventing or delaying

breast cancer development.
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Introduction

Breast tissues from healthy women contain a subpopulation of variant human

mammary epithelial cells (VHMEC) (Brenner et al., 1998; Crawford et al., 2004; Holstet

al., 2003; Romanov et al., 2001). In culture, whMEC (post M0, post-selection HMEC, or

post-senesce HMEC) exhibit different characteristics from the majority of human

mammary epithelial cells (HMEC or pre-selection HMEC) isolated from the same

reduction mammoplasty tissues of disease free women. Unlike HMEC, whMEC exhibit

extended proliferation (30-50 population doublings) beyond the time when HMEC enter

the irreversible pló-mediated proliferation arrest, before reaching a second population

growth plateau, termed agonescence (Brenner et al., 1998; Romanov et al., 2001; Tlsty et

al., 2001). Nearly 100% of why■ EC approaching agonescence experience telomeric

dysfunction and acquire chromosomal abnormalities including aneuploidy, polyploidy,

telomeric associations, and various other classes of structural abnormalities similar to

those seen in the premalignant and malignant lesions of the breast (Romanov et al., 2001;

Tlsty et al., 2001).

In addition to extended proliferation and genetic alterations, whl/ECs also

possess epigenetic alterations (DNA hypermethylations) at the p16” locus that silence

p16” expression (Foster et al., 1998; Huschtscha et al., 1998). p16"“ is an important

cell cycle regulator and a tumor suppressor. Down-regulation of p16" due to either

genetic (mutations and deletions) or epigenetic (DNA hypermethylations) alterations has

been seen in many human tumors including those of the breast (Esteller et al., 2001;

Merlo et al., 1995; Ruas and Peters, 1998). Conversely, ectopic expression of p16"“ in

6 INK4abreast cancer cell lines that are null for pl activity causes cell cycle arrest (Craig et

130



al., 1998; Foster et al., 2001). In vBMEC, the absence of p16"“expression is necessary

for the extended proliferation that eventually leads to telomeric dysfunction and genomic

instability. It is also necessary for the disruption of microtubule checkpoint control and

the uncoupling of centrosome duplication cycle from DNA replication cycle that

produces abnormal numbers of centrosomes per cell (Holst et al., 2004; McDermott et al.,

2004; Zhang et al., 2004).

As vBMEC proliferate in culture, they up-regulate cyclo-oxygenase 2 (COX-2).

In human breast cancers, over-expression of COX-2 is frequently observed (Half et al.,

2002; Soslow et al., 2000; Wulfing et al., 2003) and correlates with poor prognosis

(Denkert et al., 2004; Ristimaki et al., 2002; Tan et al., 2004). In murine mammary

gland, over-expression of COX-2 sufficiently leads to mammary gland carcinogenesis

(Liu et al., 2001), whereas inhibition of COX-2 activity reduces mammary tumor |
frequency in carcinogen treated animals (Abou-Issa et al., 2001; Harris et al., 2000;

Kubatka et al., 2003). In vFIMEC in vitro, over-expression of COX-2 protein specifically

contributes to the expression of premalignant phenotypes including increased

prostaglandin synthesis, angiogenic potential, invasive ability, and decreased apoptosis

(Crawford et al., 2004).

Importantly, cells with both hypermethylated p16” promoter sequences and

intense COX-2 expression exist not only in vitro, but also in vivo in foci of histologically

normal human mammary tissues from a fraction of women not yet exhibiting any

indications to breast cancer (Crawford et al., 2004; Holst et al., 2003). This observation

coupled with the premalignant nature of VHMEC suggests the hypothesis that whMEC
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may be bona fide precursors to breast cancer and eradication of whl/MEC in vivo may

prevent the occurrence of premalignant or ultimately malignant lesions of the breast.

Using conditionally replicative adenoviruses is a relatively new approach in

treating neoplastic lesions (Alemany et al., 2000; Curiel, 2000; Curiel and Rancourt,

1997; Kirn et al., 2001). Theoretically, this therapy takes advantage of complementing or

permissive factors specifically in tumor cells for viral replication. Hence, the therapeutic

effects resulting from host cell lyses instigated by the viral replication are largely limited

to the tumor cells. Furthermore, newly produced viruses in complementing or permissive

host cells are competent for next round of infection and thus the therapeutic effects are

amplified. Thus far, various modified adenoviruses have been generated that target cells

with specific molecular alterations (Alemany et al., 2000; Cuevas et al., 2003; Davydova

et al., 2004; Johnson et al., 2002; Wirth et al., 2003). In this study, we explored the

possibility of utilizing conditionally replicative adenovirus, Onyx 411, for selectively

lysing premalignant vBMEC.

Unlike the wild-type adenovirus, the E1a gene in Onyx 411 contains a deletion at

the CR2 domain, which mediates RB binding and inactivation (Dyson et al., 1992;

Fattaey et al., 1993; Johnson et al., 2002). Consequently, the E1a-ACR2 protein can no

longer circumvent RB’s inhibition on the cell cycle. Furthermore, two essential early

viral genes, E1 and E4, in Onyx 411 were engineered to be under the control of

exogenous human E2F1 promoters (Johnson et al., 2002). Therefore, the expressions of

E1 and E4, both of which are necessary for viral replication and propagation, depend on

host cell E2F activity. Hence, the lytic effects of Onyx 411 resulting from viral
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replication and propagation will be largely limited to cells with high E2F activity, a

consequence of a deregulated RB-E2F pathway.

Here, we present evidence indicating that VHMEC exhibit higher E2F activity

when compared to HMEC, consistent with the absence or presence of p16"“expression

that modulates RB-E2F pathway. Furthermore, this difference in E2F activity permits

preferential replication of engineered adenovirus, Onyx 411, in VHMEC compared to

HMEC and allows selective lyses of whMEC by Onyx 411. Down-regulation of p16

expression in HMEC sufficiently leads to increased expression of the E2F target gene

cyclin A and increased replication of Onyx 411 suggesting the significance of p16” in

regulating E2F activity. Our data demonstrate that engineered conditionally replicative

adenovirus such as Onyx 411 may be an effective therapeutic agent for preventing or

delaying breast cancer development by selectively lysing premalignant variant human

mammary epithelial cells.
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Results

HMEC and whMEC Differ in p16” Expression and E2F Activity

One characteristic that distinguishes whMEC from HMEC is the absence of

p16” expression due to its promoter hypermethylation (Brenner et al., 1998; Foster et

al., 1998; Huschtscha et al., 1998; Romanov et al., 2001). p16” is an important

member of the cell cycle inhibitors. Its cell cycle inhibitory activity stems from its ability

in modulating RB pathway by inhibiting cyclin D/cdk4/6. Cyclin D/cdk4/6

phosphorylates and thus negatively regulates RB, which inhibits E2F activity (Sherr and

McCormick, 2002; Sherr and Roberts, 1995; Sherr and Roberts, 1999). Consistently, we

found that VHMEC with no plé” expression exhibited higher levels of cyclin A, one of

the down-stream indicators of cellular E2F activity, than HMEC with p16"“expression

(Figure 3-1A). To test whether vBMEC with no plé” expression exhibit increased

E2F activity when compared to HMEC with p16"“expression, we carried out

microarray analysis focusing on E2F target genes in HMEC vs. in vBMEC since the

levels of mRNA transcripts from E2F target genes are indicative of E2F activity.

mRNAs from both HMEC and early or mid passage whMEC (RM15, 21, and 48) were

utilized for the microarray analysis. Both p16** and COX-2 were included in the array

as controls. As expected, microarray analysis indicated that whMEC display lower

p16"“, but higher COX-2 mRNA than HMEC (data not shown). Furthermore, we

found that numerous E2F target genes, including but not limited to cyclin E, follistatin,

Ki-76, and ribonucleotide reductase, were up in either early or mid passage whMEC

when compared to HMEC (Figure 3-1B and C). This result indicated that whMEC

exhibit higher E2F activity than HMEC (Figure 3-1A). Representative microarray results
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were validated by Q-PCR (Figure 3-1D). Results from Q-PCR confirmed the results

from mircroarray experiments. On average, VHMEC expressed 5.8, 3.6, 2.4, and 2.5 fold

more mRNA for cyclin E, follistatin, Ki-67, and ribonucleotide reductase respectively

than HMEC. Together, our results from western analysis, microarray analysis, and Q

PCR all demonstrated that whMEC, which lack p16” expression due to its promoter

hypermethylation, exhibited higher E2F activity when compared to HMEC with p16”

expression. We postulated that this difference in E2F activity between HMEC and

vHMEC would permit differential replication of conditionally replicative adenovirus,

onyx 411, that targets cells with deregulated high E2F activity.

Both HMEC and whMEC Can be Infected by Engineered Adenoviruses

Adenovirus infects cells via receptor-mediated endocytosis (Meier and Greber,

2004; Wickham et al., 1993). The receptor for adenovirus is CAR (coxsackie and

adenovirus receptor, a tight junction membrane protein) (Bergelson et al., 1997; Cohen et

al., 2001). Human mammary epithelial cells in matrigel express CAR (McDermott and

TDT unpublished data). To test whether HMEC and/or whMEC can be infected by

adenovirus, we infected both HMEC and VHMEC (RM21,9, and 15) (Figure 3-2A,

arrow indicates the passages at which HMEC and VHMEC were infected) with a GFP

targeted replication defective adenovirus at various multiplicity of infection (MOI)

ranging from 0 to 60 (Figure 3-2B). The frequency of adenoviral infection in HMEC or

vHMEC was determined by the percentage of HMEC or vBMEC expressing GFP from

the adenoviral vector. We found that both HMEC and VHMEC from multiple individuals

could be infected by adenovirus. Furthermore, with increasing MOI, there were
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increased number of HMEC and VHMEC expressing GFP (Figure 3-2B). We also

observed that the infection rate varied among individuals (RM21, 9, and 15) and between

HMEC and vBMEC (RM21) (Figure 3-2B).

Only Onyx 411, Among Various Engineered Adenoviruses Tested,
Replicate Preferentially in vhmEC

Since both HMEC and VHMEC could be infected by adenovirus, we next

subjected them to various modified adenoviruses including wild type (d.1309), replication

defective (d.1312), and Onyx 015, 150, and 411 (Figure 3-3A). dI309 does contain

deletions in the E3B region. However, it behaves as wild type adenovirus. dis 12 harbors

deletions in the essential viral gene, E1a, as well as in E3 and thus is a replication

incompetent variant of adenovirus (Johnson et al., 2002). Onyx 150 and 411 are

modified variants of the E1A-ACR2 mutant adenovirus, dl922/947, with the replacement

of E1a promoter (Onyx 150) or both Ela and E4 promoters (Onyx 411) with the human

E2F1 promoter (Johnson et al., 2002). Theoretically, both viruses target cells with

deregulated E2F activity with more stringent dependence of Onyx 411 on cellular E2F

activity than that of Onyx 150. A bar graph depicting the construct of Onyx 411 is shown

in Figure 3-3B. Onyx 015 displays deletions in the EIB55k gene, which among other

functions antagonizes p53 (Bischoff et al., 1996; McCormick, 2003). We postulated that

Onyx 411 or possibly Onyx 150, both of which target cells with deregulated E2F activity,

but not Onyx 015, might preferentially replicate in and thus selectively lyse whMEC. To

test this hypothesis, we exposed HMEC and vBMEC from RM15 and RM21 to d1309,

Onyx 015, 150,411, and dig 12 at MOI of 5. The ability of adenovirus to lyse the host

cells correlates with viral replication, which can be measured by the levels of both early
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(E1a) and late (hexon, penton, and fiber) viral protein expression. We found that wild

type virus (d1309) robustly replicated in both HMEC and VHMEC (Figure 3-3B and C,

lanes 1 and 6, and lanes 11 and 17) whereas replication defective virus (d.1312) did not

(Figure 3-3B and C, lanes 5 and 10, and lanes 15 and 20). Similar results for both

positive (wild type, d1309) and negative control virus (replication defective, d1312) were

found in subsequent experiments (see below). Furthermore, we found that Onyx 411

preferentially replicated in VHMEC (RM15 and 21) as judged by strong early and late

viral protein expressions at various time points tested (Figure 3-3C and D, lane 2 vs. lane

7, lane 12 vs. lane 17). Interestingly, Onyx 150, which also targets cells with

deregulated E2F activity, replicate equally in both HMEC and vBMEC (RM15 and 21)

(Figure 3-3C and D, lane 4 vs. lane 9, lane 14 vs. lane 18). Furthermore, the replication

of Onyx 150 in HMEC/vHMEC was less robust than that of Onyx 411 (Figure 3-3C and

D, lane 2 vs. lane 4, lane 7 vs. lane 9, lane 12 vs. lane 14, and lane 17 vs. lane 19). These

results indicated that additional E2F regulation of E4 expression in Onyx 411 is required

for the preferential replication of Onyx 411 in VHMEC. Onyx 015, which doesn’t depend

on cellular E2F activity for the expressions of its essential viral proteins, preferentially

replicates in HMEC (RM15 and 21) (Figure 3-3C and D, lane 3 vs. lane 8, lane 13 vs.

18). Therefore, Onyx 411 was the only engineered adenovirus tested that preferentially

replicated in VHMEC. Moreover, the HMEC populations used for the experiments

shown in Figure 3-3C and D were mixed with some emerging VHMEC. Further,

confluency was reached for VHMEC at later time point. These two circumstances would

tend to reduce the selective effect, however, the replication preference of Onyx 411 in

VHMEC remained.
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Onyx 411 Preferentially Propagates in and thus Selectively Lyse
VHMEC

We next focused on testing the selective killing effect of Onyx 411 in HMEC vs.

vPHMEC (RM9 and 21) at various MOI of 5, 25, and 50. Similar results were obtained

using HMEC/vHMEC from different individuals and at different MOI (Figure 3-4A, C,

and data not shown). In all cases, we found that both early and late viral proteins from

Onyx 411 expressed earlier and stronger in v}{MEC than in HMEC at various time points

tested (Figure 3-4A, lane 2 vs. lan5, lane 8 vs. lane 11, and lane 14 vs. lane 17; Figure 3

4C, lane 2 vs. lane 5, lane 10 vs. lane 11, lane 14 vs. 17, and lane 22 vs. lane 23; and data

not shown). The levels of viral protein expression are indicative of Onyx 411’s ability to

replicate. Therefore, our data indicated that Onyx 411 replicated more efficiently in

VHMEC vs. in HMEC at various MOI tested. Additional results from

immunocytochemistry experiments supported this conclusion (Figure 3-4B). While

robust expressions of late viral proteins were observed in both HMEC and VHMEC

6|Nkainfected with wild type virus (d1309), regardless of the p1 expression (Figure 3-4B,

top row), robust expressions of both early and late viral proteins were largely limited to

Onyx 411 infected vBNMEC with negligible plé"“expression (Figure 3-4B, middle and

lower right panels). Conversely, very limited early and late viral proteins were expressed

in Onyx 411 infected HMEC with high levels of p16"“expression (Figure 3-4B, middle

and lower left panels). Unlike the epithelial cells, negligible expression of early or late

viral proteins was observed in isogenic human mammary fibroblasts (HMF, RM21)

exposed to wild type, Onyx 411, or replication defective viruses. This data indicated that
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minimal infection occurred in HMF since negligible viral proteins from wild type

adenovirus were expressed. Hence, cell lysis effects of Onyx 411 were cell type and

context dependent.

In addition to viral protein expression, we also determined host cell-killing effects

of various adenoviruses by measuring viral titer in the media after the host lyses (Figure

3-5A, B, and data not shown). We found that viral titers were consistently higher in

media from v}{MEC infected with Onyx 411 than in media from HMEC infected with

Onyx 411 at all time points tested (Figure 3-5A and B). This data indicate that Onyx 411

not only replicates more efficiently in VHMEC but also lyses vh1/EC more efficiently

than HMEC at a low MOI of 5. Wild-type virus, on the other hand, robustly and

indiscriminatively lysed both HMEC and vBMEC as judged by high levels of viral

protein expression and high viral titers detected in media from both HMEC and VHMEC

(Figure 3-4A, C, and Figure 3-5B). Moreover, at an early time point of 24 hours,

cytopathic effects (cells appear rounded up and flattened) were already apparent in both

HMEC and whMEC infected by wild-type adenovirus and in VHMEC infected by Onyx

411 (Figure 3-5C, left top and middle panel and data not shown), whereas minimal

morphology changes occurred in cells infected by replication defective adenovirus or in

HMEC infected by Onyx 411 (Figure 3-5C, left middle and bottom panels and data not

shown). At the 48-hour time point, however, cytopathic effects in VHMEC infected with

Onyx 411 were apparent whereas negligible cytopathic effects were observed in HMEC

infected with Onyx 411 (Figure 3-5C, right middle panel and data not shown). Taken

together, our data demonstrated that Onyx 411 preferentially replicated in and thus
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selectively lysed whMEC at various MOI tested despite the fact that HMEC (RM 21)

might be more ready infected by Onyx 411 than v}{MEC (RM 21) (Figure 3-2B).

Down Regulation of p16” in HMEC Confers Increased Propagation
of Onyx 411 in HMEC.

One major characteristic that distinguishes whMEC from HMEC is the absence of

p16"“expression in VHMEC due to its promoter hypermethylation (Foster et al., 1998;

Huschtscha et al., 1998). This absence of p16"“expression is necessary for the

emergence of VHMEC from HMEC population at their proliferative arrest and for

vHMEC extended proliferation (Zhang et al., 2004). Furthermore, microarray and Q

PCR experiments examining E2F target gene expression indicated that whMEC exhibited

higher E2F activity than HMEC. Since plé"“ is an important modulator of RB

pathway, which regulates E2F activity, we reasoned that the lower E2F activity in HMEC

was due to the presence of p16"“ expression. To test this hypothesis, we down

regulated p16"“through RNA interference using shRNA p16-1 (Narita et al., 2003;

Paddison and Hannon, 2002). We found that the expression of small hairpin RNA for

p16** in HMEC (RM21 and 9) was effective in down regulating p16** expression

(Figure 3-6A and B). Both immunocytochemistry and western analysis demonstrated a

substantial reduction in p16"“expression in cells that expressed shRNA p16-1, but not

in cells that expressed the control vector. This decrease in p16"“expression in HMEC

expressing shRNA p16-1 was accompanied by increased Cyclin A expression, indicating

that down-regulation of p16"“expression increased E2F activity. We next subjected

HMEC containing either control vector or shRNA p16-1 vector to adenoviral infection
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with Onyx 411. Burst analysis demonstrated higher viral titer in media from HMEC with

shRNA p16-1 than from HMEC with control vector at both 36 and 48-hour time points

(Figure 3-6C). Similarly, western analysis indicated that both early and late viral proteins

were expressed more robustly and earlier in HMEC expressing shRNA p16-1 than in

HMEC expressing control vectors (Figure 3-6D, lane 2 vs. lan4, lane 6 vs. lane 7, and

lane 9 vs. lane 11, and Figure 3-6E, lane 2 vs. lane 5, lane 8 vs. lane 11, and lane 14 vs.

lane 17). We reasoned that efficient propagation of Onyx 411 in HMEC with shRNA

p1-6 was not likely due to the interferon response mediated by small hairpin RNA (27 nt)

since adenovirus itself represses the interferon response. Furthermore, no increase in

ElF-20 phosphorylation, an indicator of the interferon response, was observed in cells

infected with either control vector or vector containing small hairpin RNA (data not

shown). Hence, our data indicated that just as in VHMEC with negligible pló expression,

Onyx 411 preferentially replicates in and thus selectively kill HMEC expressing small

hairpin RNA for p16"“. This result suggested that the level of p16"“expression in

HMEC vs. VHMEC dictated the efficiency of Onyx 411 replication.
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Material and Methods

Cell and tissue culture

Isolation and culturing of HMEC/VHMEC and HMF in modified MCDB 170

(MEGM, BioWhittaker, Walkersville, MD) and RPMI (Mediatech Inc, Herndon, VA)

have been described previously (Hammond et al., 1984; http://www.lbl.gov/~mrgs/).

HMEC/vHMEC studied in this work were derived from the reduction mammoplasty

specimens of three disease free individuals, RM9, 15, and 21, in our laboratory.

HMEC/vHMEC (48) were gifts from the Stampfer laboratory. HMF 21 was cultured

from filtrates of reduction mammoplasty (RM21) and maintained in RPMI/10% FCS.

Population doublings (PD) were calculated using the equation, PD = log (A/B)/log2,

where A is the number of cells harvested and B is the number of cells initially plated.

Total RNA isolation, microarray experiment, and Q-PCR

Total RNA for HMEC and vBMEC from three different healthy donors (RM15,

21, and 48) were isolated using Qiagene kit and the corresponding cDNA were generated

using invitrogene cDNA kit. mRNAs were harvested at PD 3,9, and 30 for HMEC,

early, and mid vBMEC from RM15, at PD 8.4, 27.6, and 40.3 for HMEC, early, and mid

vHMEC from RM48, and at PD 0.6, 10, and 19 for HMEC, early, and mid whMEC from

RM21.

For microarray experiments, double stranded cDNA was synthesized from total

RNA, purified, and used as templates to produce biotin-labeled cKNA via in vitro

transcription. The quality/quantity of RNA/DNA for purified biotin-labeled cKNA was

determined on an Agilent Bioanalyser 2100. A detailed protocol is available online at:

'''.

142



http://www.gladstone.ucsf.edu/gladstone/files/genomicscore/GCore_Protocol.pdf. cKNA

was hybridized to Affymetrix HG U133A gene-expression chips at the University of

California, San Francisco, J. Gladstone Genomics core. Data were analyzed using

Affymetrix MAS 5.1 software and normalized using Robust Multichip Analysis (RMA)

algorithms.

Q-PCR experiments were performed on an ABI Prism 7700 sequence detection

system (ABI, Foster City, CA). DNase treated total RNAs were reverse transcripted into

cDNA using random hexamer primers according to the manufacturer's instruction

(TaqMan Reverse Transcription reagents, ABI). 50 ng cDNA was used for each gene

analysis and experiments were done in triplicate via real time PCR using the TaqMan

master mix (ABI). The levels of ribosomal 18S (PDAR 18S, ABI) and GUS (ß-

glucuronidase) transcripts were used for normalization. All assays were optimized to

exhibit >90% efficiency according to standard procedures using TaqMan master mixture

(ABI). The measurement of each gene transcript was also tested on a serial dilution to

confirm >90% efficiency of the reaction.

Adenovirus infection, flow cytometry, and burst analysis

HMEC and VHMEC in 6 well plates (about 60-70% confluent) were exposed to

adenoviruses at various MOI for either 4 hours or overnight in 1 ml of MEGM growth

media. Infection was stopped by washing cells with PBS, followed by replacement with

MEGM growth media. Cells infected with GFP targeted replication defective adenovirus

were harvested 24 hours after the initial infection via trypsinization and percent cells

express GFP were determined by flow cytometry analysis using cells with no adenoviral
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infection as negative control. Samples for burst assay were harvested by scraping cells in

their 1 ml growth media at various time points after adenoviral infection. Amounts of

adenoviruses in the media were quantified on 293/E4/pLX cells using an Elisa assay as

previously described (Johnson et al., 2002).

Western analysis and immunocytochemistry

For detecting expressions of early (E1a) and late (hexon, penton, and fiber) viral

proteins, 10 ug of protein lysate (in 2% SDS, 150nM NaCI with complete protease

inhibitors) were used for the western analysis. Ela was detected using M73 monoclonal

antibody from Dr. E. Harlow's laboratory (Massachusetts General Hospital Cancer

Center) at a 1:3000 dilution. Late viral capsid proteins (hexon, penton, and fiber) were

detected using rabbit polyclonal antibody for AdS (Access BioMedical Diagnostic

Research Laboratories, Inc) at a 1:10,000 dilution. For detecting p16 and Cyclin A, 20

pug of protein lysate were used for the western analysis. p16 and Cyclin A were detected

using mouse monoclonal antibodies (AB-4, 16P04 and Ab-6, CYA06) from NeoMarkers

(Fremont, CA) at 1:500 and 1:100 dilutions respectively. For p16, E1a, and Ad5

immunocytochemistry, HMEC/vHMEC cells were fixed in 4% paraformaldehyde at RT

for 30min and stored at 4 °C. Monoclonal p16 antibody (IgG1, Ab-1, DCS-50.1/A7,

NeoMarkers), monoclonal Ela antibody (M73, 3mg/ml), and polyclonal Ad5 antibody

(Access BioMedical Diagnostic Research Laboratories, Inc) were used at 1:200, 1:100,

1:300 dilutions respectively to detect p16, E1a, and late viral proteins expression.

Expression of small hairpin RNA for p16
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The retroviral construct carrying a p16-specific short hairpin RNA (shrNA p16

1) under the control of U6 promoter and its control retroviral vector pMSCV were gifts

from Drs. Greg Hannon and Scott Lowe at Cold Spring Harbor. The shRNA 16-1

consists inverted repeats of 27 bp corresponding to nt 381–407 of the human p16”

(CDKN2A) cDNA and an 8nt spacer separating the repeats (Narita et al., 2003; Paddison

and Hannon, 2002). Both shRNA 16-1 and the vector control were transfected into

(using Qiagen Effectene reagent) and packaged in phoenix-A cells grown in DMEM/10%

FCS. Polybrene at a final concentration of 2 ug/ml was added to the phoenix-A cells 48

hours after the initial transfection and the medium containing retrovirus was filtered and

mixed with MEGM at 1:1 ration. The mixture was added to HMEC/VHMEC and cells

were kept in virus containing media for 4 to 6 hours. Two consecutive infections were

carried out for each experiment. Selection for HMEC/vHMEC containing the retroviral

vectors was achieved via addition of 2 ug/ml puromycin onto growth medium 72 hours

after the initial infection.
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Discussion

The Absence of p16 Expression is Necessary for the Presentation of
Premalignant Phenotypes in vhmEC

Breast tissues isolated from reduction mammoplasties of healthy women with no

indication or predisposition to breast cancers contain variant subpopulation of human

mammary epithelial cells. Unlike the majority HMEC from the same tissue explants,

variant HMEC do not arrest at the permanent proliferative arrest, rather, they continue to

proliferate in culture (Romanov et al., 2001; Yaswen and Stampfer, 2002). Furthermore,

as whMEC continue to proliferate in culture, they experience telomeric dysfunction and

acquire genomic and centrosomal abnormalities (McDermott et al., 2004; Romanov et al.,

2001) as well as COX-2 mediated premalignant phenotypes including increased PGE,

synthesis, angiogenic potential, invasive ability, and decreased apoptosis (Crawford et al.,

2004). Each of these phenotypes seen in VHMEC is either direct or indirect consequence

of the absence of p16"“ expression.

p16"“ in an important member of cell cycle inhibitors. It negatively regulates

cell cycle via inhibiting cyclin D/cdk4/6. Cyclin D/cdk4/6 phosphorylates and thus

inactivates RB, which inhibits E2F activity (Sherr and Roberts, 1995; Sherr and Roberts,

1999). Loss of the p16” locus (CDKN2a) has been frequently detected in many human

cancers (Kamb et al., 1994a; Nobori et al., 1994). Individuals with germline point

mutation in p16"“ are highly susceptible to familial melanoma (Gruiset al., 1995;

Hussussian et al., 1994; Kamb et al., 1994b). Specifically in mammary gland, loss of

p16** is detected in about 30% of breast cancers (Sherr and McCormick, 2002) and in

40-60% of breast cancer cell lines (Kamb et al., 1994a). Somatic inactivation of p16"“

~ y,
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can be the result of both genetic (point mutations and deletions) and epigenetic (promoter

DNA hypermethylations) alterations (Esteller et al., 2001; Merlo et al., 1995; Ruas and

Peters, 1998). In addition to the absence of p16"“expression in tumor cells, aberrant

6|Nkacytoplasmic expression of pl is also seen in 9% of invasive (n=368) and 4% of

intraductal carcinomas (n=52) (Emig et al., 1998; Geradts and Wilson, 1996).

Conversely, reintroducing pló"“ into breast cancer cell lines that are null for p16

activity causes cell cycle arrest (Craig et al., 1998; Foster et al., 2001). The importance of

6|Nkap1 in human cancers was further strengthened by the finding that alterations

in Cdk4 (either a point mutation that disrupts the binding of p16"“ and thus

* resistant or gene amplification) and Cdk6 (over-expression) arerender it p16

also detected in human cancers (Tang et al., 1999; Wolfel et al., 1995; Zuo et al.,

1996). Taken together, these data clearly point to a role of p16"“ in suppressing human

tumor development.

In VHMEC, the absence of p16"“ is both necessary and sufficient for their

continued proliferation beyond the time when HMEC are in proliferative arrest (Zhang et

al., 2004). Consequent to extended proliferation, VHMEC gradually experience telomeric

dysfunction, acquire genomic abnormalities, and undergo sustained subsequent induction

of COX-2 (Crawford et al., 2004; Romanov et al., 2001). The absence of p16"“

expression in VHMEC is also responsible for the accumulation of abnormal numbers of

centrosomes (McDermott et al., 2004) and for defects in cell cycle checkpoint control in

response to disrupted microtubules (Holst et al., 2004). Therefore, this initial defect in

cell cycle check point control at least in part due to epigenetic modulations of p16”

promoter may play a deterministic role for the expression of VHMEC’s premalignant

z- -... "
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phenotypes and is necessary for the evolution of VHMEC into premalignant, may be even

malignant state.

p16 Modulates E2F Activity in HMEC/vhMEC

p16 inhibits cyclin D/cdk4/6 that inhibits RB, a negative regulator of E2F activity

(Sherr and Roberts, 1999). Unlike HMEC, VHMEC do not express p16 due to its

promoter hypermethylation (Foster et al., 1998; Huschtscha et al., 1998). Hence, we

hypothesized that whMEC might exhibit higher E2F activity than HMEC expressing

p16"“. Indeed, we found that E2F activity inversely correlates with p16"“expression

in HMEC/VHMEC. In HMEC expressing ple”, the mRNAs or protein levels of E2F

target genes, which are indicative of E2F activity, were consistently lower than those in

vHMEC with no plé” expression as measured by western analysis, microarray

analysis, and Q-PCR. Furthermore, the expression of p16"“ in HMEC plays a direct

6|NK4arole in modulating E2F activity since down-regulation of p1 expression in HMEC

via shRNA was sufficient to increase the expression of E2F target gene. Taken together,

our data indicate that p16"“ dictates E2F activity in HMEC and that the difference in

E2F activities between HMEC and v}{MEC was likely due to the presence or absence of

6|NK*p1 expression.

Cells Comparable to whMEC Exist in vivo

The two molecular markers that are specific for vBMEC in culture are plo”

promoter hypermethylation and COX-2 over-expression (Crawford et al., 2004;

Romanov et al., 2001). We reasoned that should vBMEC exist in vivo, we would be able

to identify cells that exhibit both markers in breast tissues from normal individuals with
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no indication or predisposition to breast cancers. Indeed, we have previously identified

an in vivo population of mammary epithelial cells in histologically normal breast tissue

that simultaneously displays p16” promoter hypermethylation and intense COX-2

staining (Crawford et al., 2004; Holst et al., 2003). The co-localization of intense COX-2

6|NK4astaining and p1 promoter hypermethylation within the same mammary epithelium

indicates that cells with whMEC characteristics exist in vivo. These data coupled with

the premalignant nature of whMEC in vitro suggests that this in vivo population of

mammary epithelial cells has the potential for extended proliferation permitted by the

6|Nkaabsence of p1 expression and to express premalignant phenotypes mediated by

COX-2. Therefore, they may be relevant to human disease and may be bona fide

precursors for breast cancer.

Consistent with our precursor hypothesis, we found that the majority (~85%) of

premalignant breast lesions, ductal carcinoma in situ (DCIS), over-expresses COX-2

(Shim et al., 2003). Intriguingly, regardless of the COX-2 status in the DCIS lesions,

nearly all of the adjacent normal-appearing mammary epithelial cells surrounding the

lesions over-express COX-2 (Shim et al., 2003). These data suggest that normal

appearing epithelial cells surrounding DCIS may have already engaged in the disease

process and may provide field effects for the emergence of premalignant lesions.

Furthermore, epidemiological studies indicate that long-term use of non-steroidal anti

inflammatory drugs (NSAIDs) including aspirin, which inhibit COX-2, reduces breast

cancer risk (Harris et al., 2003). Taken together, these data suggest that variant human

mammary epithelial cells with premalignant phenotypes exist in vivo prior to the

presentation of premalignant or malignant lesions and that selective elimination of this in
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vivo population may be of critical importance in preventing or delaying breast cancer

development.

Employing Engineered Adenovirus to Selectively Eliminate whMEC

Given that whMEC exhibit extended proliferation and premalignant phenotypes

similar to those seen in malignant cells and given that VHMEC-like cells exist in vivo, it

is important to selectively eliminate vBMEC and prevent them from further progression.

In this report, we demonstrated that engineered adenovirus, Onyx 411, was effective in

preferential elimination of VHMEC.

Adenoviruses have the ability to infect, propagate, and lyse host cells. The newly

engineered conditionally replicative adenoviruses also exhibit required specificity for

targeting cells with specific cellular alterations (Alemany et al., 2000). In general, two

different approaches have been applied to modify adenovirus to achieve cancer cell

specificity (Alemany et al., 2000; Barnes et al., 2002). One way is to employ tumor

specific promoters to drive the expression of essential viral genes (Brunori et al., 2001;

Cuevas et al., 2003; Davydova et al., 2004; Doronin et al., 2001; Fuerer and Iggo, 2002;

Hallenbeck et al., 1999; Kurihara et al., 2000; Wirth et al., 2003). Another way is to take

advantage of defects in cell cycle regulatory functions seen in cancer cells. Onyx 411

and diº22-947 (E1a-ACR2) are examples in this category (Fueyo et al., 2000; Heise et

al., 2000; Johnson et al., 2002). Both of these adenoviruses contain deletions in E1a

ACR2, which no longer binds to and inhibit RB. Hence, the replications of these two

adenoviruses are largely limited to cells with existing RB pathway defects.

We tested the ability of Onyx 411, 150, and 015 to selectively eliminate vBNMEC

in this study. We found that Onyx 411, which targets cells with deregulated E2F

activity, was the only engineered adenovirus that preferentially targeted vBMEC over
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HMEC. This finding is consistent with the observation that whMEC exhibit high E2F

activity and no p16"“expression. It is important to note that Onyx 411 was able to

replicate in HMEC with low E2F activity as demonstrated by viral protein expressions at

later time points and by low viral titer detected in the media at later time points. These

data indicate that the low E2F activity in HMEC was able to permit Onyx 411 replication.

However, when compared to vBMEC, replication of Onyx 411 in HMEC was much

slower and less robust. This differential replication of Onyx 411 in HMEC vs. VHMEC

allows preferential elimination of vBMEC by the adenovirus. Hence, Onyx 411 is

capable of selectively eliminating whl/EC and preventing vPHMEC from further

progression. Furthermore, the replication of Onyx 411 was largely limited to the

epithelial cells, not the isogenic fibroblasts. Since breast cancers are largely derived from

cancerous mammary epithelial cells, Onyx 411 may cause very limited effects on

adjacent fibroblasts.

In summary, out data indicate that, in addition to extended proliferation and

premalignant phenotypes, VHMEC also differ from HMEC in E2F activity. This

differential in E2F activity permits preferential replication of Onyx 411 in vBMEC,

which leads to selective lysis of wh/MEC. Should vRMEC prove relevant to human

disease, our data implicate that employing engineered adenoviruses such as Onyx 411 or

its future derivatives is a reasonable approach to target mammary epithelial cells with

premalignant phenotypes for breast cancer prevention rather than intervention.
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Figure 3-1. VHMEC without p16"“expression exhibit higher E2F activity than HMEC

expressing plé"“. A, Western analysis for p16 and cyclin A expression in HMEC and

vHMEC from RM9 and 21 (PD 3 and 14, and PD 0.5 and 14 respectively). Levels of 3

actin were used as loading control. B, Clustering of E2F target gene expressions in

HMEC, early, and mid vBMEC. mRNA from HMEC, early and late whMEC of three

different individuals (RM15, 21, and 48) were applied to the microarray experiments that

focused on E2F target genes. C, Bar graphs indicating relative mRNA levels (obtained

from microarray experiment) for cyclin E, follistatin, Ki-67, and ribonucleotide reductase

in HMEC, early and mid whMEC, D, Q-PCR results of relative mRNA levels for cyclin

E, follistatin, Ki-67, and ribonucleotide reductase in HMEC, early and mid whMEC.

Results shown here are average mRNA levels in HMEC, early and mid whMEC from

three different individuals (RM15, 21, and 48). Yerror bar represents S.E.M.
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Figure 3-2. Adenovirus infects both HMEC and VHMEC, A, Growth curves for º,
HMEC/vHMEC (RM9, 15, and 21). Arrows indicate the passages when adenoviral d
infection occurred for this experiment. B, Adenovirus infects all HMEC and whMEC *(
tested. Cells were exposed to GFP-tagged replication defective adenovirus for 4 hours. º
Percent cells expressing GFP from viral vector 24 hours after the initial exposure R_*

indicates percent cells infected with adenovirus. MOI indicates multiplicity of infection.
->Variable infection rates were observed for HMEC and VHMEC from different

individuals. At a low MOI of 5, about 40% HMEC and 7% whMEC from individual

RM21, 10% HMEC and 7% whMEC from individual RM9, and 20% HMEC or vBMEC

from individual RM15 expressed GFP.
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Figure 3-3. Onyx 411, among all adenoviruses tested, replicates more efficiently in

vHMEC than in HMEC. A., Table of all adenoviruses examined in this study. All viruses

are derived from an AdS background. Regions of mutations specific to each virus are

indicated on the top of the table. A represents deletions. Small deletion in E1a CR2

domain (from nucleotides 922 to 947) is depicted as E1a-ACR2. B, A bar graph depicts

the construct of Onyx 411. C, Expressions of early (E1a) and late (hexon (h), penton (p),

and fiber (f)) viral proteins in HMEC or vBMEC (RM21, PD 1 and 11 respectively)

infected with adenoviruses at MOI of 5. Time points of 24 and 48 hours were included in

the western analysis. Coomassie staining of total proteins were used as loading control.

D, Expressions of early and late viral proteins in HMEC and VHMEC (RM15, PD 2 and

13 respectively) infected with adenoviruses at MOI of 5. Time points of 24 and 48 hours

were included in the western analysis. Coomassie staining of total proteins were used as

loading control.
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Figure 3-4. Onyx 411 preferentially replicates in VHMEC, A, Expressions of early and

late viral proteins in HMEC and whMEC (RM9, PD 3 and 14 respectively) infected with

wild type, Onyx 411, and control viruses at MOI of 25. Time points of 24, 36, and 48

hours were included in the analysis. 3-actin levels were used as loading control. B,

Immunocytochemistry for the expressions of p16 and viral proteins in HMEC and

vHMEC (RM9, PD 3 and 14 respectively) infected with adenoviruses at MOI of 25. C,

Expressions of early and late viral proteins in HMEC, whMEC, and HMF (RM21, PD

0.5, 14, and 3 respectively) infected with wild type, Onyx 411, and control viruses at

MOI of 5. Time points of 24, 36,48, and 60 hours were included in the western analysis.

Similar results were obtained when HMEC and whMEC (RM21, PD 0.6 and 19.6

respectively) were infected with adenoviruses at MOI of 50 (data not shown).
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Figure 3 - 5
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Figure 3-5. Onyx 411 preferentially lyses whMEC, A, Burst analysis for viral load

released in the media after host cell lysis. HMEC and whMEC (RM21, PD 3.4 and 8.1

respectively) were infected with Onyx 411 at MOI of 5. * indicates viral titers were

below the level of detection. B, Viral titers measured in media from HMEC and vBMEC

(RM21, PD 3.4 and 8.1 respectively) infected with wild type, Onyx 411, and replication

defective viruses at MOI of 5. Similar results were obtained in experiments using HMEC

(PD 2.6) and vBMEC (PD 34.6) from RM15 (data not shown). * indicates viral titers

were below the level of detection. C, Cytopathic effects of adenoviruses in HMEC vs.

vHMEC (RM9). HMEC (PD 3) and whMEC (PD 14) were infected with adenoviruses at

MOI of 5. At 24-hour time point, cytopathic effects were seen in cells infected with wild

type virus and in VHMEC infected with Onyx 411. These cells appeared rounded-up and

flattened. At 48-hour time point, lytic effects were observed in wild-type virus infected

cells and in VHMEC infected with Onyx 411. Similar cytopathic effects were observed

in experiments using cells from different RM (RM15, and 21) or with different MOI

(MOI of 25 or 50) (data not shown).
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Figure 3-6. Down-regulation of p16 expression in HMEC confers efficient replication of t
r

Onyx 411. A, Immunocytochemistry results for p16 expression in HMEC containing r

either control vector or shRNA p16-1. Control experiment was done using non-specific

IgG1 as primary antibody. B, Western analysis for p16 and cyclin A expression in

HMEC, VHMEC, and HMEC containing either control vector or shRNA p16-1.

Expression of small hairpin RNA for p16 in HMEC (RM9 and 21) sufficiently down

regulated p16 protein expression. C, Burst analysis for viral titers produced in Onyx 411

infected HMEC containing either control vector or shRNA expressing vector. Timer

points of 36 and 48 hours were included in the analysis. D and E, western analysis for

early and late viral protein expressions in HMEC (RM9 and 21) containing either control

vector or vector expressing shRNA for p16.
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Abstract

The following conclusions can be drawn from this dissertation study.

First, increasing numbers of vFIMEC over-express COX-2 as they propagate in vitro and

approach agonescence. Second, this over-expression of COX-2 proteins specifically

contributes to the premalignant phenotypes seen in vhmEC including increased PGE,

synthesis, angiogenic potential, invasive ability, and decreased apoptosis. Third, DNA

damage is sufficient to induce COX-2 over-expression in vhMEC. Fourth, whMEC like

cells exhibiting both p16” promoter hypermethylation and intense COX-2 expression

exist in vivo in histologically normal human mammary tissues. Fifth, premalignant

vHMEC can be selectively eliminated upon exposure to either COX-2 specific inhibitors

or engineered adenovirus that targets cells with deregulated E2F activity. In the current

chapter, I will elaborate on these points as well as findings by other members in our

laboratory and speculate on the implications of these findings.
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Discussion and Conclusions

Studies employing human mammary epithelial cells isolated from healthy women

with no indication or predisposition to breast cancer have provided valuable insights into

the early steps of breast carcinogenesis (Crawford et al., 2004; Holst et al., 2003;

Romanov et al., 2001; Tlsty et al., 2001; Yaswen and Stampfer, 2001; Yaswen and

Stampfer, 2002). Human mammary epithelial cells isolated from normal individuals

contain two distinct populations with regard to the presence or absence of an epigenetic

modulation at the p16"locus (Brenner et al., 1998; Foster et al., 1998; Huschtscha et

al., 1998). The variant population (VHMEC) does not express p16, an important cell

cycle inhibitor and tumor suppressor, due to its promoter hypermethylation (Foster et al.,

1998; Huschtscha et al., 1998; Romanov et al., 2001; Tlsty et al., 2001). As a result,

vHMEC are able to proliferate beyond a p16-mediated growth arrest that the majority

HMEC experience in culture. As VHMEC continue to proliferate, they begin to

experience telomeric dysfunction and acquire substantial amounts of genomic

abnormalities similar to those seen in early steps of breast cancer (Romanov et al., 2001;

Tlsty et al., 2001). Hence, we hypothesize that whMEC may represent a precursor

population that is primed for breast carcinogenesis.

If VHMEC are precursors for breast cancers, they will satisfy the following

descriptions. First, unlike normal human mammary epithelial cells, whMEC exhibit

premalignant phenotypes. Second, VHMEC must exist not only in vitro but also in vivo in

breast tissues either containing or devoid of cancer lesions. Third, whMEC must behave

differently from normal mammary epithelial cells in response to certain oncogenic insults
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both in vitro and in vivo. In other words, whMEC should be more susceptible to

oncogenic transformation than normal human mammary epithelial cells.

Studies from Romanov et al. have indicated that whMEC exhibit premalignant

phenotypes including extended proliferation and genomic instability (Romanov et al.,

2001; Tlsty et al., 2001). Moreover, studies from McDermott et al. demonstrated that

vHMEC not only exhibit genomic abnormalities but also centrosomal abnormalities

including structure abnormalities and abnormal numbers of centrosomes per cell

(McDermott et al., 2004). Both genomic and centrosomal abnormalities are phenotypes

frequently seen in malignant cells and are thought to be driving forces for malignant

transformation. Not so surprisingly, Dr. Holst, Zhang, and McDermott in our laboratory

find that all of the above malignant-like phenotypes seen in VHMEC are linked to

epigenetic modulations at the promoter region of an important tumor suppressor, p16

(Holst et al., 2004; McDermott et al., 2004; Zhang et al., 2004).

The significance of p16 in suppressing breast carcinogenesis originates from the

following observations. First, the absence of p16 expression either due to genetic

(deletion or point mutations) or epigenetic (hypermethylations) alterations has been found

in 30% of breast cancers (Sherr and McCormick, 2002) and 40-60% of breast cancer cell

lines (Kamb et al., 1994). Second, aberrant cytoplasmic expression of p16 is seen in

additional 9% of invasive (n=368) and 4% of intraductal carcinomas (n=52) (Emig et al.,

1998; Geradts and Wilson, 1996). Third, alterations in cdk4 (either point mutations that

INK46 d 6|NK4adisrupt the binding of p1 and render it p1 resistant or gene amplification) and

cdk6 (over-expression) are also detected in human cancers (Tang et al., 1999; Wolfel et
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al., 1995; Zuo et al., 1996). Fourth, in culture, reintroducing p16|NK* into breast cancer

cell lines causes a dose-dependent cell cycle arrest (Craig et al., 1998; Foster et al., 2001).

In in vitro studies using human mammary epithelial cells isolated from normal

individuals devoid of any breast lesions, Dr. Holst and Zhang find that the loss of p16

expression resulting from its promoter hypermethylation is both necessary and sufficient

for vBMEC’s extended proliferation (Zhang et al., 2004). In addition to the extended

proliferation that eventually leads to telomeric dysfunction and genomic instability

(Romanov et al., 2001), vh MEC also exhibit defects in the cell cycle checkpoint control

in response to microtubule disruptions and in the maintenance, but not the initiation, of

DNA damage-induced checkpoint response (Holst et al., 2004). Interestingly, down

regulation of p16 expression via RNA interference in HMEC recapitulates the defective

microtubule response seen in VHMEC, but not the defective maintenance in DNA

damage-induced checkpoint. Two conclusions can be made based on these results. First,

p16 is necessary for microtubule checkpoint control, but dispensable for both the

initiation and the maintenance of DNA damage-induced checkpoint control. Second,

v}{MEC must possess additional genetic and/or epigenetic alterations that abrogate the

maintenance of DNA damage-induced checkpoint control.

In search for additional epigenetic alterations that may exist in vhmEC, Dr.

Reynold and Mahvash Sigorodinia in our laboratory employed both RLGS and ROMA

technologies to screen for genome wild changes in CpG methylation. They found that

HOXa9 and Runx3 loci, among others, exhibit increased methylation at their promoter

regions in v}{MEC (personal communication). Both HOXa9 and Runx3 are transcription

factors involved in development (Chen and Capecchi, 1999; Coffman, 2003). In the case

~
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of Runx3, its tumor suppressing activity has been demonstrated in the murine model.

Furthermore, loss of Runx3 expression due to either deletion or hypermethylation

correlates with gastric cancers in humans (Bae and Choi, 2004; Li et al., 2002; Lund and

van Lohuizen, 2002). Hypermethylation of HOXa9 has also been linked to certain

tumors such as neuroblastoma (Alaminos et al., 2004) and its role in cancer development

is currently under investigation by many laboratories. It is intriguing to speculate that

hypermethylations at these two loci may contribute to premalignant phenotypes seen in

vHMEC. The significance of HOXa9 and Runx3 promoter hypermethylations in

v}{MEC is under intense investigation in our laboratory. It remains interesting to test

whether the loss of p16 co-operates with the absence of HOXa9 or Runx3 to dictate

vHMEC phenotypes.

The exciting finding made by McDermott et al. in our laboratory reveals a novel

function of p16 in coupling centrosome duplication with DNA synthesis in human

mammary epithelial cells (McDermott et al., 2004). They find that, unlike HMEC, a

substantial fraction of v}{MEC is unable to prevent centrosome re-duplication when

DNA synthesis is experimental stalled at the S-phase and exhibits abnormal multiple

centrosomes. Furthermore, down-regulation of p16 expression in HMEC recapitulates

the uncoupling phenotype seen in VHMEC and hence permits the generation of multiple

centrosomes per cell in many cases, but not all. The exact mechanism through which p16

ensures accurate coupling remains to be discovered. Nevertheless, this data indicates that

loss of p16 expression in HMEC is necessary, but not sufficient for centrosome re

duplication within a singe cell cycle and that the uncoupling phenotype seen in vh MEC

may result from the absence of p16 expression. In the experimental situation,

C
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centrosome re-duplication is only seen when DNA synthesis is artificially stalled upon

hydroxyurea exposure. What then stalls DNA synthesis in whMEC to allow the

manifestation of multiple centrosomes per cell? The answer may lie in the observations

made by Krystyna Kozakiewicz, a cytogenetist in our laboratory. She observed frequent

chromosomal abnormalities including deletions, insertion, translocation, telomeric

associations, and aneuploidy and polyploidy in v}{MEC, but not in HMEC (Romanov et

al., 2001). Perhaps, DNA damage transiently stalls DNA synthesis and creates a suitable

environment for centrosome re-duplication in the absence of p16 expression.

In short, the absence of p16 expression is responsible for multiple phenotypes

seen in VHMEC including extended proliferation, microtubule checkpoint defects, and

the uncoupling of centrosome duplication from DNA synthesis. It is also important to

note, however, that whMEC are not simply HMEC with low levels of p16 expression.

Results from Holst et al. indicates that VHMEC exhibit maintenance defects in DNA

damage-induced checkpoint whereas HMEC with down-regulated p16 expression don’t

(Holst et al., 2004). Furthermore, data from Reynold et al. indicate that in addition to

p16” promoter hypermethylation, additional CpG methylations are seen in vhMEC

that affect genes expression such as HOXa9 (Reynold et al., personal communication).

When I joined the lab, I was keenly interested in finding out what distinguished

vHMEC from HMEC at the molecular level in addition to the absence of p16 expression.

In collaboration with NIEHS, we employed microarray experiments to assess molecular

events specifically to either whMEC or HMEC. My interests in this experiment were as

follows. First and at the least, we should be able to obtain molecular markers specific to

vHMEC for their identification in vivo. If v HMEC are precursor cells for breast cancer,
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they must exist not only in vitro but also in vivo in breast tissues either containing or

devoid of cancerous lesions. Therefore, to be able to identify whMEC in vivo using

specific molecular markers identified from microarray experiments will be extremely

helpful in supporting our hypothesis. Second, we might be able to identify key molecular

events that define phenotypes of vBNMEC. In other words, I wanted to investigate the

molecular mechanism(s) that determines whMEC’s fate. Third, we might be able to

reveal molecular target(s) for preventing whMEC from further progression. Should

vHMEC be precursors for breast cancer, selective elimination of whl/EC from HMEC

population would have profound effects in breast cancer prevention.

The microarray experiments revealed a plethora of gene expression differences

between HMEC and vBMEC. Among all the genes that are up regulated in vhMEC, the

most prominent change is seen in the expression of cyclo-oxygenase 2 (COX-2)

(Crawford et al., 2004). Additional immunocytochemistry experiments demonstrate that

(COX-2) is highly up-regulated in a fraction of whMEC, but not HMEC. This data

suggest that loss of p16 expression is not sufficient to induce COX-2 expression since all

vHMEC do not express p16, but only some of them over-express COX-2. We postulated

that an event(s) subsequent to the absence of p16 expression might signal COX-2 up

regulation. We tested and found that DNA damage within whMEC is sufficient in

inducing COX-2 up-regulation. In addition to endogenous DNA damage signals that

induce COX-2 up-regulation, exogenous factors may also influence COX-2 expression.

High level of COX-2 expression has been observed previously in many tumors

including those of breast (Soslow et al., 2000). Furthermore, studies in murine models

clearly ascertain its role in tumor promotion (Oshima et al., 1996). In the murine
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mammary gland, over-expression of COX-2 is sufficient for mammary tumor º |

development (Liu et al., 2001). In vBMEC in vitro, this up-regulation of COX-2 –

specifically contributes to the premalignant phenotypes seen in vBMEC including (
increased PGE2 synthesis, angiogenic potential, invasive ability, and decreased apoptosis º
(Crawford et al., 2004). Taken together, we postulate that COX-2 up-regulation may be º
an early event in the malignant transformation of human mammary epithelia. Hence,

--

understanding the molecular mechanism involving COX-2 induction will assist us to

understand vBMEC evolution during the malignant transformation. To dissect the

molecular mechanism involving COX-2 induction, we will need to identify the up-stream

players that signal and/or mediate COX-2 expression in VHMEC and to map out the

down-stream pathways of COX-2 in promoting premalignant phenotypes associated with

VHMEC.

Thus far, two functionally relevant markers have been attributed to whMEC.

They are plo” promoter hypermethylation and COX-2 over-expression. If whMEC

exist in vivo, it should be possible to identify epithelial cells in vivo that also exhibit both

markers. Indeed, we found that in disease-free breast tissues from reduction

mammoplasty, intense COX-2 staining co-localize with foci of p16” promoter

hypermethylation (Crawford et al., 2004; Holst et al., 2003). Conversely, mammary

epithelial cells that do not exhibit p16” promoter hypermethylation do not over

expression COX-2 (Crawford et al., 2004; Holst et al., 2003). This data suggests that

cells comparable to vBMEC in vitro exist in vivo. Additional markers will certainly aid

our confidence in this conclusion. Currently, our laboratory is actively testing other

vHMEC specific markers identified from microarray experiments.
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It is, nevertheless, valid to hypothesize that whMEC-like cells in vivo may be

bona fide precursors for breast cancer since hypermethylation at p16” promoter may

permit extended proliferation, centrosomal abnormality, and cell cycle defects, and COX

2 over-expression may contribute to the manifestation of malignant phenotypes described

as the “Hallmarks of Cancer”. Epidemiology studies that correlate the existence of

v}{MEC-like cells in vivo with breast cancer risk will help to address this hypothesis.

However, this experiment will be very long-term and expensive. The alternative in vitro

3D model and xenoplants in mice may be more approachable to test this hypothesis. It

remains to be tested whether vBMEC are more readily transformed than HMEC in

response to certain oncogenic insults.

In a different approach, we reasoned that if VHMEC-like cells in vivo are

premalignant, we should be able to identify them in premalignant lesions of the breast

including ductal carcinoma in situ (DCIS). To address this question, Shim et al. screened

46 DCIS specimens for COX-2 over-expression (Shim et al., 2003). They found that

COX-2 over-expression occurs in 85% of DCIS samples and is associated with increased

nuclear grade. What's more interesting is that the adjacent normal appearing mammary

epithelial cells surrounding the DCIS lesions strongly over-express COX-2. This finding

suggests that the adjacent normal-appearing epithelial cells have engaged in the disease

process and may provide field effects for the emergence of malignant cells. The status of

COX-2 expression in early pre-malignant lesions remains to be determined. We would

predict that COX-2 over-expression might also be detected in these lesions.

If additional experiments indicate that whl/EC are precursors for breast cancer,

the findings in this dissertation work will have profound implications. First, COX-2
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over-expression could be used as an early diagnostic marker for identifying women who

have not yet manifested the full blown disease, but are at high risk for breast cancer.

Second, COX-2 may also server as a therapeutic intervention target for preventing or

delaying breast cancer development. Indeed, epidemiology studies have suggested that

long-term usage of nonsteroidal anti-inflammatory drugs (NSAIDs) such as aspirin,

which inhibits COX-2, reduces breast cancer risk (Harris et al., 2003). Third, in addition

to COX-2 inhibition, we could also exploit the difference in p16 expression and E2F

activities between HMEC and vBMEC and employ engineered adenovirus to selectively

eliminate VHMEC.
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