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11 Breast cancer 
Breastt cancer is the most common malignant disease diagnosed in women and is 
onee of the leading causes of cancer-related deaths. In 2002 an estimated 
205,0000 new cases of invasive breast cancer were diagnosed in the United 
States,, and an estimated 40,000 women died from breast cancer (American 
Cancerr Society, 2002). Current estimates suggest that one in eight American 
womenn will be diagnosed in her lifetime with breast carcinoma (Jemal et al., 
2002).. A range of factors, such as lifestyle, genetic makeup, environmental 
exposures,, , hormone balances, and other as yet undetermined factors, are 
thoughtt to influence the etiology of the disease. Although breast cancer 
etiologyy remains poorly defined, some important insights into the disease 
pathogenesiss have emerged from epidemiological and genetic studies. Epithelial 
carcinogenesiss including breast cancer is intimately linked to advanced age, with 
thee vast majority of breast cancers occurring after age 50 (Balducci & Beghe, 
2001;; Campisi, 2003; DePinho, 2000; Feuer et al., 1993; Miller, 1991). While 
thee vast majority of cancers are believed to occur sporadically, a heritable 
contributionn to breast cancer risk is indicated by the increased incidence of 
breastt cancer among women with a family history of breast cancer. 
Observationn of families in which multiple family members were diagnosed with 
breastt cancer, a pattern could be shown that was compatible with autosomal 
dominantt inheritance of cancer susceptibility. The search for genes associated 
withh hereditary susceptibility to breast cancer has been facilitated by the study 
off  large kindreds with multiple affected individuals, and has led to the 
identificationn of several susceptibility genes, including BRCA1 and BRCA2, 
associatedd with a 10- to 20-fold increased risk of developing breast cancer. 
Mutationss in ATM, CHK2, p53 and PTEN/MMAC1 are also often cited as risk 
factorss for breast carcinomas (Hanahan & Weinberg, 2000; Kinzler & 
Vogelstein,, 1997). There may be other genetic or environmental factors that 
modifyy cancer risks in mutation carriers, and these may affect carriers and non-
carrierss differently. Other factors believed to play roles in the disease include 
thee estrogen receptor (ER), progesterone receptor (PR), retinoic acid receptor-
betaa (RAR-p) and members of the HER/ERB-B family. Population-based studies 
off  the genetic epidemiology of female breast cancer have shown that only a 
smalll  proportion of familial cases can be explained by what is currently known 
aboutt its causes. Epigenetic changes such as DNA methylation have been shown 
too associate with the silencing of some important tumor suppressor and 
oncogeness as well as influence stability of the genome. These epigenetic 
changess may play equally important roles during carcinogenesis as do genetic 
lesionss (Chan et al., 2001; Jaenisch & Bird, 2003; Versteeg, 1997). 

Thee normal mammary gland consists of pseudostratified epithelia, with a basal 
layerr resting upon a basement membrane and an apical layer facing the lumen 
off  the ducts and alveoli. The basal layer of cells does not contact the lumen, 
whereass the apical layer may contact the basement membrane as well as the 
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lumen.. Apical cells display a polarized morphology, with microvilli at the 
luminall  side. The myoepithelial cells, which contain muscle-like myofilaments, 
andd which contract upon appropriate hormonal stimuli to cause expulsion of 
milk,, lie in the basal layer of cells. Based upon examination of keratin 
expressionn and other marker antigens, it has been proposed for the rodent 
mammaryy gland that a stem cell population capable of differentiating into both 
myoepitheliall  cells and the apical glandular epithelial cells also resides in the 
basall  cell layer. The actual stem cell population giving rise to human mammary 
epitheliall  cells in vivo has not been clearly defined. Based on the rodent 
mammaryy gland, and other epithelial tissues, it has been hypothesized that the 
mostt proliferative epithelial population in vivo lies in the basal layer, or 
intermediatee between basal and luminal layers. Most breast carcinomas are 
generallyy thought to arise from ductal epithelial cells; however this remains an 
areaa of ongoing study. 

Thee biology of breast carcinoma is complex and the development of this 
diseasee has been postulated to be a multistep process. A distinct sequence of 
eventss can be discerned, starting from ductal hyperplasia and atypical ductal 
hyperplasia,, and progressing to carcinoma in situ, invasive carcinoma, and 
ultimatelyy metastasis. The specific cellular and molecular characteristics that 
makee particular cells vulnerable to neoplastic transformation remain to be 
identified.. To study some of the important events during transformation in 
breast,, I made use of the human mammary epithelial cells (HMEC) that can be 
culturedd in vitro (section 2 of introduction) (Stampfer & Yaswen, 2000; 
Stampferr & Yaswen, 1994). HMEC are well suited for experimental 
manipulationss needed to understand the sequential steps in transformation. 

Itt is believed that all the derangements required for neoplastic transformation 
cannott accumulate within the limited lifespan of a normal somatic cell lineage. 
Thereforee acquisition of unlimited replication potential (immortalization) is 
generallyy perceived as a pre-requisite for the oncogenic process (section 7 of 
introduction).. Immortalization is facilitated by the accumulation of errors 
requiredd for abrogation of cellular programs that limit the number of cell 
divisionss (Shay et al., 1993a). Cultured HMEC experience two barriers to 
immortalization.. The first barrier (section 6.1 of introduction) is imposed by 
thee pRB pathway; although rare, spontaneous bypassing of this block has been 
reported.. The second, telomere length-dependent barrier (replicative 
senescencee or "agonescence") (Section 6.2) represents a very stringent barrier 
andd spontaneous escapes are virtually unknown. Very rarely HMEC overcome 
agonescencee following exposure to carcinogens and/or oncogenes, but can 
retainn wild-type p53. Overcoming agonescence and reactivation of telomerase 
cann be temporally separated; telomerase is reactivated during a period of slow 
heterogeneouss growth termed 'conversion' (Stampfer et al., 1997). The 
alterationss mediated by either genetic or epigenetic mechanisms during 
conversionn remain poorly defined. In this thesis research I asked what are the 
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keyy events that take place when agonescence is overcome and during the 
coursee of conversion? First, I addressed the question how cells that have 
overcomee agonescence, but are still telomerase negative, protect their 
telomeres?? I investigated the role that telomeric proteins, specifically, 
telomeree repeat binding factor-2 (TRF2), play in stabilizing the critically short 
telomeress during conversion (chapter 2). I found that changes in regulation of 
thee cyclin-dependent kinase inhibitor (CKI) p57 play a key role during the 
conversionn phase. I also found that p57 downregulation is essential for 
immortall  transformation and that loss of heterozygosity (LOH) can cause p57 
downregulationn (chapter 3). Moreover, I studied the role that tumor suppressor 
p533 plays during conversion; specifically, I addressed how it influences the p57 
expressionn (chapter 4). 

14 4 



Introduction Introduction 

22 A human mammary epithelial cell system 
Finitee lifespan HMEC derived from reduction mammoplasty tissues have been 
grownn in long-term culture using either serum-containing or serum-free media. 
Thee serum-containing MM medium supports active HMEC growth for 
approximatelyy 15-30 population doublings (Hammond et ah, 1984; Stampfer, 
1985).. These cultures show a mixed morphology and cell composition. Cells 
withh both basal (Keratin 5/14 positive, a-actin positive, keratin 19 negative) 
andd luminal markers (keratin 8/18/19 positive, mucin positive) are present 
initiallyy (Bartek et aL, 1985; Taylor-Papadimitriou et al., 1989). As the 
populationn becomes growth-arrested, larger, flatter, SA-p-gal positive cells 
predominate.. Expression of the CKI pi6 increases sharply as the cell 
populationn approaches this first proliferation barrier (Brenner et al., 1998; 
Dimrii  et aL, 1995). The mean telomere restriction fragment (TRF) length, a 
measuree of telomere length of this growth-arrested population, is ~6-8 kb 
(Romanovv et al., 2001) (Garbe et al., 1999). 

Serum-freee medium, MCDB 170, also supports growth of mixed cell 
populationss in primary culture (Hammond et al., 1984). After active division 
off  cobblestone-like looking cells for 10-20 population doublings, the cells 
graduallyy become larger and flatter. They express SA-^-gal and have reduced 
proliferativee capacity and high levels of pl6 (Brenner et al., 1996; Brenner et 
al.,, 1998). However, in MCDB 170, a small subpopulation of actively 
proliferatingg smaller cells eventually appears. These cells no longer express 
pl66 and show specific methylation of the pl6 promoter (Brenner et al., 1998); 
theyy also contain wild-type p53 with a longer half-life (Band, 1998; Lehman et 
al,, 1993). This process of overcoming the pl6-mediated block has been called 
'selection'' and the resulting pl6(-) cell population 'post-selection' HMEC 
(Hammondd et al., 1984). Depending upon the individual specimen, post-
selectionn cells may proliferate for an additional 30-70 population doublings. 
Ass this population approaches a second proliferation barrier (agonescence), 
cellss become larger and flatter, express SA-p-gal, and have a mean TRF of ~5kb 
(Romanovv et al., 2001; Stampfer et al., 1997). 
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Fig.. 1. Schematic diagram of HMEC culture system and derivation of immortal 
cells.. These diagrams show the derivation and characteristics of: (A) untreated 
cultures;; (B) cultures exposed to the chemical carcinogen benzo(a)pyrene; (C) 
immortalizedd cultures. In (A), HMEC derived from reduction mammaplasty 
tissuee were originally cultured in serum-containing MM medium. In this 
medium,, HMEC cultures normally only proliferate for -15-25 population 
doublingss (PD) before ceasing growth and encountering stasis. 
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33 Telomeres 
Telomeress are nucleoprotein structures that cap the ends of eukaryotic 
chromosomes.. Telomeres enable the DNA repair machinery to distinguish 
chromosomee termini from broken DNA ends. These structures are essential for 
genomicc stability, and their dysfunction can lead to chromosomal 
rearrangements,, degradation and cell death. Mammalian telomeric DNA is 
composedd of tandem arrays of 5'-TTAGGG-3' sequence. Most of the telomeric 
DNAA is double-stranded, with a guanine-rich strand called G-strand that ends 
withh a 3' single-stranded overhang (Henderson & Blackburn, 1989; Wright et 
al.,, 1997). Telomere length varies substantially among species (Coviello-
McLaughlinn & Prowse, 1997; Greider, 1990); telomeres in most human cells in 
vivoo are 10-15 kb, whereas the mean telomere length of cells in laboratory 
micee (Mus musculus) is >30 kb. Telomere lengths also vary, albeit to lesser 
extent,, among somatic cells within a species. Cell type, genotype and 
replicativee history are the important variables of telomere length. Beyond a 
species-specific,, as yet undefined minimum, there is littl e known effect of 
telomeree length per se on cellular or organismal phenotypes. 

3.11 Telomere proteins 
Severall  telomere-associated proteins have been identified. TRF1 and TRF2 bind 
directlyy and specifically to double stranded telomeric DNA (Broccoli et al., 
1997;; Chong et al., 1995), and POT1 binds specifically to the single stranded 3' 
overhangg (Baumann & Cech, 2001). TRF2 and POT1 are particularly 
importantt in stabilization of telomeric structure (Bailey et al., 2001; Baumann 
&&  Cech, 2001; de Lange, 2002; Karlseder et al., 1999; Stansel et al., 2001; van 
Steensell  et al., 1998). TIN2 and hRAPl also specifically localize to telomeres, 
butt do so indirectly by binding TRF1 (Kim et al., 1999) and TRF2 (Li et al., 
2000),, respectively. TRF1, TRF2 and hRAPl, appear to be particularly 
importantt for telomere length regulation. 

TANK11 and TANK2 are two poly-ADP ribose polymerase (PARP) enzymes. 
Enzymess in this family are normally associated with DNA repair and 
chromosomall  stability (D'Amours et al., 1999). TANK1 and TANK2 have 
beenn shown to interact with TRF1 (Kaminker et al., 2001; Smith et al., 1998). 
Thesee two enzymes might be participating in sensing, signaling from or 
repairingg of dysfunctional telomeres. Several proteins known to participate in 
DNAA repair also have been shown to localize to telomeres. Ku, the DNA end-
bindingg component of DNA-dependent protein kinase, interacts with telomeres 
viaa TRF1 binding (Hsu et al., 2000; Kim et al., 1999). Ku is also required for 
thee normal localization of telomeres at the nuclear periphery (Galy et al., 
2000).. Lack of functional Ku leads to telomere-telomere fusions (Samper et 
al.,, 2000). Other components of the DNA damage response pathway that are 
believedd to participate in telomere maintenance are the RAD50, MRE11, and 
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NBS11 gene products. RadSOp is present at telomeres, whereas NBS1 is enriched 
duringg S phase, the cell cycle stage at which telomerase is thought to be active 
(Zhuu et al., 2000). The ATM (ataxia telangiectasia mutated) DNA damage 
responsee kinase is another key molecule involved in telomere maintenance. 

3.22 Telomere structur e and function 
Griffit hh et al reported that telomeres form a lasso like structure, called t-loop 
(Griffit hh et al., 1999). The 3' single-strand overhang is tucked far back into the 
telomeree tract by base pairing into the duplex DNA (Munoz-Jordan et al., 
2001).. The formation of the t-loop is critically dependent on binding of TRF2 
(Stansell  et al., 2001), and is facilitated by the POT1, TIN2 and TRF1 protein 
products.. The t-loop structure renders chromosome ends devoid of any open 
DNAA ends and hence prevents that the chromosome end is sensed as a double 
strandedd DNA break. It also protects the 3' overhang from degradation, and 
limitss telomerase accessibility. 

3.33 Telomerase 
Thee conventional DNA replication machinery replicates DNA only in the 3' to 
5'' direction and utilizes a 8- to 12-base RNA primer to initiate DNA synthesis 
onn the lagging strand. Removal of the terminal RNA primer generates a small, 
persistingg gap at the 5' ends of the newly replicated strand. As a consequence, 
chromosomee ends lose 8 - 12 nucleotides for each mitosis. In addition, the 
activityy of 5' - 3'- exonucleases remove the terminal 100 or so nucleotides of 
thee C-rich strand, resulting in long protruding 3' single strand DNA, leading to 
thee problem that extreme terminal sequences will not be replicated (Makarov 
ett al., 1997). Hence with every cell division the 3' strand is eroded by 50 - 200 
bp.. To prevent continuous loss of telomeric sequences, an enzyme is required 
whichh is capable of de novo synthesis of telomeric DNA. Such an enzyme, 
calledd telomerase, is a specialized RNA-directed DNA polymerase. Telomerase 
iss a ribonucleoprotein complex with two main components required for core 
enzymaticc activity; telomerase RNA (TR) and a telomerase reverse 
transcriptasee protein (TERT). The human RNA moiety is 445 nucleotides long 
withh an 11 nucleotide putative template sequence (5'-CUAACCCUAAC-3'), 
codingg for the telomere repeats (Morin, 1989). Telomerase adds hexameric 
DNAA repeats (TTAGGG) to telomeric ends and thus compensates for the 
progressivee loss of telomeric sequences inherent in DNA replication. While 
hTRR is present in almost all human cells, hTERT is found to be rate limiting 
forr telomerase activity. Telomerase is repressed in normal human somatic cells 
butt is activated during development and upon neoplasia (Masutomi & Hahn, 
2003).. The lack of hTERT is responsible for the absence of telomerase 
activityy in most post-mitotic cells. In adult humans, most somatic cells lack 
detectablee telomerase activity or TERT mRNA. Notable exceptions include 
activatedd lymphocytes in bone marrow and peripheral blood (Counter et al., 
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1995;; Yasumoto et al., 1996), subsets of proliferating epithelial cells in skin, 
hairr follicle, gastrointestinal tract, and endometrium (Taylor et al., 1996; 
Yasumotoo et al., 1996); and in a subset of cells in the testis (Yashima et al., 
1998);; these are generally categorized as stem cell/self-renewal cell 
populations. . 

3.3.11 Telomerase regulation 
Whereass hTR, the RNA component, is widely expressed in normal human 
tissuess (Harrington et al., 1997b) the expression of hTERT is limiting for the 
reactivationn of telomerase in human somatic cells (Poole et al., 2001). Ectopic 
expressionn of hTERT in telomerase-negative cells is often sufficient to 
reconstitutee telomerase activity and to elongate telomeres (Bodnar et al., 
1998;; Vaziri & Benchimol, 1998). De novo activation of hTERT gene 
transcriptionn in neoplastic and immortalized cells may thus be the dominant, 
rate-limitingg step in telomerase activation, a step that is potentially regulated 
byy changes in the levels and functions of multiple oncogenes and tumor 
suppressorr gene products. 

Recentt reports have indicated that telomerase regulation is a complex process 
involvingg many steps to enable the telomerase complex to assemble and extend 
thee telomeres. What controls hTERT at the transcriptional level is presently 
unclear.. Perhaps the first post-transcriptional regulatory step in hTERT action 
iss the differential splicing of the hTERT mRNA. A number of splice variants 
off  hTERT have been observed (Colgin et al., 2000; Kilian et al., 1997; Ulaner 
ett al., 1998; Wick et al., 1999). All known splice variants of hTERT are 
inactivee with the hTERTa acting as a dominant negative inhibitor o f 
telomerase.. This points to the possibility that splicing is utilized to fine-tune 
thee telomerase activity in cells by shifting the balance between the hTERTa 
formm and full-length transcript (Colgin et al, 2000). The H/ACA proteins such 
ass Dyskerin play a pivotal role in stabilization of hTR. The H/ACA domain of 
hTRR is essential for the accumulation of hTR in human cells. Accumulation of 
exogenouss hTR in Saccharomyces cerevisiae requires the endogenous H/ACA 
proteinss Nhp2p, Nop 1 Op and Cbf5 (the yeast homolog of Dyskerin) (Dez et 
al.,, 2001; Mitchell et al., 1999). X-linked Dyskeratosis congenita, a disorder 
affectingg multiple proliferative tissues in the body, is caused by mutations in 
Dyskerinn (Vulliamy et al., 2001). Telomerase associated protein 1 (TEP1) is 
constitutivelyy expressed and TEP1 binds to the telomerase RNA subunit. TEP1 
co-immunoprecipitatess with telomerase activity (Harrington et al., 1997a). 
Givenn its interaction with hTR, TEP1 is believed to play a role in coordinating 
telomerasee holoenzyme tertiary or/and quaternary structures or serve as a 
docking/scaffoldd protein in recruiting telomerase regulatory factors. The 
heterogeneouss nuclear ribonucleoproteins (hnRNPs) also play a central role in 
telomeree metabolism (Dallaire et al., 2000; Ford et al., 2002; LaBranche et a l, 
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1998).. It has also been reported that hnRNP Al may bind to hTR as well as to 
telomeres,, possibly serving as 'link' between telomerase and telomeres (Fiset & 
Chabot,, 2001). Family members of protein 14-3-3 are also believed to be 
involvedd in telomerase and telomere compartmentalization (Seimiya et al., 
2000). . 
Itt has been proposed that telomerase is post-translationally regulated by 
phosphorylationn at specific serine/threonine or tyrosine residues of hTERT 
(Klapperr et al., 2001; Rohde et aL, 2000). Tyrosine kinase c-ABL has been 
reportedd to phosphorylate hTERT in response to ionizing radiation; this 
modificationn is inhibitory for telomerase activity (Kharbanda et al., 2000). 
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44 Tumor suppressor  protein p53 
Thee trp53 is a tumor suppressor gene that plays a critical role in safeguarding 
thee integrity of the genome. p53 itself or components of its regulatory 
pathwayss are mutated in a majority of cancers highlighting its importance in 
preventingg tumorigenesis (Sharpless & DePinho, 2002; Vousden, 2002). The 
p533 gene product is a sequence-specific DNA-binding transcription factor that 
iss expressed at low levels in cells under normal circumstances (Zauberman et al., 
1993).. Various stress signals, such as DNA damage; oncogenic activation, 
hypoxiaa and telomere dysfunction can stabilize and further activate p53. 
Activatedd p53 binds to regulatory elements of its downstream effectors and 
regulatess their transcription, through which well-concerted cellular programs 
includingg growth arrest, apoptosis and DNA repair are initiated. The growth 
inhibitoryy response of p53, resulting in cell cycle arrest at the Gl-S boundary 
off  the cell-cycle, is mediated by the activation of CDK2 inhibitor p21. 

Thee p53 regulatory network is comprised of two interactive feedback loops. 
First,, p53 positively regulates Mdm2 (HDM2 in humans) by activating Mdm2 
transcription,, and Mdm2 negatively regulates p53 by promoting p53 
ubiquitinationn and degradation (Zhang & Xiong, 2001) (Haupt et al., 1997; 
Hondaa et al, 1997; Kubbutat et al., 1997), hence forming an autoregulatory 
loop.. Second, E2F-1 and pl4ARF (pl9 in mouse) form a similar feedback loop, 
inn which E2F-1 activates ARF transcription and p H ^ facilitates proteolytic 
degradationn of E2F-1 (Bates et al., 1998; DeGregori et al., 1997; Dimri et al., 
2000).. These two feedback loops are connected in two ways. First pl4ARF 

interactss with Mdm2, inhibiting Mdm2-mediated p53 ubiquitination and 
degradation,, thereby stabilizing p53 (Weber et al., 1999) (Honda & Yasuda, 
1999;; Llanos et al., 2001; Shieh et al., 1997). Second, p53 represses 
transcriptionn of the ARF gene. Different stress signals use different pathways 
too allow p53 to escape Mdm2-mediated protein degradation, and a defect in 
onee of them may not be sufficient to prevent induction of p53 through the 
otherr pathway (Vousden, 2002; Vousden & Lu, 2002). 

Upstreamm mediators of the stress/DNA damage response network include ATM , 
ATR,, CHK1, CHK2 and DNA-PK (Banin et al., 1998; Canman & Lim, 1998; 
Shiloh,, 2001). Activation of p53 involves post-translational modifications 
thatt include phosphorylation and acetylation. These modifications result in 
stabilizationn of the p53 protein, increased transcriptional activity due to 
elevatedd sequence specific DNA binding activity, and enhanced nuclear 
localization.. The PML complex is known to acetylate p53 protein, whereas 
Sir2,, a NAD-dependent deacetylase, removes the acetyl moiety from p53 
resultingg in inhibition of p53 activity. Sumoylation is another post-
transcriptionall  modification of p53 that prevents its ubiquitination. 

21 1 



ChapterChapter 1 

55 Cyclin-dependant Kinase Inhibitor s (CKIs ) 
Progressionn through the cell cycle requires the coordinated activity of several 
cyclinss and cyclin-dependent kinases (CDK) (Sherr & Roberts, 1999). 
Consideringg the importance of CDKs in cellular proliferation, it is not 
surprisingg that their activity is exquisitely regulated. Among the negative 
regulatorss of CDKs is a group of proteins known as CDK inhibitors or CKIs, 
whichh are of special relevance to senescence. The activity of each CDK-cyclin 
complexx depends on several factors including the formation of the correct 
cyclin-CDKK pair, the phosphorylation status of specific CDK residues and the 
levelss of CDK inhibitors (Solomon & Kaldis, 1998). Based on their sequence 
similarity,, CKIs are grouped into two families. The INK4 family, which 
includess plS1** 41" (Harmon & Beach, 1994), p ló1^43 (Serrano et al., 1993), 
p l 8rNK4 C ( G u ann e t a l ^ 1 9 9 4 ; H i r a i e t a l ^ 1 9 9 5 ) a n d pl9iNK4d ( C h a n e t a l ^ 1 9 9 5 ; 

Hiraii  et al., 1995), binds directly to CDK4 and CDK6, preventing association 
off  D-type cyclins and inhibiting kinase activity. The CIP/KIP family includes 
p21clp(Dulicc et al., 1994; El-Deiry et al., 1993; Gu et al., 1993; Harper et al., 
1995;; Noda et al., 1994; Xiong et al., 1993), p27KIP1 (Polyak et al., 1994; 
Toyoshimaa & Hunter, 1994) and p57KIP2 (Lee et al., 1995; Matsuoka et ah, 
1995).. CIP/KIP proteins bind to cyclin-CDK complexes and promote assembly 
off  cyclin D:CDK4, but are inhibitory when bound to cyclin E:CDK2 and cyclin 
A:CDK22 complexes (Cheng et al, 1999). 

5.11 CKIP571" ™ 
Becausee of its function as a cycl in-dependent kinase inhibitor, p57 is thought 
too be a potential tumor suppressor gene. The p57 gene has been localized to 
l lp l5.5,, and is imprinted with preferential expression of the maternal allele 
Chapterr 3 and (Matsuoka et al., 1996; Nijjar et al., 1999)). The p57 gene 
demonstratess strict tissue-specific expression during development (Nagahama 
ett al., 2001) and regulates the differentiation of certain cell types (Fink & 
LeBien,, 2001). The chromosome 1 lpl 5.5 region harbors several imprinted 
genes,, and clusters of these genes are divided into two separate regions. The 
moree centromeric region contains p57 and the more telomeric region contains 
HII  9 and IGF2. These regions are independently regulated. In the centromeric 
region,, a paternally expressed transcript, LIT1, located within the KvLQTl 
genee and transcribed in antisense orientation to it, plays a role in p57 
regulationn similar to that of H19 in IGF2 regulation (Hartmann et al., 2000; 
Mitsuyaa et al., 1999), The chromosome l lp l5.5 region including the p57 
locuss displays frequent allelic loss in cancers of breast, lung, and bladder as well 
ass Wilms' tumor (Steenman et al., 2000). Germ-line mutations in the p57 gene 
havee been detected in Beckwith-Wiedemann syndrome, a familial cancer-prone 
syndromee associated with hyperplastic growth in numerous tissues and a 1000-
foldd increase in the risk of childhood tumors (Hatada et al., 1996; Zhang et al., 
1997).. Aberrant DNA methylation of the p57 promoter region in lymphoid 
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malignanciess of B-cell phenotype has been reported (Li et al., 2002). Most p57 
nulll  mice die after birth and display severe developmental defects with varying 
degreess of penetrance. Heterozygous mice that inherit a maternal, but not a 
paternal,, targeted allele exhibit similar deficiencies and neonatal death. 
Developmentall  defects of p57 mutant mice include cleft palate and 
gastrointestinall  abnormalities ranging from an inflated GI tract to loss of the 
jejunumm and ileum. These tissues display a significant increase of apoptosis in 
thee absence of p57 (Yan et al., 1997). p57 knockout mice also show 
developmentall  defects consistent with Beckwith-Wiedemann syndrome and 
indicatee a role for p57 in the control of cell proliferation and differentiation. 
Inn epithelia, p57 is expressed in regions of differentiated cells but not in regions 
off  actively dividing cells, suggesting that p57 may be up-regulated when cells 
exitt the cell cycle and start their differentiation programs. 

Thee p57 protein contains three structural domains, an N-terminal region with 
homologyy to p21 and p27, a central proline-rich domain, and a C-terminal QT 
domainn as also found in p27 (Lee et al., 1995). The proline-rich domain 
includess clusters of alternating proline-alanine residues (PAPA repeats) that are 
hypothesizedd to mediate specific protein-protein interactions required for p57 
functionn (Lee et al., 1995). The PAPA repeat region is polymorphic in human 
populations.. p57 has been reported to bind to proliferating cell nuclear antigen 
(PCNA)) through its C-terminal domain, thereby inhibiting PCNA-dependent 
DNAA replication in vitro and entry into S phase in vivo (Watanabe et al., 
1998).. Both cyclin and CDK-binding domains of p57 seem to be required for 
thee inhibition of cyclin A:CDK2 and cyclin E:CDK2 activity. The CDK2-
inhibitingg activity of p57 is essential for its growth-suppressing function in 
vivo. . 
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66 Senescence 
Limitedd replicative capacity is a defining characteristic of most normal human 
cells,, culminating in growth arrest called senescence. Senescence is 
characterizedd by irreversible cellular growth arrest, flattened cell morphology, 
highh levels of SA-^-gal activity, and increased lysosome biogenesis. Although 
replicativee senescence is triggered by dysfunctional telomeres, a phenotypically 
similarr endpoint can be produced in response to oxidative stress, activated 
oncogenes,, DNA damage, and inappropriate cell-culture conditions (Berns, 
2002;; Lowe & Sherr, 2003). Historically, the term senescence has often been 
usedd to describe the cellular growth arrest phenotype regardless of the cause of 
arrest.. Although senescent populations induced by different means may appear 
morphologicallyy similar, at the molecular level, some distinctions can be drawn, 
indicatingg that all senescent states are not the same. For sake of clarity of 
terminology,, I have used the term 'replicative senescence' to describe the 
telomeree length mediated barrier in general and 'agonescence' specifically for 
thee telomere length barrier in HMEC; 'stasis' for the stress-induced barrier; and 
thee term 'premature senescence' for activated oncogene or DNA damage 
inducedd growth arrest. The pRB and p53 pathways play different roles during 
differentt senescent-associated growth arrests as explained below. Similarly, the 
senescentt phenotype differs in different cell types. For example, senescent 
fibroblastsfibroblasts develop a constitutive matrix-degrading phenotype, secrete large 
amountss of matrix metalloproteinases such as interstitial collagenase and 
stromelysin,, whereas senescent epithelial cells do not express these molecules. 
Senescentt epithelial cells also secrete inflammatory cytokines such as 
interleukin-11 and growth factors such as harlequin (Shelton et al., 1999). 

Cellularr senescence may be an antagonistically pleiotropic trait, i.e. a trait that 
benefitss young organisms but is deleterious for old organisms. The irreversible 
growthh arrest associated with senescence may be the selected phenotype in 
youngg multicellular organisms since it protects them from cancerous growth. 
Butt the functional changes as a result of senescence, such as secretion of 
metalloproteases,, may be the unselected phenotypes that happen to be 
detrimentall  in old organisms as they can impair tissue function and integrity, 
and,, paradoxically, even promote late-life cancer (Campisi, 2001; Campisi et 
al.,, 1996). 

Humann epithelial cells encounter two distinct barriers to indefinite growth. The 
firstfirst barrier, which we and others have recently termed stasis is RB mediated 
andd is largely or fully independent of telomere length, whereas the second 
barrier,, which is also more stringent, is dependent on telomere length. In 
humann fibroblasts the two barriers are often superimposed upon each other. 
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6.11 Stasis 
Thee first telomere-independent barrier, often referred to as Ml , senescence or 
stasiss (stress-associated senescence) involves the RB tumor-suppressor 
pathway.. Elevated protein expression of CKI pl6INK4A is associated with 
senescentt HMEC appearing after 15-25 PD in culture, while pl6 is absent in 
post-stasiss HMEC that show greater growth potential (Brenner et al., 1998; 
Kiyonoo et al., 1998). pRB is hypophosphorylated in senescent cells and this 
hypophosphorylationn is maintained by elevated pl6INK 4 expression in cells 
duringg stasis (Brenner et al., 1998; Dickson et al, 2000; Hara et al., 1996; 
Jarrardd et al., 1999; Rheinwald et al., 2002; Sandhu et al., 2000; Stein et al., 
1990).. HMEC in stasis exhibit a viable arrest in Gl, a low level of DNA 
synthesis,, a normal karyotype, expression of SA-p-gal, and a relatively long 
meann telomere restriction fragment (TRF) length of ~6-8kbp. Although we are 
definingg stress as a condition not conducive to optimal metabolic function and 
directlyy responsible for stasis, the precise nature of the trigger for elevated pl6 

Metabolic c 
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Figg 2. The pRB pathway in stasis. Metabolic stress directly or indirectly leads 
too the upregulation of CKI pl6. Upregulated pl6 inhibits the kinase activity of 
cyclin-DD and CDK4/6 complexes resulting in hypophosphorylation of pRB 
thatt in turn leads to growth arrest. 
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expressionn is not clear. Telomere shortening appears not to be the cause of 
elevatedd pi6 levels, since the introduction of exogenous hTERT fails to 
abrogatee pl6 expression or the associated growth arrest (Stampfer et al., 
2001). . 

Studiess in various cell types suggest that pi6 may accumulate in response to 
particularr forms of stress, including cumulative oxidative damage that might 
resultt from intrinsic metabolic or pathological processes (Chen, 2000; 
Toussaintt et al., 2000). Shay and colleagues have previously argued that the 
prematuree growth arrest (M0) in both epidermal keratinocytes and 
HMECC is caused by stress due to inadequate in vitro culture conditions and that 
thiss block has no in vivo relevance (Herbert et al., 2002; Ramirez et al., 2001). 
Althoughh it is true that, during in vitro culturing, stress may be 
substantial,oxidativee damage and metabolic stress might also occur in vivo with 
similarr consequences. One hint of such a phenomenon comes from the 
observationn that cells with high pi6 are present in normal breast tissue, 
suggestingg the occurrence of stasis-like conditions in vivo (Hoist et al., 2003). 
Inactivationn of the RB pathway, mainly by down-regulation of p i6 via 
promoterr methylation or mutations is sufficient to overcome this arrest in 
cultured d 

HMECC (Brenner et al., 1998; Foster et al., 1998; Huschtscha et al., 1998b). 
Thee fact that pl6 down-regulation or RB inactivation are seen in a large 
proportionn of tumors argues that the associated barrier does have in vivo 
relevance.. In their recent paper, Rheinwald and colleagues also addressed this 
controversyy by culturing primary human keratinocytes in either specialized K-
sfmm media or in the fibroblast feeder cell system, and they confirmed that 
keratinocytess undergo pi6 related growth arrest regardless of the culture 
conditionss (Rheinwald et al., 2002) 

6.1.11 Overcoming stasis 
Losss of p l6 is sufficient to overcome this arrest in HMEC (Brenner et al., 
1998;; Foster et al., 1998; Huschtscha et al., 1998a). However, inactivation of 
thiss pathway alone is insufficient for immortalization of HMEC. Nevertheless, 
overcomingg this barrier may be essential for carcinogenesis. Consistent with 
thee fact that this first growth arrest is RB mediated, it can be overcome by 
multiplee alterations that target the pRB pathway. Many of these aberrations 
aree observed in human cancers, including inactivation of pRB itself (Band, 
1998;; Landberg et al., 1997). Similarly, loss of p l6 expression due to 
methylationn or mutation is frequently seen in human cancers (Geradts & 
Wilson,, 1996; Loughran et al., 1996; Weinstat-Saslow et al., 1995). Other 
wayss of breaching this barrier observed in human cancers include cyclin-D over-
expressionn (Bartkova, 1994; Loden et al., 2002; Weinstat-Saslow et al., 1995), 
overexpressionn of or mutations in CDK4 making pl6 ineffective (An et al., 
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1999;; Wolfel et al., 1995), and over-expressed Id-1 an inhibitor of ETS 
transcriptionn factors that activate pi6 (Zebedee & Hara, 2001). Interestingly, 
pl66 and RB exhibit a reciprocal pattern of alteration: those tumors that have 
lostt pl6 expression retain RB, whereas tumors that have lost RB retain p l6. 
Over-expressionn of poly-comb group gene Bmi-1 in primary mouse embryo 
fibroblastss (MEFs) results in down regulation of pl6 and pl9, resulting in 
cellularr lifespan extension and neoplastic transformation in cooperation with 
oncogenicc Ras or Myc. In mice, over-expressed Bmi-1 predisposes them to 
lymphomagenesis,, which is significantly enhanced in collaboration with over-
expressedd Myc (Alkema et al., 1997; Haupt et al., 1993). We have observed 
thatt overexpressed Bmi-1 also caused the HMEC to overcome stasis. 

Increasedd levels of pl4ARF, p21 and p53 are observed in well-growing post-
stasiss pi6 negative cells (Romanov et al, 2001). How these post-stasis HMEC 
cann proliferate despite elevated levels of p53 and p21 is not clear. 

6.22 Telomere-length dependent barrier : Agonescence 
Mostt normal human somatic cells do not express sufficient telomerase to 
maintainn their telomeres and therefore suffer from cell division-coupled 
telomeree attrition. (Allsopp & Harley, 1995; Blasco et al., 1990). Towards the 
endd of the replicative lifespan of a cell lineage, every successive population 
doublingg will lead to chromosomal damage. (Stewart et al., 2003). When 
shortenedd telomeres are no longer able to form protective t-loops, the 'open' 
terminall  ends of chromosomes may be detected as damaged DNA (Karlseder et 
al.,, 2002). This results in activation of a p53 dependent DNA damage 
checkpointt leading to cell cycle arrest and/or apoptosis. This phenotype has 
beenn called Hayflick limit, replicative senescence, M2 or agonescence 
(Hayflick,, 1965; Tlsty et al., 2001). During this arrest, cells typically become 
enlarged,, flattened, vacuolated and express SA-p-gal. The telomere dysfunction 
causedd by individual chromosomes with critically short telomeres results in 
significantt mitotic failures (Romanov et al., 2001). Repair of dysfunctional 
telomeress results in end-to-end chromosomal fusions and the occurrence of 
anaphasee bridges during mitosis leading to genetic instability. The genetic 
instabilityy in turn leads to gain or loss of portions of or entire chromosomes 
(Artandii  et al., 2000; Blasco et al., 1997; Hande et al., 1999). Agonescent cells 
cann remain metabolically active for long periods of time, even though they 
ceasee to proliferate (Pignolo et al., 1994). In HMEC, although there is some 
celll  death, most agonescent cells remain viably arrested at all phases of the cell 
cycle.. There are three main lines of evidence often cited in support of the 
telomeree hypothesis of replicative senescence. First, cells in culture display 
progressivelyy shorter telomeres as the cells approach replicative senescence 
(Greider,, 1990; Harley et al., 1990). Second, cells from older organisms show 
shorterr replicative lifespan in culture as well as shorter telomeres (Hastie et al., 
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1990).. Finally, the expression of telomerase is able to at least delay replicative 
senescencee of otherwise normal human cells (Bodnar et al., 1998; Stampfer et 
al.,, 2001). Moreover, Gilchrest and co-workers have reported that cultured 
humann fibroblasts exposed to oligonucleotides homologous to the telomere 3' -
overhangg sequence exhibit a senescent phenotype (Li et al., 2003). 

Humann cells undergo agonescence when the average telomere length is 4 - 7 
Kb.. It has been shown that in mice it is the length of the shortest telomere and 
nott the average telomere length that determines the onset of senescent 
phenotypee (Cimino-Reale et al., 2001; Hemann et al., 2001; Stewart et al., 
2003).. In various cell types, telomeres shorten by approximately 50-100 bp 
perr division (Allsopp & Harley, 1995; Harley et al., 1990; Huffman et al., 
2000).. In contrast, the length of the 3'-overhang remains constant during 
earlyy passages and then declines abruptly at replicative senescence. Weinberg's 
groupp has shown that it is the erosion of the telomeric overhang and not 
necessarilyy the overall length of the telomere that gives rise to the agonescent 
phenotypee (Stewart et al., 2003). The p53 pathway may sense telomere 
shorteningg by the same mechanism it uses to sense DNA damage (Martens et 
al.,, 2000). p53 transcription is activated progressively with the accumulation 
off  cell doublings (Afshari et al., 1993; Atadja et al., 1995; Rittling et al., 1986; 
Taharaa et al., 1995) and although we have not detected any significant change 
inn p21 levels in HMEC during agonescence (Romanov et al., 2001) the protein 
levelss of p21 are elevated at senescence in several cellular systems (Alcorta et 
ah,, 1996). A role for p53 during agonescence is further indicated by the 
findingss that the disruption of the protective t-loop conformation due to the 
expressionn of dominant-negative telomere binding protein TRF2 causes 
apoptosiss (in tumor cells) requiring both p53 and ATM (Karlseder et ah, 1999). 
Associationn of a number of DNA damage response proteins including the 
MRE11/RAD50/NBS11 protein complex and Ku heterodimers with mammalian 
telomeress further strengthens the argument in favor of the DNA damage 
responsee pathway involvement during agonescence. Furthermore, inactivation 
off  p53 in mouse fibroblasts during senescence results in reversal of the 
senescencee phenotype (Dirac & Bernards, 2003). p53 protein is distinctively 
modifiedd in agonescent cells. Increased serine-15 phosphorylation is observed 
inn DNA damage as well as during agonescence. However, agonescent cells have 
additionall  changes in p53 phosphorylation, including an increase in Thrl8 and 
Ser3766 and a decrease in Ser392 phosphorylation (Webley et al., 2000). 
Agonescencee does not appear to entail a consistent, sustained increase in total 
p533 levels. However, DNA-binding activity of p53 and its transcriptional 
activityy have been reported to increase upon replicative senescence (Atadja et 
al.,, 1995; Vaziri et al., 1997). 

Inactivationn of either p53 or pRB is sufficient to extend the replicative 
lifespann of human fibroblasts, and the inactivation of both proteins extends 
replicativee lifespan to a greater extent than inactivation of either one alone 
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(Morriss et al., 2002). Despite their extended life, human cells almost never 
spontaneouslyy immortalize (Band, 1995). Onset of agonescence is controlled 
byy p53 independent of pRB, but p53 must cooperate with pRB to maintain 
agonescent-associatedd growth arrest (Carnero et al., 2000). 

Replicativee senescence is thought to have evolved as a tumor suppressor 
mechanismm to protect long-lived multicellular organisms from developing 
neoplasmss (Bacchetti, 1996; Campisi, 2000; Serrano et al., 1997; Smith & 
Pereira-Smith,, 1996; Yeager et al., 1998). The following points are often cited 
inn support of such a mechanism. First, malignant tumors can give rise to cells 
thatt proliferate indefinitely without undergoing senescence. Second, some 
tumorr viruses contain genes that help cells escape senescence. Third, 
overcomingg senescence is often obligatory for tumorigenic transformation of 
culturedd cells. Inactivation of certain tumor suppressor genes, including p53, 
(Donehowerr et al., 1992) can result in cells that do not senesce (Chapter 4). 
Finally,, telomerase activity, a hallmark of immortal and tumor cells, is 
suppressedd in somatic tissues and reactivated in almost all human carcinomas. 

6.2.11 Overcoming agonescence 
Post-stasiss HMEC are readily immortalized by transduction with hTERT (the 
catalyticc subunit of telomerase) (Kiyono et al., 1998; Stampfer et al., 2001), 
supportingg the notion that short telomeres are mainly responsible for limited 
growthh of these cells and that the presence of telomerase is the factor required 
forr their immortalization. The stringency of the telomere-length block 
suggestss that reactivation of telomerase is under the control of multiple 
independentt regulatory pathways, and that it cannot be accomplished by 
alteringg the activity of a single gene. The chance that all necessary changes will 
occurr in a cell undergoing agonescence is extremely small. However, if some 
defectss required for telomerase reactivation are already present, the probability 
increasess that immortal clones appear at agonescence when additional genomic 
errorss are generated. In a few extremely rare instances, carcinogen treated 
extendedd lif e HMEC cultures have given rise to immortal cell lines without any 
additionall  treatment (Stampfer & Bartley, 1985). 

Weinbergg and colleagues recently proposed a model for oncogenic 
transformationn of primary mammary epithelial cells (Elenbaas et al., 2001). 
Theyy introduced SV40 large-T antigen, hTERT and activated H-Ras into 
primaryy HMEC and showed that these cells became immortal and formed 
tumorss when transplanted subcutaneously or into the mammary glands of 
immunocompromisedd mice. This study significantly added to our knowledge of 
oncogenicc transformation, but it still does not answer the question of how 
immortalizationn and tumor progression occur in vivo, since the introduction of 
hTERTT is artificial and no involvement of SV40 large-T in breast cancer has 
beenn reported. 
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6.33 Telomere-length dependent barrier : Crisis 
Whenn cells that have lost functional p53 approach the telomere length barrier, 
theyy fail to elicit the appropriate checkpoint and a phase of massive cell death 
ensuess that has been termed crisis (Shay et al., 1991). Inactivation of p53 and 
RBB pathways renders cells refractory to signals induced by telomeric overhang 
loss.. Agonescence differs from what has been described as crisis in the following 
respect;; during crisis cells continue to proliferate and this proliferation is 
accompaniedd by massive cell death. In comparison, during agonescence only a 
loww level of DNA labeling is observed and the level of cell death is significantly 
lower.. Crisis is often seen in cells that have lost p53 activity either due to 
mutationn or treatment with viral oncogenes. During agonescence of normal 
HMECC populations, cell populations exhibit long-term viability and no 
immortall  transformants ever arise, whereas during crisis immortal 
transformationn may occur. The evidence that the absence of functional p53 at 
crisiss may account for these differences comes from the following 
experimentall  data. Inactivation of p53 using a dominant negative genetic 
suppressorr element (GSE22) in post-stasis finite lifespan HMEC results in 
abnormall  karyotypes, exhibiting a typical crisis phenotype, accompanied by 
massivee cell death (Garbe et al., unpublished data). 
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77 Immorta l transformation 
Thee disruption of homeostatic mechanisms that regulate normal cell growth 
andd proliferation is a characteristic feature of cancer (Bernards & Weinberg, 
2002;; Sherr & McCormick, 2002). Several lines of evidence implicate cellular 
immortalizationn as a prerequisite for neoplastic transformation. The 
derangementss required for escaping cellular growth constraints, and thereby 
acquisitionn of immortality and telomerase reactivation may be rate-limiting 
stepss in human carcinogenesis. Experimentally, many of the same genetic 
changess that lead to abnormal cell proliferation confer immortality upon cells 
inn culture. Human mammary epithelial cells must overcome two distinct 
barrierss to become immortal; the first being retinoblastoma protein mediated. 
pl6INK4 aa is believed to be the main cell-cycle regulator responsible for this 
block.. This barrier is susceptible to breach by multiple means, all resulting in 
thee inactivation of pRB pathway. The second barrier imposed by telomere 
lengthh is also rendered ineffective in a number of ways, eventually leading to 
thee reactivation of telomerase. p53 and p57 are two known proteins involved 
inn maintaining this barrier. Although relieved by ectopic expression of hTERT 
inn cultured cells, the exact nature of the lesions required to overcome this latter 
barrierr during in vivo carcinogenesis has not been defined. 

Low-levell  exposure of MM-grown primary cultures to the chemical carcinogen 
benzo(a)pyrenee gave rise to several cultures with extended lifespan (EL). 
Similarr to post-selection HMEC, the EL cultures have lost pi 6 expression, and 
showw a stable form of p53 protein (Stampfer & Bartley, 1985). The EL 
culturess undergo agonescence with a mean TRF of ~5kb. Three clonal lines 
withh indefinite lifespan, 184A1, 184AA4 and 184B5 were derived from two 
separatee extended-life cultures 184Aa and 184Be; the latter arose upon 
carcinogenn exposure of reduction mammoplasty specimen 184. Karyotypic 
analysiss indicated that 184A1 and 184B5 were of distinct clonal origin, and 
exhibitedd only low levels of genomic instability. As in most breast tumors, no 
defectt has been found in these immortal lines with respect to the expression or 
phosphorylationn of RB, or in the sequence of p53 (Lehman et al., 1993; 
Sandhuu et al., 1997). These lines retain growth factor and anchorage 
dependence,, and are nontumorigenie. 

Twoo HMEC lines, 184AA2 and 184AA3 have been generated from 184Aa via 
insertionall  mutagenesis. These lines show no expression of p53 protein due to 
inactivationn of one p53 allele due to retroviral insertion, and loss of the other 
p533 allele by unknown mechanisms (Stampfer et al., submitted). Both lines 
showw some anchorage independent growth, numerous karyotypic abnormalities, 
andd exhibit genomic instability with continued passage. 

Virtuallyy all malignant tumors have high levels of telomerase activity in 
comparisonn to normal human somatic tissue (Collins & Mitchell, 2002). 
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However,, the process of immortal transformation has been difficult to mimic 
inn vitro in cell lines even with the use of radiation, chemical carcinogens or 
introductionn of oncogenes (Nonet et al., 2001; Stampfer & Bartley, 1985; 
Wazerr et al., 1994; Wazer et al., 1995). In line with the stringency of 
regulatoryy pathways governing telomerase repression, overcoming replicative 
senescencee is rare in the absence of viral oncogene exposure. Human epithelial 
cellss have only been reproducibly immortalized using viral oncogenes, SV40 
large-TT and human papilloma viral proteins E6 and E7 (Band et al., 1990; Shay 
ett al-, 1993b; Wazer et al., 1995). These molecules probably alter a number of 
otherr regulatory circuits besides p53 and pRB. The exact nature and number of 
stepss required for immortal transformation are likely to be species specific (e.g. 
humann vs. mouse), tissue specific (e.g. mesenchymal vs. epithelial), and organ 
specificc (mammary gland vs. skin) (Band, 1998; Prowse & Greider, 1995). 

7.11 Conversion model of HME C immortal transformation 
Overcomingg replicative senescence and reactivation of telomerase are not 
necessarilyy one and the same thing. Three HMEC lines (184A1, 184AA4 & 
184B5)) overcame agonescence without immediately reactivating telomerase 
expressionn as measured by TRAP assays. They continued growth for an 
additionall  5-20 passages with continuous decline in telomere length. When the 
meann TRF length reached below 2.5 kb, they started showing a gradual increase 
inn expression of telomerase and elongation of telomeres. 

Thee initial p53(+) HMEC populations that have overcome the agonescence 
blockk have been called 'conditionally immortal' since mass cultures of these 
lines,, but not each individual cell, have indefinite growth potential. Early 
passagee conditionally immortal cells express SA-jü-gal and are unable to grow in 
thee presence of TGFp. The p53(+) conditionally immortal 184A1 population 
whosee mean TRF length decline to <3 kb contained many nonproliferative 
cellss and exhibited an extended period of slow heterogeneous growth. These 
cellss also accumulated large quantities of theCKI p57, which we believe may be 
att least partly responsible for this poor growth (Stampfer et al., 1997). 

Inn the p53(+) lines, telomerase activity was first detected when the telomeres 
becamee critically short, mean TRF -2.5-2 kb, and activity levels gradually 
increasedd thereafter. In all cases, a very gradual increase in the number of cells 
displayingg a progressively increased ability to maintain growth in TGFp began 
soonn after the stage where telomerase activity was first detectable. By the 
pointt where the mean TRF was stabilized at >3 kb, the cells had converted to 
fulll  immortality, characterized by high levels of telomerase activity, littl e or 
noo expression of p57, and uniform good growth in either the absence or 
presencee of TGFp. We have used the term 'conversion' to describe this gradual 
process.. The consistent and reproducible manifestation of conversion by 
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POPULATIONN DOUBLINGS IN CULTURE 
Figg 3. Model for steps involved in HMEC immortalization. Senescence 
(stasis)/selectionn occurs while telomeres are still comparatively long and correlates 
withh high pl6 expression. pl6 inactivation by epigenetic or genetic means allows 
cellss to proliferate for an extended number of population doublings, before 
agonescencee occurs in cells with short telomeres. Cells overcoming agonescence 
aree conditionally immortal, lacking telomerase activity, and exhibiting decreasing 
colonyy forming efficiency as telomeres become critically short. Significant 
upregulationn of TRF2 is observed in these cells. The subsequent slow, 
heterogenouss growth phase correlates with sustained p57 expression. During 
conversionn to full immortality, p57 inactivation by epigentic and/or genetic 
meanss is accompanied by derepression of telomerase activity and stabilization of 
telomeree lengths. 
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7.1.11 Role of p57 in suppressing HMEC conversion 
p53(+)) HMEC that have overcome agonescence have littl e or no detectable 
telomerasee activity initially, and consequently their mean TRF lengths 
continuee to decline with passage. When their telomeres become very short 
theyy exhibit slow heterogeneous growth coincident with high expression of 
p57.. With continued passage, the cells that do manage to continue dividing 
graduallyy reactivate telomerase and stabilize their telomere lengths. Increasing 
growthh rate is accompanied by loss of p57 expression. In some cases, loss of 
p577 expression is accompanied by LOH and transient expression of the 
remainingg p57 allele (Nijjar et al., 1999). p57 presumably blocks conversion by 
mediatingg growth arrest. The absence of p57 expression in almost all human 
tumor-derivedd cell lines is consistent with the hypothesis that down-regulation 
off  p57 is required for full immortalization. Moreover, ectopic expression of 
p577 induces a senescent-like phenotype in HMEC and in prostate cancer cells 
(Nielsenn et al., 1999; Nijjar et al., 1999; Schwarze et al., 2001). 
Pathwayss that regulate p57 transcription are not fully defined. Interestingly, 
p533 null cell lines never express p57. Direct inactivation of p53 using the 
geneticc suppressor element (GSE22) abrogates p57 protein expression (Chapter 
4).. Although p57 expression is dependent on the presence of wild-type p53 
protein,, no p53 consensus-binding site is present in the p57 promoter, 
indicatingg indirect rather than direct involvement of p53 in p57 regulation. 

Conditionallyy immortal 184A1 express p57 during conversion when their mean 
TRFF length becomes very short (< 3kb). We hypothesized that p57 expression 
iss linked to telomere length and/or telomere status. To directly address this 
question,, conditionally immortal 184A1 were transduced with an hTERT 
mutantt defective in catalytic activity. Ectopic expression of the mutant 
resultedd in significant upregulation of p57 accompanied by growth arrest. p57 is 
thoughtt to act primarily through inhibition of cdk2. The consequence of this 
inhibitionn is maintenance of pRB in an active hypophosphorylated state. 

Too directly verify the findings that p57 is responsible for the growth constraint 
observedd prior to conversion, we knocked-down and inactivated p57 by 
expressingg siRNA and a dominant-negative form of p57 respectively. Both 
knockdownn and inactivation induced apoptosis in HMEC, These observations 
pinn down p57 as a growth arrest effector and identify senescence as a preferred 
tumor-suppressorr mechanism adopted by HMEC in response to telomere 
attrition/dyy sfuncti on. 
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Summary y 

Wee have used cultured human mammary epithelial cells (HMEC) to gain 
informationn on defects in processes that control growth and chromosomal 
integrityy during breast cancer progression. HMEC immortalized by a variety of 
agentsagents display marked up-regulation (7-11 fold) of the telomere binding protein, 
TRF2.. Up-regulation of TRF2 protein is apparently due to differences in post-
transcriptionall  regulation, as mRNA levels remain comparable in finite life span 
andd immortal HMEC. TRF2 protein was not up-regulated by specific treatments 
usedd to achieve immortalization, nor by expression of exogenously introduced 
hTERTT genes. We found TRF2 levels to be significantly up-regulated in 10/15 
breastt tumor cell lines, suggesting that elevated TRF2 levels are a frequent 
occurrencee during the transformation of breast tumor cells in vivo, as well. The 
dispersedd distribution of TRF2 throughout the nuclei and lack of co-localization 
withh telomere-associated protein, TIN2, in some immortalized and tumor-derived 
cellss indicates that not all the TRF2 is associated with telomeres in these cells. 
Highh levels of endogenous TRF2 protein in immortalized HMEC and breast 
tumor-derivedd cell lines may contribute to the cells' ability to prevent or survive 
grosss genomic instability due to critically short telomeres. The process 
responsiblee for increased TRF2 expression may be part of a pathway contributing 
too immortalization. 

Resultss and Discussion 

Telomeres,, the nucleoprotein structures that cap the ends of the eukaryotic 
chromosomes,, have long been recognized as critical for chromosomal integrity. 
Composedd of TTAGGG DNA repeats bound by a complex of proteins, these 
specializedd structures protect the chromosome ends from exonucleolytic attack 
andd fusion. Due to the "end replication problem," telomeres are eroded with 
successivee cell divisions in the absence of telomerase, a specialized enzyme that 
maintainss telomeric DNA. Telomere erosion has been linked to both growth 
suppressionn and genomic instability. Under normal circumstances, telomerase 
repressionn limits the number of mutations that can accumulate in a single cell 
lineage,, and serves as a stringent block to tumorigenesis. However, in rare 
circumstancess dependent on exposure to an environmental carcinogen or to 
geneticc factors, one or more predisposing mutations may arise in a single lineage 
priorr to attaining critically short telomeres [1, 2]. Instead of suppressing further 
growth,, the chromosomal instability induced in cells with critically short 
telomeress may then produce further changes that complement the predisposing 
mutationss and promote proliferation beyond a normal population doubling limit. 
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Bindingg of TRF1 and TRF2 proteins along with their interacting partners to the 
telomericc repeats is thought to reorganize the linear chromosome terminus into a 
protectivee t-loop structure, in which the G strand invades the duplex part of the 
telomeree [3]. TRF2 binding near the 3'-overhang is considered crucial to the 
formationn and stability of t-loops. Interference with TRF2 function by over-
expressionn of a dominant negative form of TRF2 results in dysfunctional 
telomeres,, leads to genomic instability, and induces a growth arrest with features 
similarr to replicative senescence [4]. On the other hand, artificially over-
expressedd TRF2 has been reported to bind to both ATM and ATR, repress DNA 
damage-inducedd cell cycle arrest, and delay senescence [5, 6]. Littl e is known, 
however,, about the regulation of endogenous TRF2 expression and function. 

Humann mammary epithelial cells (HMEC ) immortalized by a variety 
off  treatments display short telomeres 
HMECC cultured from normal breast tissue display a finite lif e span, low or 
undetectablee telomerase activity, and decreasing telomere length with passage 
[7].. Most HMEC exhibit a growth arrest (stasis) which is not telomere-
dependent,, and which is associated with high pl6 expression, after 15-30 
populationn doublings; however a small number of cells do not express pi6, and 
aree self-selected for additional growth potential in serum-free growth medium 
[7].. These post-selection pl6(-) HMEC cease net proliferation when their mean 
terminall  restriction fragment (TRF) length is ~5 kb. As they approach this 
growthh plateau, termed agonescence, the HMEC accumulate chromosome 
abnormalities,, particularly telomeric fusions, and show mitotic failures [8]. In 
p53(+)) agonescent cultures, most cells remain viably arrested at all phases of the 
celll  cycle. We have obtained rare immortalized p53(+) and p53(-) HMEC after 
treatmentt with chemical carcinogens, oncogenes c-myc or ZNF217, and/or 
dominantt negative p53 genetic suppressor elements (Figure 1) [9-11]. 
Surprisingly,, p53(+) cells show very low or undetectable telomerase activity 
immediatelyy after overcoming agonescence, and continue to divide with 
increasinglyy shortened mean telomere lengths. Eventually, when the mean TRF 
lengthss become extremely short (<3 kb) in these post-agonescent cultures, the 
cellss enter a stage of slow, heterogeneous growth termed conversion [12]. During 
conversion,, low amounts of telomerase activity are detected that increase 
graduallyy with passage. In contrast, p53(-) cells rapidly acquire high amounts of 
telomerasee activity [11]. Direct inhibition of p53 function produces rapid 
acquisitionn of high amounts of telomerase activity in cells that have overcome 
agonescence,, but not in cells that have not overcome agonescence [11]. These 
observationss have led us to hypothesize that immortalization of post-selection 
HMECC and derepression of telomerase require multiple errors in distinct 
pathways.. Since the cells that overcome agonescence can continue to divide 
withoutt exhibiting gross chromosomal instability [13], we speculated that 
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agonescencee can be overcome by changes in telomere-associated proteins which 
capp the ends of DNA and/or prevent the ends from being detected as DNA 
damage. . 

TRF22 protein levels undergo large increases in immortall y 
transformedd HME C 
Proteinn lysates harvested from actively proliferating finite life span and immortal 
HMECC cell lines were examined for expression of telomere-associated proteins 
TRF2,, TIN2, hRAPl, and TRF1. Immunoblots of total cellular protein probed 
withh a specific antibody to TRF2 indicated that four independently derived 
immortall  HMEC lines (184A1, 184AA2, 184AA3, and 184AA4) displayed 
markedlyy increased levels of the 70 kD TRF2 doublet compared to the 
carcinogen-treatedd extended lif e precursor strain, 184Aa (Figure 2A). A fifth 
immortall  HMEC line, 184B5, derived from an independent extended life strain, 
184Be,, showed the same pattern. In contrast, levels of telomere-associated 
proteins,, Tin2, hRapl, and TRF1 showed littl e differences in the same cultures 
(Figuress 2A-C). The levels of TRF2 protein observed in the immortal lines 
rangedd from 7-11 times the levels present in the precursor strains. Interestingly, 
earlyy passages of 184A1, termed conditionally immortal because they had not yet 
undergonee conversion, and displayed low or undetectable telomerase activity, 
displayedd intermediate levels of TRF2 protein. The TRF2 levels were higher in 
thee immortalized cells regardless of whether the cells were actively cycling or 
growthh arrested in GO by blockage of EGFR signal transduction [14]. A second 
TRF22 polyclonal antibody yielded identical results (data not shown). 

DNAA damage induced by irradiation and etoposide has been reported to induce 
thee temporary accumulation of TRF2 mRNA in human promyelocytic HL60 cells 
[15,, 16]. To determine whether the increased levels of TRF2 protein observed in 
immortalizedd HMEC correlated with increased TRF2 transcript levels, total RNA 
fromfrom growing HMEC cultures was subjected to northern blot analysis. Unlike 
thee large differences detected in TRF2 protein levels, differences in TRF2 mRNA 
levelss were fairly small and did not correlate with the differences in protein 
levelss (Figure 2D). The lack of correspondence between mRNA and protein 
differencess suggests that variations in post-transcriptional regulation of TRF2 
proteinn abundance exist among finite lif e span and immortalized HMEC. In 
additionn to the transcripts generally observed, uniquely sized transcripts 
hybridizingg to the TRF2 cDNA probe were observed in 184Aa and 184AA2 
RNA.. These additional transcripts did not correlate with additional protein 
speciess on immunoblots and their significance is presently not known. 
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Immortalizin gg factors or  DNA damage do not by themselves directl y 
affectt  TRF2 levels 
Wee next asked whether treatment with any of the immortalizing factors by 
themselvess was sufficient to cause up-regulation of TRF2. We compared finite 
lif ee span cells treated with four different immortalizing protocols (chemical 
carcinogenn treatment  retroviral introduction of the dominant negative inhibitor 
off  p53 function, GSE22 [17], the c-myc oncogene, or the ZNF217 oncogene) 
withh their immortal counterparts obtained by these protocols. In all cases, the low 
levell  of TRF2 expression in the finite lif e span HMEC was not significantly 
increasedd immediately after exposure to these agents (Figure 3A). In contrast, 
TRF22 protein levels were increased in the resulting immortally transformed lines. 

Thee level of TRF2 was also not significantly increased in cultures when they 
reachedd agonescence (data not shown). Since agonescence is accompanied by 
DNAA damage and genomic instability, these results indicate that TRF2 protein 
levelss in HMEC are not stably elevated in response to DNA damage alone. It is, 
however,, possible that TRF2 levels in HMEC are transiently affected by DNA 
damage,, as has been observed for TRF2 mRNA levels in HL60 cells. 

Expressionn of exogenously introduced hTERT does not lead to 
increasedd TRF2 levels 
Too examine whether increased TRF2 expression might be a consequence of 
telomerasee reactivation during immortalization, we transduced post-selection 
finitee lif e span, conditionally immortal and fully immortal HMEC with 
retrovirusess encoding hTERT, the catalytic subunit of telomerase. hTERT has 
beenn shown to be a limiting component of telomerase in post-selection HMEC 
[18].. Such cells transduced with hTERT rapidly acquire high levels of 
telomerasee activity, elongate their telomeres, and undergo uniform 
immortalization.. TRF2 levels were not increased in post-selection 184 HMEC 
immortalizedd by hTERT transduction (Figure 3B). TRF2 levels were also low in 
thee conditionally immortal 184A1 line transduced with hTERT prior to 
conversion,, a manipulation leading to rapid elongation of telomeres and 
circumventionn of the slow, heterogeneous growth phase associated with 
conversionn [18]. In contrast, TRF2 levels were elevated in 184A1 cells 
transducedd with hTERT during or after conversion to the fully immortal 
phenotype.. In all these cases, the levels of TRF2 were consistent with the levels 
presentt at the time of transduction, and did not appear to be affected by the 
presencepresence of added hTERT. 

TRF22 levels are high in a subset of breast tumor-derived cell lines 
Too start to determine the relevance of TRF2 elevation to human breast cancer, we 
comparedd TRF2 levels in common breast tumor cell lines with those in finite life 
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spann HMEC (Figure 4). Protein lysates were prepared from randomly cycling 
cellss and analyzed by immunoblotting. We found TRF2 levels significantly 
higherr in breast tumor cell lines than in the control cells in 10/15 lines examined, 
suggestingg that elevated TRF2 levels are a frequent occurrence in breast tumor 
celll  lines. Levels of TRF2 protein in these tumor lines did not correlate with the 
levelss of mRNA from the same lines (Figure 2D). 

Exogenouslyy introduced TRF2 affects the proliferativ e lif e span of 
post-selectionn HME C 
Too directly determine the consequences of increased TRF2 expression for growth 
andd immortalization, additional copies of the TRF2 gene under control of the 
CMVV promoter were retrovirally introduced into finite life span HMEC strain 
1844 alone, with c-myc, or with GSE22. High expression of TRF2 was confirmed 
byy immunoblotting (data not shown). The number of cumulative population 
doublingss prior to agonescence was modestly increased compared to controls in 
post-selectionn 184 and 184-myc cells transduced with TRF2 (Figures 5A and 
5B).. In contrast, there was no increase in the number of cumulative PD achieved 
byy 184-GSE cells transduced with TRF2 (Figure 5C). The latter data suggests 
thatt there may be overlap between the mechanisms responsible for lif e span 
extensionn by over-expression of TRF2 or by abrogation of p53 function (i.e., 
highh expression of TRF2 may interfere with induction of a p53-dependent cell 
cyclee checkpoint). Similar results were obtained using a second vector in which 
TRF22 expression was driven by a retroviral LTR instead of the CMV promoter in 
orderr to achieve lower TRF2 levels more consistent with endogenous levels 
observedd in immortal cell lines (data not shown). 

Ourr results showing that over-expressed TRF2 in finite life-span HMEC adds to 
thee proliferative potential of these cells is in agreement with the already 
establishedd protective role of TRF2 against fusions of critically short telomeres 
andd in delaying senescence [5]. Elevated TRF2 could play a protective role 
owingg to its two distinct functions. First, since TRF2 is a crucial stabilizing 
componentt of the protective t-loop structure, up-regulated TRF2 may provide 
increasedd stability even when the telomeres are relatively short. Second, TRF2 
mayy attenuate DNA damage responses by binding to and titrating damage 
responsee effector molecules, as has recently been reported by de Lange and co-
workerss [5]. However, support for this second hypothesis is lacking since the 
immortalizedd p53(+) HMEC line, 184A1, continues to display intact cell cycle 
checkpointt responses in response to externally induced DNA damage [11]. 
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TRF22 localization is abnormal in immorta l HME C and breast tumor 
celll  lines 
Immunofluorescentt studies indicated that TRF2 is expressed heterogeneously 
bothh with respect to abundance and localization in immortal HMEC (Figure 6). 
184A11 cells with smaller nuclei showed quantities and punctate distributions of 
TRF22 similar to those found in finite lif e span 184 cells, where TRF2 co-
localizedd with Tin2. However, the 184A1 cells with larger nuclei had 
correspondinglyy higher levels of TRF2 spread throughout the nuclei. A gradient 
off  cells with intermediate characteristics was also observed. Tumor cell lines 
T47DD and BT474 both exhibited dispersed nuclear TRF2 distribution uniformly 
inn all the cells, indicating a lack of dependence on cell cycle status. 

Thee mechanism responsible for the up-regulation of endogenous TRF2 in post-
agonescentt HMEC remains to be determined, but may involve altered post-
translationall  modifications and/or protein interactions since mRNA levels are 
unaffected.. Blackburn has proposed a model in which telomeres exist in two 
interchangeablee states, an open accessible form and a closed protected form [19]. 
Evidencee suggests that TRF2 binding to TTAGGG repeats promotes formation of 
thee closed protected form. During agonescence, the ends on one or more 
chromosomess may lack sufficient TTAGGG repeats to stably bind TRF2, thereby 
limitin gg formation of the protective t-loop structure and allowing 
loss/degradationn of the 3' overhang. Proteins involved in DNA double strand 
breakk recognition and repair may participate in the cellular response to persistent 
unprotectedd telomeric structures. Normally, such structures may be resolved by 
progressionn of the associated repair pathways, including DNA ligase IV-
dependentt non-homologous end-joining of unprotected telomeres [20]. TRF2 has 
beenn reported to bind to several proteins involved in double strand break 
recognitionn and repair, including the Ku heterodimer with the catalytic subunit of 
DNA-PKK [21, 22], the Rad50-MRE11-NBS1 complex [23], as well as the RecQ 
helicasess - WRN and BLM [24]. These proteins may respond to particular 
telomericc structures by interacting with and stabilizing or destabilizing TRF2 
protein.. However, in some cases, it is possible that molecular defects inhibit the 
resolutionn of the intermediates, causing accumulation of TRF2 protein. 
Alternatively,, molecular defects in HMEC undergoing immortalization may 
causee up-regulation of TRF2 protein independently of telomere dysfunction. The 
dispersedd distribution of over-expressed TRF2 throughout the nuclei and lack of 
co-localizationn with TIN2 in some immortalized and tumor-derived cells 
indicatess that not all the TRF2 is associated with telomeres in these cells. It will 
bee of interest to determine what other proteins are associated with TRF2 in this 
state. . 
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Theree is mounting experimental evidence that telomere dysfunction figures 
prominentlyy in the evolution of cancer, both as a suppressor and a promoter of 
tumorigenesis,, depending on context [2]. Elevated TRF2 may be symptomatic of 
alteredd context. If the endogenously up-regulated protein binds DNA damage 
responsee proteins and prevents telomere-dependent cell cycle arrest, as has been 
shownn for exogenously introduced TRF2, then it may participate in the 
immortalizationn process. High levels of endogenous TRF2 in post-agonescent 
HMECC and breast tumor-derived cell lines may contribute to the cells' abilities to 
evadee gross genomic instability, and may help facilitate immortalization. 

Experimentall  Procedures 

CellCell Culture 
Finitee lif e span 184 HMEC were obtained from reduction mammoplasty tissue 
withh no obvious pathology. The cells were grown as adherent cultures on plastic, 
culturedd in serum-free MCDB 170 medium (MEGM, Clonetics Division of 
Cambrex,, Walkersville, MD) as described [25, 26]. Cells were routinely 
subculturedd when 80-100% confluent and reseeded at approximately 6-7 x 
103/cm2.. Independent extended life span strains 184Aa and 184Be, and immortal 
liness 184A1 and 184B5, emerged from 184 HMEC following benzo(a)pyrene 
exposuree of primary cultures growing in MM medium as described [27]. Tumor 
celll  lines were grown in DMEM with 10% fetal calf serum. Cells were grown at 
37Cin5%C02. . 

ImmunoblotImmunoblot Analysis 
Lysatess from randomly cycling cells were collected for protein analysis. Cultured 
cellss were washed once with PBS and total cell lysates were prepared by lysing 
thee cells with 2X SDS sample buffer (4% SDS, 20% glycerol and 0.126M TRIS, 
pHH 6.8) plus protease inhibitors (20 ^g/ml aprotinin, 5 ^g/ml leupeptin, 5 ^g/ml 
pepstatin;; Boehringer Mannheim, Indianapolis, IN). Cell lysates were boiled for 
100 min. and passed several times through a 26G needle to shear the DNA. 
Lysatess were centrifuged at 13,000 Xg for 10 min. to pellet insoluble material 
andd supernatants were collected. Protein concentrations were determined using 
thee BCA protein assay kit (Pierce Corp., Rockford, IL). 50 ug of protein samples 
weree resolved on 4-12% ployacrylamide gradient gels and electroblotted to nylon 
membraness (Millipore, Bedford, MA) for 1 -1 .5 hours at 2.5 mA/cm2. After 
blockingg with 5% nonfat milk, 0.05% Tween 20 in Tris-buffered saline, blots 
weree incubated with TRF2 (IMG-124; Imgenex, San Diego, CA or SC-9143; 
Santaa Cruz Biotech., Santa Cruz, CA), TIN2 (gift of J. Campisi, LBNL), hRAP 
(IMG-272;; Imgenex), or TRF1 (T-1948 Clone TRF78; Sigma, St. Louis, MO) 
antibodies.. Antibody-antigen complexes were detected by using horseradish 
peroxidase-conjugatedd secondary antibodies and a chemoluminescent reagent 
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(Pierce).. Gel loading equivalence and blotting efficiency were determined by 
stainingg the blots with Ponceau S (Helena Labs, Beaumont, TX) and/or probing 
withh an antibody to beta-actin. 

NorthernNorthern Blot Analysis 
Cellss cultured on 100 mm dishes were washed once with PBS and lysed in lysis 
bufferr (Qiagen Inc., Valencia, CA). Total RNA was purified using RNeasy kit 
(Qiagene).. RNA concentrations were determined using a spectrophotometer, and 
northernn blots were prepared using 10 u,g of total RNA per sample as described 
previouslyy [28]. Equivalence of sample loading and transfer efficiency of 
differentt samples were checked using ethidium bromide staining of rRNA. The 
blotss were hybridized to a 32P-labeled, 1200-bp EcoRl:Xhol TRF2 cDNA probe 
(giftt of T. de Lange, Rockefeller U., NY). The TRF2 signal was measured using 
aa phosphoimager and quantitative comparisons of TRF2-specific signals were 
performedd using the ImageQuant software program, with values normalized to 
ethidiumm bromide stained rRNA. 

RetroviralRetroviral Construction and Infection 
Thee TRF2 retroviral vector pLPC.TRF2 in whichh TRF2 expression is driven by 
thee CMV promoter/enhancer, was generously provided by Dr. T. de Lange. To 
subclonee TRF2 into the retroviral vector pBabe [29], for LTR driven expression, 
aa 1500bp cDNA fragment encompassing the entire open reading frame was 
excisedd with BamHl :EcoRl from the pLPC.TRF2 vector and subcloned into the 
BamHll  - EcoRl site of pBabe.Pu [29]. The pBABE vector containing c-myc 
cDNAA was generously provided by Dr. B. Amati (DNAX Research Institute, 
Paloo Alto, CA). The derivation of other retroviruses has been described [10, 17, 
18].. Replication-defective amphotropic viruses were prepared by transient co-
transfectionn of 293 cells with retroviral constructs and a plasmid supplying 
packagingg functions [30]. Parallel HMEC cultures were infected with 
experimentall  or control viruses and selected in 0.5 ug/ml puromycin for 7 - 10 
days. . 

GrowthGrowth assays 
Cellss were grown to sub-confluence and replated at fixed densities of lxlO5 

cells/60mmm plate. Cultures were visually monitored at least twice weekly for 
growth,, mitotic activity, and morphology. These observations were recorded and 
representivee photographs taken. The total number of cells harvested at every 
trypsinizationn was calculated. The number of accumulated population doublings 
(PD)) per passage was determined using the equation, PD=(A/B)/log2, where A is 
thee number of harvested cells, and B is the number of plated cells, not corrected 
forr plating efficiency. Cumulative PDs were plotted against number of days in 
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culture.. Each experiment was repeated three times and in each case 
representativee data from one experiment is shown. 

ImmunofluorescenceImmunofluorescence and Microscopy 
Cellss were grown for 24 hr on 4-well chamber slides. After removing media, 
cellss were incubated 1 min. with 0.5 ml/chamber of stabilization buffer (4M 
glycerol,, lOOmM Pipes pH 6.9, ImM EGTA) without Triton-X. Cells were 
washedd once with rinse buffer (lOmM Tris-HCl pH 7.5, 150mM NaCl, 1% 
BSA),, and incubated two minutes with 0.5ml/chamber stabilization buffer plus 
0.05%% Triton-X. The slides were again washed once with stabilization buffer 
withoutt Triton-X, then fixed with 0.5ml/chamber of a 4% formalin, 10% Neotral 
bufferr solution (Sigma), for 5 min. at room temperature. The slides were then 
rinsedd once with 0.5ml of rinse buffer. The slides were incubated 60 min. with 
200nl/welll  of TRF2 and TIN2 specific antibodies at 5\ig/m\ concentrations. After 
rinsing,, the slides were then incubated with Texas Red conjugated anti-mouse for 
TRF22 and FTIC conjugated anti-rabbit antibodies for TIN2 for 30 min. After 
washingg the slides 3 times with rinse buffer, stained cells were visualized using 
ann Olympus BX51 microscope equipped for epifluorescence. 
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Figuree legends 

Figuree 1. Schematic showing generation of immortal HMEC lines. 

Figuree 2. TRF2 protein is significantly increased in immortally transformed 
HMEC. . 
(A)) Immunoblot showing up-regulation of TRF2 protein in independently 
derivedd immortal HMEC lines. Total cell lysates were prepared from randomly 
cyclingg sub-confluent cultures of HMEC and probed with antibodies to TRF2 
andd TIN2. EL: carcinogen treated extended life 184Aa at passage 11 and 184Be 
att passage 9; CI: conditionally immortal (telomerase ) 184A1 at passage 14 and 
IM:: fully immortal line 184A1 (telomerase +) at passage 62. Independently 
derivedd fully immortal HMEC lines 184AA2 passage 44, 184AA3 passage 29, 
184B55 at passage 51 and 184AA4 passage 49. Note that TRF2 can be detected in 
ELL lysates in longer exposures. 
(B)) Immunoblot showing up-regulation of TRF2 protein in growth-arrested (GO) 
ass well as actively cycling conditionally immortal (CI) and fully immortal (IM) 
184A11 relative to finite life span post-selection (PS) 184 and carcinogen-treated 
extended-lifee (EL) 184Aa HMEC. Passage (p) numbers are indicated. Cells 
weree growth-arrested as described [14]. Relative levels of telomere-associated 
proteinss TIN2 and RAP1 are shown for comparison. 
(C)) Immunoblot showing relative levels of telomere-associated protein TRF1 in 
PS,, EL and IM HMEC as described above. 
(D)) Northern blot showing relative levels of TRF2 mRNA in PS, EL, CI, and IM 
HMECC as described above. Relative levels in indicated breast tumor (TU) 
derivedd cell lines are also shown for comparison. Signal intensities were 
quantitatedd for the main TRF2 transcript and divided by those of ethidium 
bromidee stained rRNA to calculated normalized ratios. 

Figuree 3. Inactivation of p53, or introduction of c-myc, ZNF217, or hTERT, do 
nott by themselves directly affect TRF2 levels. 
(A)) Immunoblots showing total TRF2 protein in post-selection (PS), carcinogen 
treatedd extended life (EL), and immortal (IM) cells at indicated passages (p), 
afterr transduction with dominant negative p53 genetic suppressor element (GSE-
22),, oncogene c-myc, or oncogene ZNF217. 
(B)) Immunoblot showing total TRF2 protein in PS, conditionally immortal (CI), 
andd fully immortal (IM) cells at indicated passages (p), alone or after 
transductionn with hTERT. Passage numbers in parenthesis refer to the passage at 
whichh the cells were transduced. 

Figuree 4. TRF2 levels are high in some breast tumor derived cell lines. 
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Totall  protein lysates were collected from indicated cultured tumor (TU) derived 
celll  lines and HMEC controls. Samples were analyzed by immunoblotting as 
describedd in the legend to Figure 1. 

Figuree 5. Effect of exogenously introduced TRF2 genes on cumulative 
populationn doublings achieved prior to agonescence/crisis. 
Post-selectionn 184 HMEC were transduced with retroviruses encoding nothing 
(CON)) or TRF2 (A) alone, (B) with c-myc, or (C) with a dominant negative 
inhibitorr of p53 function (GSE). The transduced cells were grown in the presence 
off  selective drugs to confluence, then replated in triplicate at a fixed density of 
lxl05/60mmm dish. The total number of cells harvested at every subculture was 
recordedd and used to calculate the number of cumulative population doublings 
(PDs)) as described in Experimental Procedures. The experiments were 
terminatedd when the cultures failed to achieve confluence within 3 weeks. 
Cumulativee PDs are plotted against number of days in culture. 

Figuree 6. TRF2 is dispersed thoughout the nuclei in some immortal HMEC and 
breastt tumor cell lines. 
Thee indicated cell cultures were fixed and processed for immunofluorescence 
withh antibodies specific for TRF2 (red) and TIN2 (green). DNA was stained 
withh DAPI (blue) in the merged images. Representative interphase nuclei are 
shownn for each culture. In cases where TRF2 immunofluorescence was 
heterogeneouss (IM Al and IM AA2), representative nuclei containing both 
diffusee and punctate TRF2 distributions are shown. 
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p57KIP 22 Expression and Loss of Heterozygosity during Immorta l Conversion of 
Culturedd Human Mammary Epithelial Cells1 

Tarlochann Nijjar , Don Wigington, James C. Garbe, Andreas Waha, Marth a R. Stampfer, and Paul Yaswen* 

LifeLife  Sciences Division, Lawrrncr Berkeley Notional Laboratory, Berk/ley. California 9*720 (T. \„  D. W., J. C. C. M- R- S.. P. Y.j. and Lmtmg Institute for Cancer Research, 
UniversityUniversity ofCalifornia, San Diego, La Jotla. Caiifarnia 92093 f A. W.j 

Abstract t 

Wee have d a oord role for  the cycUn-dependent kinase inhib-
itor ,, p57K,Fi , during the immortalization of cattnred bantu mammary 
epitheliall  cefts (HMEC*) . HMECs tounortattzed after  chemical carcinogen 
exposuree initiall y expressed littl e or  no tetamerase , and their 
telomeress cootinoed to shorten with passage. Cell populations whose mean 
terminall  restriction fragment (TRF) length declined to S3 kb exhibited 
sloww heterogeneons growth and contained many aonnroMferative cells. 
Thesee conditionally immortal HMEC cultures acnmalated large quanti-
tiesties af OÏ7 protean. WHh continned passage, the conditionally immortal 
celll  populations very gradually converted to a fully Immortal phenotype of 
goodd uniform growth, expression of high levels of telomerase activity, and 
stabittzanonn of telomere lengm. The fury immortal HMECs that grew 
welll  did not acxamalate pS7 in G, or  daring the cell cycle. DNA and UNA 
analysiss of mass populations and iadtvidaal subclones of condWonaBy 
immortall  HMEC line 1S4A1 showed that continaed growth of condition-
allyy immortal ceHs with criticall y short telomeres was repeatedly accom-
paniedd by loss of the expressed pS7 allele and transient expresdon of the 
allelee imprinted previously. Conditionally Immortal 1S4A1 wn* mean 
TRFF >3kb, infected with retrovtruse*  omtauihig the a57 gene, exhmlted 
premalnree slow heterogeneons growth. Conversely, exogenous expression 
off  human telomerase reverse transcriptase (hTERT), the catalytic subanit 
off  telomerase, in 184AJ with mean TRF >3 kb prevented both the slow 
heterogeneouss growth phase and acanmtlarton of pS7 in cycling popata-
tions.tions. These data indicate that In HMECs mat have overcome repttcative 
senescence,, pJ7 may provide an additional barrier  against ktdefboke 
proHferatkn .. Overcoming p57-mediated growth Inhibitio n in these eels 
mayy be crucial for  acquisition of the unlimited growth potential thought to 
bee critical for 

Introductio n n 

Malignantt  progression involves accumulation or  multipl e derange-
mentss in cellular  growth control over  an extended time frame. A 
clonall  population of human somatic cells is unlikely to accumulate a 
sufficientt  number  of errors required for  tumorigenicity within the 
50-1000 population doubling limi t that replkative senescence im-
poses.. Therefore, acquisition of unlimited proliferativ e potential may 
bee necessary for  malignant progression, and replicative senescence 
mayy have evolved as a cancer  prevention mechanism in long-lived 
organismss (1). Normal human somatic cells show virtuall y no spon-
taneouss immortal transformation in vitro, whereas tumor tissues can 
givee rise to cell lines of indefinite lif e span. Additionally , normal 
humann somatic cells in vitro and in vivo show telomere loss with 
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successivee divisions (2l. whereas most human rumor (issues and cells 
displayy telomerase activity, and most cultured human tumor cells 
displayy stabilized telomere length. 

Cellularr  growth control is regulated by a group of conserved 
CDKs.'''  which govern entry into and progression through the cell 
cycle.. These CDKs are in turn regulated by two known families of 
CKJs,, defined based upon sequence similarity , binding specificity, 
andd mechanism of inhibitio n (3). The LNK4 family, which includes 
pl5,, p!6, plS, and pl9, binds specifically to CDK4 and CDK6. This 
bindingg can occur  in the absence of cyclins and prevents phosphoryl-
ationn of Rb and thus entry into S-phase. The C1P/KIP family, which 
includess p21, p27, and p57. binds CDK-cyclin complexes and is able 
too inhibi t multipl e 01 kinases including CDKs 2,3,4. and 6. Thep57 
genee has been localized to chromosome 1 lpl5.5, a region displaying 
frequentt  allelic loss in cancers of the breast, lung, and bladder, as well 
ass rare pediatric tumors such as Wilms' tumor (4, 5). LOH and 
microsatellitee instabilit y at l l p l 5 have been associated with rapid 
proliferation ,, DNA aneuploidy, and poor  prognosis in primar y breast 
tumorss (6-8). The p57 gene has been found to be imprinted with 
preferentiall  expression of the maternal allele (9), suggesting that loss 
off  the maternal allele by itself may severely reduce p57 expression. In 
onee recent study, maternal p57 alleles had been lost in 11 of 13 lung 
cancerr  cases carrying Upl5 deletions (10). Germ-line mutations in 
thee p57 gene have been detected in some patients with Beckwith-
Wiedemannn syndrome, a familial cancer-prone syndrome associated 
withh hyperplastic growth in numerous tissues and a 1000-fold increase 
inn the risk of childhood tumors (11, 12). Genetically engineered mice 
thatt  lack the p57 gene have a variety of developmental defects 
consistentt  with Beckwith-Wiedemann syndrome and indicate a role 
forp577 in control of cell proliferatio n and differentiation (12, 13). p57 
mRNAA is detectable in most normal adult tissues (9), and the highest 
levelss have been found in tissues consisting primaril y of postmitotic 
cellss (5, 14). In epithelia, p57 is reported to be expressed in regions of 
differentiatedd cells but not in regions of actively dividing cells, sug-
gestingg that p57 may be up-regulated when cells exit die cell cycle and 
startt  their  differentiation programs (13). p57 is not detectable in most 
immortall  cell lines (15). 

Althoughh overexpression of transfected p57 has been shown to lead 
too G, arrest in two different cell lines (5. 14), littl e is known about 
howw p57 expression is normally regulated in vivo. In vitro. p57 binds 
efficientlyy to complexes containing CDK2, CDK3, or  CDK4 in a 
eyelid-dependentt  manner  (5) and inhibit s the abilities of these com-
plexess to phosphorylate hi stone HI  orRb(14). p57 binding toCDK2 
cann be demonstrated in transiently transfected cells. Unlike its homol-
ogouss family member, p21. transcriptional regulation of p57 by the 
tumorr  suppressor  p5 3 has not been demonstrated. As observed for  p21 

'Thee abbreviations used ate: CDK. cydDi-depcndeat Unas; CKL CDK rahfcttor. 
LOH.. Loss of heterozygosity; EL, extended life: HMEC. human mammary eprtbeüaï cell; 
Rb,, retmobtastoma: TGF. tnmsfoniiiiig growth factor; EGF, epidermal grown factor, Li. 
labelingg index: TRF. terminal restriction fragment; hTERT. human lelomeive reverse 
transcriptase;;  RT-PCR, reverse transcription- PCR. 

69 9 



ChapterChapter 3 

p PP CHANCES DURING HUMA N MAMMAR V CELL IMMORTALIZATIO N 

andd p27, the ability of p57 to cause growth arrest in Gl does not 
dependd upon the presence of intact p53 or  Rb (5). 

OUTT present studies using the HMEC model system of immortal 
transformationn generated in our  laboratory (reviewed in Ref. 16} 
indicatee that p57 exhibits regulated expression in vitro at a specific 
stagee of the HMEC immortalization process. Exposure of primary , 
normal,, finite lif e span 184 HMECs to the chemical carcinogen, 
benzott  a)pyrene resulted in cultures the proliferativ e potential of 
whichh was extended compared with untreated controls (17). These EL 
culturess all ceased proliferatio n after  several additional passages. In 
twoo separate instances, EL cultures gave rise to immortal cell lines, 
i.e.,i.e., 1S4A1 and 184B5. Both lines show a few distinct karyotypic 
alterations,, indicating their  independent origins from single cells (18). 
Uponn continued passage, 184A1 and 1MB5 show very littl e genetic 
drif tt  compared with most human cell lines derived from tumors or  by 
virall  transformation (18). The 184A1 and I84B5 cell lines provide 
goodd systems for  studying the immortalization process per se because, 
despitee their  indefinite growth potential, they do not display aberrant 
phenotypess commonly seen in immortal lines derived from tumor 
tissuess or  by exposure to viral oncogenes. Neither  tine shows any 
defectt  in sequence or  expression of p53 (19) or  regulation of Rb 
phosphorylationn (20), nor  sustained anchorage-independent growth or 
tutnorigenicit yy in nude mice. Although the CKI  pl6 is not expressed 
inn either  immortall y transformed line (21 >. loss of pl6 expression is 
alsoo found in the nonimmortal EL precursors, suggesting that pl6 loss 
iss insufficient for  immortalization (22). 

Surprisingly,, despite their  clonal origins, most individual cells in 
earlyy passage 184A1 and 184B5 do not maintain proliferation . In 
contrastt  to later  passages and most tumor-derived cell lines, early 
passagee mass cultures and clonal isolates show littl e or  no telomerase 
activityy and their  mean TRF length continues to shorten with passage. 
Whenn the mean TRF length is S3 kb, the populations display slow, 
heterogeneouss growth, with very low colony-forming efficiencies 
(23).. These mixtures of slow-growing and nonproliferativ e cells are 
seenn in both parental and repeatedly subcloned populations of I84A1 
andd 184B5. With continued culture, these ^conditionall y immortal " 
celll  populations very gradually display more uniform proliferativ e 
potential,, accompanied by expression of telomerase activity and sta-
bilizationn of telomere lengths. They also gradually acquire the abilit y 
too maintain growth in the presence of the multifunctiona l cytokine 
TGF-0.. We have used the term "conversion"  to describe the gradual 
processs that leads to activation of telomerase, stabilization of telomere 
length,, and abilit y to grow in TGF-|8 (23). We have proposed that 
activationn of telomerase is an inherent epigenetic response to criticall y 
shortt  telomere length. Such activation does not normally occur  be-
causee a stringent implicative senescence program imposes multipl e 
constraintss to prevent growth of cells with shortened telomeres before 
telomerasee can be activated. Our  efforts to understand the nature of 
thee event(s) responsible for  the growth constraint encountered by 
conditionallyy immortal HMECs with mean TRF S3 kb focused on the 
possiblee role of CKIs. 

Material ss and Methods 

Cellss and Cdl CaKare. Finite life span 184 HMECs were obtained from 
reductionn mammoplasty tissue with no obvious epithelial cell pathology. The 
cellss were grown as adherent cultures on plastic. Tbey were routinely subcul-
ture!!  when 80-100% confluent and reseeded at approximately 6-7 x 10' 
cells/cm2.. Because of the confotnding effects of selection and terminal growth 
arrestt  (24, 25), passage numbers rather  than population doublings were used 
forr  tracking growth. The finit e life span HMECs senesce around 22nd passage, 
equivalentt  to approximately 80 population doublings, when cultured in serum-
freee MCDB170 medium (Cloneücs. San Diego, CA) as described (24. 25). In 
thee serum-containing medium, MM, tbey cease growth after  5-6 passages. 

approximatelyy 15-25 population doublings (25, 26). Independent EL cultures 
184Aaandd !84Be emerged from 184 HMECs grown in MM after  exposure of 
primaryy cultures to benzot a ipyrene as described (17, 27). Indefinit e life span 
lR4Aii  cells appeared in an MM-grown 184Aa culture at passage 9, distin-
guishablee from 184Aa cells by faster  growth, greater  retractility , smaller  size, 
andd growth as single cells versus patches. After  its initial appearance, 184AJ 
wass maintained in MCDB 170 until passage 101. Similarly. 184B5 appeared as 
aa morphologically unique patch of cells in a 184Be culture at passage 6 and 
wass maintained until passage 103. 

HMECss were arrested in a G0 state by removal of EGF from the medium 
andd exposure to 5 /ig/ml of the anti-EGF receptor antibody MAb225 for  4S h 
ass described 128). Random cycling culrures were fed 4&  and 24 b before 
harvesting.. The U of HMEC cultures was determined by incubating cells with 
[5HJthymidmee (0.5-1.0 jtCi/ml ) for  24 h. with labeled cells visualized by 
autoradiographyy as described (28). 

Retrovirall  Construction and Infection. A 1.5-kb p57 cDNA fragment 
encompassingg the entire open reading frame and most of the 5' and 3' 
untranslatedd regions (5) was excised with £<~oRI  from a Bhiesciipt vector  and 
subclonedd into the EcoKl site of pBabe.Pu (29), pGRN320 containing the 
hTERTT coding sequence in die EcoRl site of LXSN (30) was provided by 
Geronn Corp. Amphotrupic viruses were prepared by transient cotjansfecbon of 
2933 cells with retrovira l constructs and a packaging plasmid (31). Parallel 
HMECC cultures were infected with experimental or  control viruses and se-
lectedd in 0.5 fig/ml puromycin or  300 /ig/ml G418 for  7-10 days. 

ImmniwMo tt  Analysis. Total cetl lysates were prepared by tysing the cells 
directlyy in 2% SDS. 10% glycerol, and 0.063 M Tris-HCI  (pH 6.8). After  heal 
denatarationn at 95X for  10 min. insoluble material was pelleted at 13 W0 X g 
forr  10 min. The supematants were removed, and their  protein concentrations 
weree determined. One hundred fig of each sample were separated by SDS-
PAGE.. The gels were electrobloued to nylon membranes (Immobilon P, 
Millipore ,, Bedford, MA) for  1 h at 2.5 mA/cm1. Blotting efficiency and 
equivalencee of loading were estimated by staining transferred proteins with 
Ponceauu S (Helena Labs. Beaumont. TX). After  Mocking with 5% milk. 0.05% 
Tweenn 20 in Tiis-buffered saline, blots were incubated with anti-p57 (scl040; 
Santaa Cruz Biotechnology, Santa Cruz, CA) antiserum. Antibody-antigen 
complexess were visualized using horseradish peroxidase-conjugated secondary 
antibodiess and a cnemoluminescent substrate (Pierce Corp., Rockford, TL). 

Northernn Riot Aaatvrit , Cultures were lysed directly in buffered guani-
dinee thiocyanate solution. Total RNA was purified, and Northern blots were 
preparedd as described (32). Efficiency of gel loading and transfer  of different 
sampless was judged by staining with ethidium bromide. The blots were 
hybridizedd to a "P-labekd, 500-bp Notl cDNA Fragment corresponding to the 
3''  end of the p57 gene (5). Quantitative comparisons of relative RNA abun-
dancee were performed using a pbosphorimager  and ImageQuanl software 
(Molecularr  Dynamics. Sunnyvale. CA). 

DNAA Analysis. Genomic DNA and/or  total cellular  RNA were purified at 
thee indicated passages from mass cultures or  individual 184A1 cell clones 
isolatedd with cloning cylinders. PCR was performed using primers KTP2-6 
(Cf̂ CCCCGCCCCCAGTCC OO and KTP2-12 (GGGGCCAGGACCGC-
GACC),, which amplify a polymorphic region of the p57 gene. Cycles (32-38) 
off  amplification were performed with genomic DNA, whereas 32 cycles of 
amplificationn were performed with cDNA synthesized from 250 ng of total 
RNA,, PCR products woe then separated on 8% poryacrylamide gels and 
stainedd with ethidium bromide, [mages were collected for  densitometry using 
aa chemoluminescent imager. 

p577 Protein Expression Exhibit s Large Changes durin g HME C 
Immorta ll  Transformation, G0 arrested and randomly cycling cul-
turess of finite lif e span, conditionally immortal , and full y immortal 
HMEC ss were examined for  expression of the pi7 protein. HMECs 
weree arrested in G0 by blockage of EGF receptor signal transduction. 
Reexposuree to EGF leads to synchronized entry into the cell cycle 
(28).. The conditionally immortal cells showed accumulation of high 
p577 protein levels when growth arrested in GQ (Fig. IA, 184A1 
I3p-]84AJI3p-]84AJ J8p) compared with the finite life span (Fig. 1A, 184 4p, 
184184 20p; 184Aa 12p, 184Aa I4p) and fiill y immortal HMECs (Fig. 

70 0 



p57p57 changes during human mammary cell immortalization 

pS~pS~ CHANGES DURING IK MAN MAMMAR Y ( l.U 1MMORIAI I2A HON 

§§ & I"  § s 
3 3 3 3 3 3 3 3 3 3 3 

**  £ £ $$ S; 2 

cycling g 

3 3 3 3 3 3 3 3 3 3 3 33 K 

< * • •• -••»;. i« II < m * ^ > 

IS4A11 Passage Nurabtr 

Fig.. 1. Comparison of p57 protein expression in finite life span, conditional!;, immor-
tal,, and fully immortal HMECs under different culture conditions. Total cell lysaies were 
preparedd from subconfluent cultures of HMECs. which were: A. growth arrested in G„; B. 
randomlyy cycling; and C. synchronized in Go then given back EOF for stated times. 
Immunoblotss were probed with anti-p57 antibodies, and signals were detected by indirect 
cheinoluminesccncc.. p57/sf°. recombinant p57 protein control synthesized in sf° cells. D. 
colony-formingg efficiency and U in colonics for I84A1 at different passages [data 
excerptedd from Slampler ei ai (23)]. D is presented to illustrate the correlation between 
changess in p57 abundance and changes observed previously in growth of 18-1A1 at 
differentt passage levels. 

LA,, 184AI 55p. IS4AI Wlp). Loss of p57 accumulation in G0 was 
observedd ai passage levels ai which I84A1 had converted to the 
good-growing,, telomerase (+). TGF-/3-resistant phenotype (Fig. ID; 
Ref.. 23). In randomly cycling HMECs. the good-growing condition-
allyy immortal 184AI with mean TRF >3 kb 113th passage through 
15thh passage l did not show p57 protein expression. Abundant p57 
expressionn was first detected at the passage level (16th passage», 
correspondingg precisely to where these cells demonstrated the onset of 
sloww heterogeneous growth (Fig. IS). p57 levels remained high in the 
randomlyy cycling population, coincident with the period of slow 
heterogeneouss growth (16th passage through 38th passage) and mean 
TRFF levels £3 kb (23). Similar results were observed in conditionally 
andd fully immortal 184B5 cells (data not shown), although in this 
case,, conditionally immortal cells with TRF >3 kb were not available 
forr examination. As in the G0 population. p57 was not seen in the 
finitee life span or fully immortal cycling HMECs. In synchronized 
populationss of early passage, good-growing conditionally immortal 
I84A1.. p57 protein expression was down-regulated between 4 and 
122 h after release from G0 arrest (Fig. 1C). Thus, the transformation 
fromm finite life span to conditional immortality in these HMF.Cs was 
associatedd with accumulation of p57 protein during G0 arrest: how-
ever,, the good-growing conditionally immortal cells with mean TRF 
>33 kb were able to down-regulate p57 upon mitogenic stimulation 
andd entry into G,. The conversion from heterogeneous to uniform 
goodd growth was associated with loss of all p57 expression. 

Differencess in p57 Protein Levels Ar e Determined by Changes 
inn mRNA Abundance. Steady-state levels of p57 mRNA were ex-
aminedd to determine whether the observed differences in protein 
abundancee were reflected at the transcript level (Fig. 2). Fig. 2A shows 
thatt the I 7-kb p57 transcript was detectable during G0 arrest of early 
passagee (14th passage and 16th passage) conditionally immortal 
184AII  but was not detectable during G„  arrest of normal finite lif e 
spann (/S4/2p). EL (IS4Aa I4p). or fully immortal 184AI (I84AI 66p 
andd IS4AI 75p) cultures. Under stringent hybridization conditions, 
thiss was die only p57 transcript size detected in the HMF.Cs. Analysis 
off  synchronized cell populations after release from G0 arrest (Fig. IB) 
showss that good-growing I84AI 13p cells down-regulated p57 tran-
scriptt levels 4 -8 h after G0 release. However, in the poorly growing 
184AII  I6p. p57 mRNA levels remained high, even after G0 release. 
Inn fully immortal, late-passage I84AI 66p. die p57 transcript was not 
detectablee during G0 or at any stage of the cell cycle. Thus, changes 
inn mRNA abundance correlated well with both die accumulation of 
p577 protein in conditionally immortal HMF.Cs and the absence of p57 
proteinn in finite life span and fully immortal HMF.Cs. 

Exposuree of early passage, good-growing, conditionally immortal 
184A11 to TGF-/3 leads to complete cessation of growth. When un-
arrestedd I3p 184AI were exposed to TGF-/3 upon reentry into the cell 
cycle,, p57 mRNA was still down-regulated after release from G0. 
Therefore.. p57 mRNA accumulation is not a general consequence of 
growthh inhibition in these cultures. The impaired ability of fully 
immortall  HMF.Cs to growth arrest in TGF-/3 is more likely to be 
attributablee to changes in regulation of p27. because TGF-/3 did 
preventt the down-regulation of p27 protein after G0 release in these 
earlyy passage 184AI but not in the TGF-/3-resistant. fully immortal 
184A11 (data not shown). 
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;  indicated passages 
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Fig.. 2. pS7 mRNA abundance in synchronized conditional]; 
HMECs.. Total cellular RNA was prepared from 184AI cultures 
growthh arrested in G„  (A I or refed w ith EGF for 0. 1. 2. 4. 8. 12. < 
Tenn fAg of each sample were used for Northern blot analysis with ,;P-labeled human p57 
cDNA.. Fluorescence of ethidium bromide (EtBri-stained rRNA in the gels was used to 
judgee equivalence of loading. 
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Fig.. 3. p57 LOH and transient expression ol remaining allele in 184 AI mass culture 
andd subclones. A, DNA and total RNA were harvested from 184A1 cultures at passages 
noicd.. PCR with printers specific for the polymorphic proline-alanine repeat region of the 
/>*/genee revealed the presence of two alleles <01 and I03bp>inthc 16th passage and 19lh 
passagee but not in subsequent cultures. RT-PCR with the same primers revealed a switch 
inn the primarily expressed allele between the 19th passage and 29th passage (control 
reactionss without reverse transcriptase were performed bui are nol shown). B. DNA 
harvestedd from individual 1K4A1 colonics (sec Table 1 for cloning details >ai the indicated 
passagess was subject to PCR. and ratios of p57 band intensities were determined using 
imagee analysis software. 

Tablee I p57 alleli 

Passage e 

loss loss nn 184A1 colonies cloned a 

No.. of colonics w/LOH 

Totall  no. of colonies'* 

ll  differ? mm passages" 

% % 

:s s 

3/10 0 
4/10 0 

13/18 8 
7/7 7 101, , 

""  Cells al indicated passages were plaied out al clonal densities and grown until distinct 
coloniess contained 200-5000 cells. Colonies were harvested using cloning cylinders, and 
genomicc DNA was prepared by standard procedures. 

""  Colonies with LOH were defined as those for which the signal intensity for the 91-bp 
PCRR product was <S0% of that of the 104-bp product. 

Thee Major  Expressed p57 Allele Is Sometimes Lost in Fully 
Immorta ll  HMECs. To delermine whether loss of p57 expression in 
fullyy immortal I84A1 was accompanied by genetic changes, genomic 
DNAA was examined. PCR revealed that the proline-alanine repeat 
regionregion of the p57 gene was polymorphic in finite life span 184 and 
earlyy passage 184A1 ceils (Fig. 3A; data not shown). Amplification of 
thiss region yielded two products of different sizes when genomic 
DNAA was used as a template. RT-PCR showed the lower band to be 
thee allele primarily expressed in the early passage, conditionally 
immortall  cells. Genomic DNA from passage 29 and later cells showed 
losss of the lower band. To determine whether this I .OH represented 
outgrowthh of a preexisting subpopulation in the conditionally immor-
tall  cells, genomic DNA was harvested from individual colonies grown 
fromm single cells in passages 15. 16, 17. 18. and 25 cultures. Individ-
uall  15th passage clones showed partial loss of the lower band (Fig. 
3B),, indicating that allele loss was a frequent event and not attribut-
ablee to the outgrowth of a rare cell. The percentage of colonies 
exhibitingg p57 allelic imbalance or complete LOH increased with 
increasingg passage, indicating that allele loss occurred at different 
timess in different cells (Table 11. To reconcile die loss of the major 
expressedd allele by passage 25 with p57 expression seen at passages 
322 and 38 (Fig. 11. RT-PCR was performed using total RNA harvested 

att various passages. RT-PCR showed that after loss of the lower band, 
thee upper, previously silent allele was transiently up-regulated in 
conditionall  immortal I84AI during the slow heterogeneous growth 
phase.. After conversion to the fully immortal phenotype. the remain-
ingg allele was down-regulated but not lost. In fact. RT-PCR indicated 
thaii  some p57 transcripts persisted in the 184AI mass culture through 
92p.. although no p57 protein or mRNA was detected by immunoblot 
orr Northern analysis after the 38th passage. The low level of p57 
transcriptss detected in later passages, presumably because of the 
greaterr sensitivity of the RT-PCR assay, could be attributable to either 
loww level expression in the majority of the cells or to high expression 
inn a few cells undergoing delayed conversion. Unlike I84AI, I84B5 
didd not undergo p57 I.OII . although it did show down-regulation of 
p577 expression during conversion (data not shown). 

Expressionn of an Exogenously Introduced p57 Gene Induces 
Prematuree Onset of Slow Heterogeneous Growth in Conditionally 
Immorta ll  184A1. The correlative data above suggested that p57. 
eitherr alone or in conjunction with other cell cycle regulators, medi-
atedd the constraint to continuous growth encountered in conditionally 
immortall  HMF.Cs with critically short telomeres. To provide direct 
evidencee for this function, p57 levels were altered in intact cells by 
expressionn of a full-length human p57 cDNA using a retroviral vector. 
Expressionn of the exogenously introduced p57 gene caused premature 
onsett of slow heterogeneous growth in good-growing 184A1 l4p(Fig, 
4A).. Many of the p57 virus-infected cells had a flattened, vacuolated 
appearance,, similar to uninfected 184AI 17p. which spontaneously 
exhibitedd slow heterogeneous growth. The levels of p57 expressed 
andd Lis in the 14p p57 virus-infected and 17p uninfected cells were 
alsoo comparable (Fig. 4fi). These experiments provide direct evidence 
that,, when expressed at levels seen in conditionally immortal HMF.Cs 
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Fig.. 4. Expression of the retrovirally transduced p5~ gene causes premature growth 
arrestt in conditionally immortal HMECs. Parallel cultures of good-growing (14p> I84A1 
weree infected with high-liter p57SE «sense, or negative control (pBABE) retroviruses 
Afterr brief selection (7-10 days) in puromycin. surviving 14th passage cells were 
incubatedd with (*ll]thymidine for 24 h for determination of IJ or harvested for immu-
noblott analysis of total p57, A. in representative micrographs, cellss with dark silver grains 
overr their nuclei are those that have incorporated |'HJth\midine. Note that die poor 
growthh and flattened, vacuolated appearance of many of the 14th passage p57SE cells 
yarrows)yarrows) is similar to that observed in I7p cells with critically short telomeres that 
spontaneouslyy enter a poor heterogeneous growth phase B. comparison of U and p57 
levelss in randomly cycling <rvc) or G„  synchronized virus-infected and control cultures. 
Notee that the p57 levels and Us in l4pp57SE cells arc similar lo those in uninfected 17p 
cells. . 
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Hig.. 5. repression oi retrovirally transduced hTERTgene prevents up-regulalion of/>57 
genee expression in conditionally immortal HMECs. Parallel cultures of good-growing 
(12thh passagel I84AI were infected with high-tiler hTERT or negative control (LXSNi 
retrovirusess and maintained in the presence of G418 drug selection. Total cellular RNA 
wass prepared front the cultures at indicated passages, growth arrested in Ci0 or randomly 
cycling.. Northern blot analysis was performed as described in Fig. 2. KlBr. ethidium 
bromide. . 

withh critically short telomeres, p57 can function as a growth inhibitor 
inn this cell system. 

Exogenouss Expression of hTERT in Conditionally Immorta l 
184A11 with TRF >3 kb Prevents Both the Slow Heterogeneous 
Growthh Phase and Accumulation of p57 in Cycling Populations. 
Thee correlation between short mean TRF length and elevated p57 
expressionn also suggested that shortening of telomeres below a critical 
lengthh was responsible for the up-regulated expression of p57 in 
cyclingg conditionally immortal cells. To directly test this association, 
thee hTERT gene, which has been shown to encode a limiting compo-
nentt of telomerase, was transduced via retrovirus into good-growing 
I2pp I84AI with mean TRF still >3 kb. Unlike the control cultures 
infectedd with empty vims, the 184AI cells expressing exogenous 
hTERTT rapidly attained mean TRF- lengths 29 kb. maintained uni-
formm good growth, and never underwent a slow heterogeneous growth 
phasee (data not shown). In contrast to control cultures. p57 mRNA 
levelss were already reduced to undetectable levels by 27p in both G„ 
andd randomly cycling cells (Fig. 51. Artificial lengthening of te-
lomeress in the conditionally immortal HMECs was therefore associ-
atedd with continued good growth and abrogation of p57 expression. 

Discussion n 

Ourr results suggest that p57 is expressed by certain cultured cells 
whenn growth constraints associated with replicative senescence have 
beenn compromised. Expression of p57 may inhibit the conversion of 
conditionallyy immortal cells to the fully immortal slate. This conver-
sionn step has been described only recently (23) and is not readily 
detectablee in human cells immortalized via viral oncogenes, which 
mayy circumvent or rapidly accelerate the conversion process (33). 
Additionally,, conversion may not be necessary or detectable in spe-
cies,, such as rodents,, lacking stringent controls on telomerase expres-
sionn (34). Because human somatic cells do contain stringent controls 
onn telomerase expression and most instances of human carcinogenesis 
doo not involve viral oncogenes, we hypothesize that conversion is a 
rate-limitingg step in cancer progression. 

Differencess in p57 mRNA regulation must account for three ob-
servations:: (a) up-regulation during Ci0 in conditionally immortal 
cells;; (/>) decreased down-regulation during G, in conditionally im-

mortall  cells with critically short telomeres: and (c) absence of expres-
sionn during G0 or G, in fully immortal cells. The mechanisms under-
lyingg the observed expression of p57 in conditionally immortal but not 
inn finite life span HMECs remain to be investigated. It is possible that 
thee changes that conferred conditional immortality in 1K4A1 and 
I84H55 had specific effects on inducers/repressors of p57 expression. 
Alternatively.. p57 expression may be a more indirect consequence of 
changess in growth regulation that occurred during conditional immor-
talization.. For example. p57 expression may be a compensatory 
responsee to the loss of a senescence-associated growth suppressor. It 
iss unlikely that conditional immortalization occurred in a rare cell 
alreadyy expressing p57 because: (a) the l84Aa EL precursor of 184 AI 
iss itself a clonal outgrowth: and (b) we have not observed p57 
expressionn in early passage, finite life span cultures grown in MM 
medium,, a medium that supports the growth of a wider variety of 
differentiateddifferentiated phenotypes. 

Thee inability of conditionally immortal 184AI to down-regulate 
p577 after release from G„ arrest correlated exactly with the passage at 
whichh cell growth abruptly declined. The mean TRF at this passage 
levell  was —3 kb. Our experiments introducing exogenous p57 or 
hTERTT into good-growing, conditionally immortal I84A1 with mean 
TRFF -3 kb provide supporting evidence that: (a) p57 can mediate the 
blockk to growth encountered by HMECs with critically shortened 
telomeres;; and lb) p57 expression in cycling cells is regulated by 
telomeree length and/or telomerase expression. In addition to causing 
sloww heterogeneous growth, the exogenous p57 expressed in early 
passagee I84AI caused the cells to assume morphologies very similar 
too the poorly growing, conditionally immortal cells with mean TRF 
<33 kb. Although antisense methodologies might help determine more 
directlyy whether this growth constraint is mediated specifically by 
p57.. our attempts to implement such strategies have thus far been 
unsuccessfull  in reducing p57 expression levels, for reasons that are 
presentlyy unclear. 

Thee strong correlation among critically shortened telomeres, stabi-
lizedd p57 expression, and onset of slow, heterogeneous growth in 
conditionallyy immortal HMECs suggests a model in which the devel-
opmentt of extremely short telomeres causes changes in gene expres-
sionn that ultimately result in stabilized p57 expression, slow hetero-
geneouss growth, and loss of proliferative capacity. Although p57 is 
foundd primarily in the nucleus, it is not known to bind telomeric 
structuress or proteins. Therefore, the mechanism by which telomere 
lengthh influences p57 expression is likely to be indirect. Two possible 
mechanismss have precedence in yeast (35. 36). In one model, te-
lomeress and their associated proteins create an area of heterochroma-
tinn extending beyond the telomeric and subtelomeric regions, leading 
too silencing of nearby genes. As telomeres shorten, the region of 
heterochromatinn propagated down the end of the chromosome de-
creases,, and previously silenced areas are gradually derepressed. 
Differencess in telomere length of specific chromosomes could result 
inn different gene expression among cells, thus accounting for the 
heterogeneityy observed in HMECs with mean TRF £3 kb. In a second 
model,, proteins associated with telomeric repeats may also serve as 
diffusiblee positive or negative regulators of gene transcription. The 
releaserelease of these proteins with progressive loss of telomere regions 
couldd lead to gradual alterations in gene expression elsewhere. In this 
model,, differences in the overall level of remaining telomeric repeats 
couldd result in different gene expression among cells. 

Thee fully immortal cells that gradually emerged from slowly grow-
ing,, conditionally immortal HMEC cultures differed in that: la) they 
hadd demonstrable telomerase activity: (b) their mean TRF lengths 
weree stabilized at 3-7 kb: and (c) they no longer accumulated p57 
duringg G0 arrest or at any point in the cell cycle (23). Our data 
indicatedd that the major (presumably maternal) p57 allele initially 
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expressedd was frequently lost in conditional immortal 184A1 cells 
thatt  managed to proliferat e during the initia l period, where growth 
abruptl yy declined. Karyotypi c and comparative genomic hybridization 
analysiss did not reveal major  deletions or  rearrangements at chromo-
somee Upl5.5. where the pS7 gene is located, nor  did they indicate 
generall  genomic rearrangements in fully immortal compared with 
conditionallyy immortal 1&4A1 (Ref, 18: data not shown). By using 
otherr  informativ e loci proximal to the p57 locus, we are presently 
definingg the extent of the deletion encompassing p57 in mass cultures 
andd cloned colonies. Our  preliminar y data indicate that the deletion in 
att  least one mass culture is relatively small (< 10 Mb). It remains to 
bee determined how the p57 gene is deleted so frequently in cells that 
dodo not exhibit general genomic instability . Possibly, the telomeric 
proximit yy of the p57 gene makes it especially vulnerable to deletion 
eventss in cells with criticall y short telomeres. 

Expressionn data indicated that deletion of the initiall y expressed 
p57p57 allele coincided with up-regulation of the previously imprinted 
(presumablyy paternal) p57 allele. Interestingly, the same phenomenon 
hass been observed in Wilms' tumors with 1 lpl 5 LOH (37). Activa-
tionn of the paternal allele may be a compensatory response to the loss 
off  the maternal allele, the result of a feedback mechanism to prevent 
unlimitedd growth. Alternatively , a chromosomal region enforcing 
epigeneticc silencing of the paternal gene may be lost or  modified 
directlyy or  indirectly as a result of the mutagenic process that resulted 
inn the loss of the maternal allele. 

Deletionn of a p57 gene may occur  more easily or  be selected for 
moree strongly in some situations than in others. Although the I84A1 
masss culture and individual subclones displayed a high rate of p57 
LOH ,, this was not observed in 184B5 cells undergoing conversion to 
thee full y immortal phenotype. Similarly , loss of the remaining p57 
allelee in 184AI  was never  observed. In these cases, growth inhibitio n 
mayy not be as acute or  abrupt, and epigenetic mechanisms of p57 
down-regulationn may be favored. 

Althoughh the results reported here are based on immortal HMEC 
liness that retain wild-type pS3, we have recently generated two addi-
tionall  HMEC lines from the EL 184Aa culture, designated 184AA2 
andd 184AA3,4 in which both copies of the p53 gene have been 
inactivatedd or  lost. In these p53~'~ lines, the mean TRF length did not 
declinee <3.5 kb, and p57 was not detected, even at the earliest 
passages.. Although these lines expressed some aspects of conversion, 
thee process was greatly accelerated, and some telomerasc activity was 
detectablee in early passages. Interestingly, 184AA2 and I84AA3 both 
showedd LOH at the p57 locus (data not shown). Thus, it is possible 
thatt  loss of p57 function contributed to the conversion of these lines 
ass well. 

Inn summary, we have shown that p57 mRNA and protein can 
accumulatee in cultured HMECs that have escaped replicalive senes-
cencee but have not yet converted to uniform indefinite growth poten-
tial .. The data suggest that p57 plays an important role in the observed 
sloww heterogeneous growth of this cell population. We do not yet 
knoww whether  pS7 expression is involved in limitin g the growth of 
humann breast epithelial cells during malignant progression in vivo. 
Developmentt  of many primar y carcinomas, such as breast and pros-
tate,, is characterized by an extended period of slow, heterogeneous 
growthh prior  to the appearance of more aggressive, invasive tumors. 
Thesee carcinomas also generally retain wild-type p53. If overcoming 
p577 is involved in human carcinogenesis in vivo, knowledge of p57 
statuss in hyperproliferariv e or  invasive lesions may provide prognostic 
information .. Further  understanding of the mechanisms regulating the 

**  M. R_ Stamprer, J. Garbe. D. Wtgington, T. Nijjar , M. Wong, and P. Yaswen. Loss 
off  p53 contributes to Bid accelerates mKMrtalizatio n or  cultured human mammary 
epitheliall  cells, manuscript in iieparatlou. 

alteredd pS7 expression durin g immortalizatio n may also offer  new 

avenuess for  therapeutic intervention. 
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Losss of p53 function accelerates acquisition of telomerase activity in 
indefinit ee lifespan human mammary epithelial cell lines 
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Wee describe novel effects of p53 toss on immortal 
transformation,, based upon comparison of immortall y 
transformedd human mammary epithelial cell (HMEC ) 
liness lacking functional p53 with closely related p53( + ) 
lines.. Our  previous studies of p53< + ) immortal HME C 
liness indicated that overcoming the stringent replica live 
senescencee step associated with criticall y short telomeres 
(agonescence),, produced indefinite lifespan lines that 
maintainedd growth without immediately expressing telo-
merasee activity. These telomerase(—) 'conditionally im-
mortal ''  HME C underwent an additional step, termed 
conversion,, to become fully immortal tek>merase( +) lines 
withh uniform good growth. The very gradual conversion 
processs was associated with slow heterogeneous growth 
andd high expression of the cyclin-dependent kinase 
inhibito rr  QSI** 1. We now show that p53 suppresses 
tetomerasee activity and is necessaryy for  the p57 expression 
inn early passage p53( + } conditionally immortal HME C 
lines,, and that p53(—/—) lines exhibit telomerase reacti-
vationn and attain full immortalit y much more rapidly . A 
p53-inhibitingg genetic suppressor  element introduced into 
earlyy passages of a conditionally immortal telomerase(—) 
p53<< +) HME C line led to rapid induction of hTERT 
mRNA,, expression of telomerase activity, loss of p57 
expression,, and quick attainment of uniform good growth. 
Thesee studies indicate that derangements in p53 function 
mayy impact malignant progression through direct effects 
onn the conversion process, a potentially rate-limitin g step 
inn HME C acquisition of uniform unlimited growth 
potential.. These studies also provide evidence that the 
functionn of p53 in suppression of telomerase activity is 
separablee from its cell cycle checkpoint function. 
OncogeneOncogene (2003) 22, 5238-5251. doi: 10.1038/sj.onc. 1206667 
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Introductio n n 

Cellss obtained from normal human somatic tissues 
displayy a finite lifespan in vitro; immortal transforma-
tionn virtually never occurs spontaneously and has been 
extremelyy difficult to achieve even after exposure to 
physicall  carcinogens. In contrast, immortal lines can be 
obtainedd from culture of tumor-derived cells. Immor-
talityy has been suggested to be critical for malignancy 
sincee development of invasive carcinomas involves 
accumulationn of multiple derangements in cellular 
growthh control over an extended time-frame, and 
replicatjvee senescence normally halts growth before 
suchh error accumulation is possible (Bacchetti, 1996), 
Understandingg the molecular derangements that pro-
ducee cells with an unlimited lifespan in vivo may 
consequentlyy elucidate key steps involved in malignant 
transformation. . 

Immortall  and malignant transformation of human 
cellss has been shown to involve disruption of pathways 
associatedd with p53 and retinoblastoma (RB), as well as 
alteredd regulation of telomerase expression. Mutations 
inn the p53 gene are found in around 50% of all human 
cancers,, and in 15-30% of human breast cancers 
(Sjogrenn ei at.. 1996; Iacopetta el al., 1998), Mutations 
inn the RB gene are uncommon in breast cancers, but 
alterationss in expression or function of molecules 
controllingg RB activity; e.g., the cyclin-dependent kinase 
inhibitorss (CKls) pl6INK4*  and p27Kip2, and the cyclins 
Dll  and E, are common (Buckley etai, 1993; Key omarsi 
andd Pardee, 1993; Bartkova et al., 1994; Weinstat-
Sasloww et al., 1995). pl6 expression is absent in around 
30-40%% of tumors, frequently as a consequence of gene 
silencingg (Herman et al., 1995; Brenner et al., 1996). 
Changess in p27 expression are associated with more 
advancedd breast tumors (Catzavelos ei at., 1997; Porter 
elel al., 1997). Unlike normal human tissues, the vast 
majorityy of human tumors, including breast cancers, 
expresss telomerase activity. Telomerase activity is first 
detectedd in some breast carcinomas in situ, suggesting 
thatt its activation is an early event in cancer progression 
(Suginoo et at., 1996; Bednarek et al.. 1997; Poremba 
etet al.. 1999: Shpiu et al., 1999). 

Wee have developed a human mammary epithelial cell 
(HMEC)) system to study how normal growth control 
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processess are deranged in the course of immortal and 
malignantt transformation (Hammond et al„  1984; 
Stampferr and Bartley, 1985; Stampfer and Yaswen, 
2000;; Stampfer and Yaswen, 2001). Reduction mam-
mop!!  asty-derived HMEC grown in the serum-free 
mediumm MCDB 170, or the serum-containing medium, 
MM ,, show active growth for 15 30 population dou-
blingss (PDs). followed by a proliferative arrest asso-
ciatedd with expression of high pl6 levels, senescence 
associatedd /ï-galactosidase (SA-/lgal) activity, and a 
meann terminal restriction fragment (TRF) length of 
- 8 - 6 kbb (Brenner et at., 1998; Garbe et at., 1999). In 
MCDBB 170, a small number of cells undergo a 
spontaneouss self-selection process. Postselection HMEC 
maintainn good growth for an additional 30 70 PD and 
doo not express pl6, a phenotypc correlated with 
hypcrmethylationn of the pl6 promoter (Hammond 
etet a!.7 1984; Stampfer, 1985; Brenner et at., 1998). 
Postselectionn HMEC cease growth with a mean TRF of 
—— 5 kb, and expression of SA-^gal (Stampfer et at.. 1997; 
Brennerr ei at., 1998; Romanov et at., 2001). This second, 
extremelyy stringent proliferation barrier, termed ago-
nescence,, is associated with widespread karyotypic 
aberrations,, particularly telomere associations, consis-
tentt with telomere dysfunction due to critically short 
telomeress (Romanov et al„  2001; Tlsty et at., 2001). 
Agonescencee is how the telomere-length-based prolif-
erativee barrier presents when p53 is functional, whereas 
crisiss is how this barrier presents when p53 is not 
functionall  (manuscript in preparation). 

Veryy rare immortal transformation of MM-grown 
HMECC from specimen 184 was achieved following 
exposuree to the chemical carcinogen benzo(a)pyrene 
(Stampferr and Hartley, 1985). Carcinogen-treated 
HMECC produced several different extended life (EL) 
culturess that ceased growth with mean TRF ~5kb, 
exceptt for two cells that overcame agonescence and gave 
riserise to two lines of indefinite lifespan, I84A1 and 184B5 
(Stampferr and Bartley, 1985, 1988). Karyotypic analysis 
indicatedd distinct clonal origins, and a very low level of 
genomicc instability, in both cell lines (Walen and 
Stampfer,, 1989). Like most breast tumor cells, neither 
immortall  line has a known defect in the expression or 
phosphorylationn of RB, or in the sequence of p53 
(Lehmann et at., 1993; Sandhu et al., 1997). Similar to 
theirr finite lifespan EL precursors, both lines lack 
expressionn of p!6 and contain a stable form of the p53 
protein.. Neither line displays sustained anchorage-
independentt growth, growth factor independence, or 
tumorigenicity. . 

Examinationn of the p53( + ) immortal 184A1 and 
184B55 lines uncovered the previously undescribed 
processs of conversion (Stampfer el at., 1997). The newly 
emergedemerged immortal lines showed no telomerase activity 
andd continued telomere erosion with passage. Like finite 
lifespann HMEC, they exhibited no sustained growth in 
TGF0,, but unlike the finite lifespan HMEC, they 
expressedd high levels of the CKI p57 during GO arrest 
(Nijjarr el at., 1999). When the mean TRF of 184A1 
declinedd to ~-3kb, a severe growth constraint became 
prominent,, tightly associated with a failure to down-

n533 effect s on tshHiHias e In hunui t nummar y line* ^ f c 
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regulatee p57 after release from GO. When the mean TRF 
declinedd to - 2 kb, poor but sustained growth in TGF/Ï 
couldd be seen in some cells, and weak telomerase activity 
couldd be detected in some clonal isolates. Subsequently, 
thee cell population (both mass cultures and repeatedly 
clonedd isolates) gradually converted to a phenotypc 
with:: (1) increasing levels of telomerase activity; (2) 
moree uniform and rapid growth; (3) decreasing levels of 
p577 in G0-arrested and cycling cells, and (4) increasing 
numberss of cells with progressively better growth in 
TGF/i.. These studies have indicated that overcoming 
agonescencee and attaining full immortality in HMEC 
doess not require mutations in either p53 or RB, nor 
immediateimmediate expression of telomerase activity; telomerase 
reactivationn can occur subsequent to attaining immortal 
potential. . 

Inn this report, we examined the effect of p53 on the 
conversionn of immortally transformed HMEC. Com-
parisonn of three p53( + ) HMEC lines, 184A1, 185B5, 
andd the newly generated 184AA4 line, with two newly 
generatedd p53(- / -) lines, 184AA2 and 1&4AA3, sug-
gestedd that lack of p53 resulted in expression of 
telomerasee activity soon after attaining immortality, 
absencee of p57 expression, and accelerated attainment of 
fulll  immortality. The direct role of p53 in suppressing 
telomerasee activity in newly emerged immortal lines, 
andd permitting p57 expression, was then demonstrated 
throughh the introduction of a p53-tnhibiting genetic 
suppressorr element (GSE) into early passage, tel-
omerase(-),, conditional immortal 184A1, These studies 
characterizee a new role of p53 in suppression of 
telomerasee activity and malignant progression. They 
alsoo indicate why the conversion process was not 
previouslyy uncovered, as almost all other human lines 
immortallyy transformed in vitro lack p53 function. 

Results s 

pS3pS3 gene status and function differ in four distinct 
immortallyimmortally transformed HMEC tines obtained from 
thethe same EL culture 

Too study the role of p53 in HMEC immortal transfor-
mation,, the physical and functional status of p53 was 
examinedd in the four immortal HMEC lines, all derived 
fromm EL l84Aa, shown in Figure la and described in 
Materiall  and methods. Previous studies have indicated 
thatt the wild-type p53 present in postselection 184, EL 
l84Aa,, and 184A1 has a stable conformation readily 
detectablee on immunoblots, whereas the short-lived p53 
proteinn from 184 fibroblasts (184Fb) is less abundant, 
butt still detectable on the same blots. Immunoblot 
analysiss of the 184AA2 and 184AA3 cell lines showed 
noo p53 expression even after long exposure, whereas 
184AA4,, similar to 184 and 184A1, showed a high level 
off  p53 expression characteristic of stable p53 (Figure lb). 
Furtherr analysis by sequencing and Southern hybridiza-
tionn indicated that both 184AA2 and 184AA3 have viral 
insertionss within the first intron of one allele of the p53 
genee and that no normal p53 alleles are present in either 
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Figuree 1 Derivation and p53 expression and function of immortalized HMEC lines, (a) Schematic diagram of derivation of immortal 
HME CC lines. Sec Materia l and methods for details, (b) Cell lines 1X4AA2 and 184 A A 3 do not express p53 protein. Protein lysates were 
preparedd from postselecuon 184 at passage 13, I84A1 at passage 14. 184AA4at passage 24. 184AA2 at passage 26, 184AA3 at passage 
23.. and 184 fibroblasts at passage 7. Positions of the molecular weight markers are indicated. (C.D.E) Cell lines 184AA2 and I84AA3 
exhibitt altered p5.'-dependent responses. KACS analysis was performed following exposure to (c) S0ng/ml colcemid and Idl lOGy of 
ionizingg radiation (e) Northern analysis of L'V-induccd GADD45 mRNA expression in samples harvested at the indicated times 
followingg UV exposure Densomelric scans of hybridized signals were normalized to those of rRNA 

IX4AA22 or 184AA3 (data not shown). These data arrest growth after exposure to the microtubule 
indicatee that both these HMEC lines arc p53(-. '-). 

Thee functional status of p53 was determined by 
assayingg the ability of the individual cell lines to: (1) 

destabilizingg agent colcemid; (2) arrest growth after 
exposuree to X-irradiation: (3) accumulate GADD45 
mRNAA following UV exposure. Following 96 h of 
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Tabi ** 1 

CellCell line 

184184 Al 
<2n n 
2n n 
2n>4n n 
4n n 
>4n n 
Total l 

IS4AA2 IS4AA2 
<2n n 
2n n 
2n>4n n 
4n n 
>4n n 
Total l 

M4AA.1 M4AA.1 
<2n n 
2n n 
2n>4n n 
4n n 
>4n n 
Tola) ) 

1S4AA4 1S4AA4 
<2n n 
2n n 
2n>4n n 
4n n 
>4n n 

Total l 

Celll cycle distribution and DNA 

%% rota/ 

(1,2 2 
66.1) ) 
17.5 5 
13.6 6 
J.7 7 

loon n 

1.7 7 
57.7 7 
22.6 6 
13.6 6 
4.4 4 

100.0 0 

OS S 
45.0 0 
36.7 7 
16.1 1 
1.4 4 

100.0 0 

03 3 
59.3 3 
13.5 5 
18.3 3 
8.5 5 

100.0 0 

Control Control 

% % Btdl!Btdl! + 

0.0 0 
7.2 2 

16.8 8 
8.8 8 
1.0 0 

33.8 8 

0.3 3 
4 1 1 

202 2 
6 4 4 
2.6 6 

33.7 7 

02 2 
3.4 4 

35.6 6 
10.1 1 

1.0 0 
50.3 3 

0,1 1 
J.5 5 

12.0 0 
10.9 9 
4.5 5 

33.0 0 

synthesiss in p53( ( ++ ) and p53(-

ColcemidColcemid 96 h 

 total 

9.1 1 
5.5 5 

21.6 6 
50.7 7 
131 1 

100.0 0 

2.2 2 
2.2 2 

10,6 6 
4.6 6 

80.4 4 
100.0 0 

2.2 2 
4.4 4 
7.3 3 

34.6 6 
51.5 5 

1O0.0 0 

0.3 3 
4.3 3 
3.8 8 

69.5 5 
22.1 1 

100.0 0 

H> H> BrdC*BrdC* + 

0 4 4 
0.2 2 
0.5 5 
1.3 3 
2,9 9 
5.2 2 

0.4 4 
0.3 3 
0.8 8 
0.4 4 

21,4 4 
23.2 2 

0.2 2 
0.2 2 
0.5 5 
3.0 0 

13.6 6 
17.4 4 

0.2 2 
0.3 3 
0.2 2 
1.1 1 
3.S S 
5.6 6 

- )) HMEC lines following exposure 

%% total 

0,3 3 
64.8 8 
18.0 0 
14.1 1 
2.S S 

100.0 0 

16 6 
56.2 2 
22.7 7 
14.7 7 
4.8 8 

100.0 0 

0.6 6 
50.1 1 
27.4 4 
20.3 3 

16 6 
100.0 0 

6.6 6 
55.3 3 
14.1 1 
18.3 3 
5.7 7 

100.0 0 

Control Control 

% % Brdl:Brdl: < 

0 0 0 
6.8 8 

17.3 3 
9.1 1 
1.7 7 

35.1 1 

0.4 4 
4.7 7 

20.0 0 
8.1 1 
3.1 1 

36.3 3 

0.1 1 
3.9 9 

26.3 3 
11.9 9 
0.9 9 

43.1 1 

0.1 1 
6.6 6 

13.1 1 
10.8 8 
3.1 1 

33.7 7 

too colcemid or X-rays 

X-rayX-ray 48 )i 

 Wlal 

0.2 2 
4I.0 0 

I.O O 
52.1 1 
5.6 6 

1000 0 

0.5 5 
9.8 8 

15.5 5 
45.0 0 
29.1 1 

100.0 0 

0 6 6 
9.5 5 

290 0 
54.8 8 
6.1 1 

1000 0 

0 7 7 
25.5 5 

3.0 0 
53.8 8 
17.0 0 

100.0 0 

%% BrdV + 

0,0 0 
0.3 3 
0.3 3 
1.4 4 
1.9 9 
3.9 9 

0.2 2 
1.3 3 
8.6 6 
7.6 6 

188 8 
36.4 4 

0.0 0 
0.2 2 
9.0 0 
9.0 0 
2.9 9 

21.1 1 

0.0 0 
0.7 7 
1.6 6 
2.8 8 
4.3 3 
9.3 3 

5241 5241 

Randomlyy cycling populations were exposed to either colcemid (50ng/ml) or X-rays (10 Gy) for the indicated times. Cells were labeled with 10/iM 
BrdUU during the last 4h of incubation, then harvested and prepared for FACS analysis. DNA content was determined by propidium iodide 
staining.. BrdUi +) cells were identified using a fluorochrome-labeled anli-BrdU antibody 

colcemidd exposure, p53( +) 184A1 and 184AA4 con-
tainedd DNA contents corresponding mostly to 4n, 
whereass p53(-/~) 184AA2 and 184AA3 contained 
>4n;; 184AA2 and 184AA3 also showed greater on-
goingg DNA synthesis as evidenced by the continued 
incorporationn of BrdU (Figure 1c, Table 1). At 48 h 
followingg X-irradiation, p53( + ) 184AI and 184AA4 
arrestedd with DNA contents largely corresponding to 2n 
or4n,, with few cells in Sphase (Figure Id, Table 1). The 
presencee of some tetraploid cells in 184AA4 cultures (see 
below)) may account for some of the 8n population seen 
inn these assays. In contrast, p53(—/—) 184AA2 and 
1844 A A3 cells had peaks corresponding to 4n, but also 
showedd broad distributions of DNA contents ranging 
fromm 2n to > 4n; 184AA2 and 184AA3 also maintained 
DNAA synthesis following X-irradiation. Finally, 
184AA22 and 184AA3 showed no GADD45 induction, 
whereass the p53( +) HMEC exhibited 2-5-fold 
GADD455 induction 4-24 h following UV exposure 
(Figuree le). 

Thesee analyses indicate that the 184AA2 and 184AA3 
liness lack p53 expression and functional activities. 
Further,, tiiese data demonstrate that the abundant p53 
proteinn present in the p53( + ) HMEC lines is functional, 
butt does not show check point-arresting activities in the 

absencee of activating stimuli such as irradiation or 
colcemid. . 

p53(-l-)p53(-l-) HMEC Unes 184AA2 and 184AA3 rapidly 
reactivatereactivate telornerase activity and attain full immortality 

Priorr analysis of the p53( + ) 184A1 and 184B5 lines 
indicatedd that they underwent a gradual conversion 
processs (Stampfer et al., 1997). The newly derived 
p53(- / -)) 184AA2 and 184AA3 lines and p53< + ) 
184AA44 were now analysed at different passage levels 
forr conversion associated phenotypes, that is, telorner-
asee activity, mean TRF, growth in TGF0, and p57 
expression. . 

Thee conversion process in 184AA4 resembled that 
seenn in 184A1. Both lines were derived from EL 184Aa, 
andd were first detected in 184Aa populations at passages 
133 and 9, respectively. No telornerase activity was 
detectedd in early passage I84AA4, while later passages 
showedd a gradual increase in activity (Figure 2b and d). 
Meann TRF analysis of the earliest passage 184AA4 that 
couldd be examined, passage 23. showed a faint signal of 
<< 2.0 kb (Figure 2a and e), indicating a decline from the 
~4-Sfcbb length in the parental l84Aa population at 
passagee 13 (Stampfer et al., 1997), and consistent with 
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Figuree 2 Conversion lo full immortality is accelerated in p53( ) lines. Different passage levels of p53l 4 ) 1X4AI and I84AA4 and 
p53(( ) 184AA2 and 184AA3 were assayed for (a) mean T RF length; ( b| telomerase activity; (c) growth +TGFJJ. For mean T RF 
length,, open symbols indicate that the signals were faint. For telomerase activity, semiquantitative values were obtained by comparing 
thee levels of H M EC telomerase products generaled to those generated for a constant number of 293 cells (1.000 cell equivalents) The 
followingg categories were used: None = no detectable telomerase products by phosphonmager analysis: low = approximately 10% of 
2933 control: medium = 25-50% of 293 control: strong = > 7 5% of 293 control Li s in colonies grown + TGF/I were determined as 
describedd in experimental procedures (d) Representative T R AP assay for 184AA4. (e) Representative T RF assays for 1X4AA3 and 
I84AA4 4 
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I'aMcc 2 Growth of I84AA2, I84AA3, I84AA4, and 184AI-GSE22 colonics ai differeni passage le nfTGl/f f 
5243 3 

CellCell line-past 

LabelingLabeling index (% 

TGFPTGFP  - TGFIITGFII ' -

184A184A A2 
19 9 
24 4 
32 2 
45 5 

0 0 
ND D 

TFTC C 
I) ) 
0 0 

ND D 
0 0 

100 0 

100 0 

85 5 
98 8 

0 0 
7 7 
0 0 

TFTC C 
24 4 
15 5 

13 3 
12 2 
0 0 

38 8 
42 2 

184AA4 184AA4 
23 3 
25 5 
30 0 
36/37 7 
44 4 

184184 AI-Babe 
14 4 
17 7 
20 0 

184A1-GSE2 184A1-GSE2 
14 4 
17 7 
21 1 
25 5 
30 0 

100 0 
100 0 

18 8 
17 7 
21 1 

22 2 
32 2 
62 2 

AA total of 2011 10000 single cells were seeded per 10(1 mm dish, and the labeling index J. TGI-"/' in the ensuing colonics that contained > 50 cells was 
determinedd as described in Materials and methods At least 45 colonies were counted to determine percentage labeling index. ND = not determined: 
TFTCC = too few colonies to count 

thee absence of telomerase activity. By passage 32. the 
- 2 . 0 kbb T RF signal in 184AA4 became stronger, and 
thenn increased to ~ 3 kb by passage 37. 184AA4 growth 
capacityy + TGF/? also gradually increased (Figure 2c 
andd Table 2). Abundant p57 m R NA expression was 
seenn dur ing GO arrest at passage 25 (Figure 3). Lower. 
butt still detectable levels of p57 expression were present 
inn passage 61 GO-arrested cells. In cycling I84AA4 
populat ions.. p57 expression was detectable at passage 
25.. but was greatly reduced compared to the G0-
arrcstedd cells: p57 was barely detectable in cycling 
184AA44 at passage 61. Fully immortal passage 71 
184AA44 did not display any anchorage-independent 
growthh (Table 3). Altogether, these data indicate that 
p53(( + ) I84AA4 undergoes a gradual conversion 
processs vcrv similar to the p53( - r) lines 184 AI and 
184B5. . 

Unl ik ee the p53( + ) lines. p 5 3 (- - M 8 4 A A 2 and 
184AA33 rapidly at tained full immortal i ty. I84AA2 
displayedd good initial growth and maintained good 
growthh thereafter: 184AA3 displayed very slow initial 
growth,, but achieved good uniform growth by passages 
200 24 (Table 2). These initial observat ions indicated 
thatt these p53( — ' —) lines did not undergo a very gradual 

QQ a S ^ f f S * X X i n l i n ' J i ï 
« « - - « « - - " r T i N M r - N N 

p57--

EtBf--

Kiguree 3 Cell lines 184AA2 and I84AA3 do not express p57 
mRNAA p53( + ) 184A1 and 184AA4 and p53(-,-) 184AA2 and 
184AA33 were examined at the indicated early and late passages for 
p577 mRNA expression. Cells were arrested in GO by removal of 
EGFF from the medium and addition of the anti-EGh receptor 
antibodyy MAb225 for 48 h. Cycling cells were fed 48 and 24 h prior 
too harvest. The bottom panel indicates relative amounts of total 
RNAA loaded in each lane, as judged by ethidium bromide staining 

conversionn process. To determine to what extent they 
didd display conversion-associated propert ies. 184AA2 
andd 184AA3 were examined at different passage levels 
forr telomerase activity, mean T RF length, growth 
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Tablee 3 Anchorage-independent growth of 184AA lines 

CeltCelt line 

I84AA2 2 
184AA2 2 
184AA3 3 
I84AA3 3 
1X4AA4 4 

Colon Colon size size 
Passag Passag 

\') \') 
SO O 
\'i \'i 
50 0 
71 1 

dis dis 
U U 

nbuiionnbuiion 1% colonies 
7'5-7'5- ISOitrn 

0.58 8 
0.03 3 
0 0 
0.55 5 
0 0 

loialloial  cell. seeded/ seeded/ 
>>  150 urn 

0.04 4 
0.08 8 
0 0 
0.03 3 
li i 

Singlee cells t lO'l were suspended per 60mm dish in melhylcellulose as 
describedd in Materials and methods The percent ol" cells capable of 
formingg colonies at the indicated size was determined after 3 weeks 

capacityy +TGF/J (Figure 2: Table 2). and p57 expres-
sionn (Figure 3). 

184AA22 already contained strong telomerase activity 
whenn assayed at passage 17. Consistent with telomerase 
activityy being present, the mean TRF length remained at a 
stablee value of ~4kb from passage 17 through passage 
45.. I84AA2 did show the conversion-associated gradual 
acquisitionn of the ability to maintain growth in TGF/J. 
Althoughh some cells were capable of maintaining growth 
inn TGF/J at the earliest passages tested, uniform good 
growthh was not present until after passage 32. In 184AA3. 
weakk to medium telomerase activity was present at the 
earliestt passage testable, passage 17. and strong activity 
wass present by passage 23. The mean TRF increased from 
~3.5kbb at passage 17 to a stabilized value of ~4kb by 
passagee 23. Some poor growth in TGF/? was present in 
passagee 19 cells, but good uniform growth in TGF/< did 
nott occur until after passage 31. Unlike the three p53( + ) 
lines,, no p57 mRNA expression was detected in either 
184AA22 or 18AA3 at early or late passages, in GO or in 
cyclingg populations (Figure 3). The capacity for ancho-
rage-independentt growth was already present in 184AA2. 
butt not I84AA3, at passage 19. However, both 184AA2 
andd 184AA3 displayed anchorage-independent growth 
whenn examined at passage 50 (Table 3). Continued 
passagee of 184AA3 may have selected for rare, pre-
ëxistentt anchorage-independent cells, or promoted the 
generationn of cells harboring this aberration. 

Altogether,, these data indicate that the behavior of 
earlyy passages of both p53(—/—) lines significantly 
differedd from that displayed by early passages of the 
p53(( + ) lines. The p53(—/—) lines expressed telomerase 
activityy more rapidly, mean TRF lengths did not 
decreasee below 3.5 kb. they quickly acquired uniform 
goodd growth potential, and p57 expression was totally 
absent.. The p53(—/—) lines resembled the p53( + ) lines 
inn showing a gradual acquisition of increasing number of 
cellss with progressively better growth capacity in TGF/f. 

InactivationInactivation ofp53 expression in early passage 
conditionallyconditionally immortal 184AI produces rapid 
telomerasetelomerase reactivation and attainment of full 
immortality immortality 

Thee capacity of both p53(—/—) lines to express 
telomerasee activity rapidly, and their absence of p57 
expression,, suggested that these properties were the 
resultt of the lack of p53 function. To test this possibility 

Oncogent t 
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Figuree 4 I84A1 transduced with the dominant negative p53 GSE 
GSE222 at passage 12 (184A1-GSE22), shows reduced capacity for 
checkpointt arrest following exposure to (a) 50ng/ml colcemid and 
(b)) lOGy of ionizing radiation 

directly.. p53 function was inactivated in early passage 
184A11 by transduction of the p53-inactivating GSE, 
GSE222 (Ossovskaya et at., 1996). The inhibition of p53 
functionn in the 184A1-GSE22 culture was demonstrated 
byy its failure to arrest fully after exposure to colcemid or 
X-irradiationn (Figure 4). 

184A11 transduced at passage 12 with GSE22 rapidly 
expressedd telomerase activity and gained full immortal-
ity.. As shown in Figure 5a. I84A1-GSE22 displayed 
intermediatee levels of telomerase activity 7 days after the 
populationn was infected at passage 12. and strong 
activityy was present by passage 19. As expected, the 
control,, vector alone culture. I84AI-Babc. showed no 
telomerasee activity at passage 12 or 16. Consistent with 
thee TRAP assay results, quantitative RT PCR assay-
showedd a > 10-fold increase in hTERT mRNA expres-
sionn within two passages of GSE22 transduction 
(Figuree 5b). Thus, inactivation of p53 function allowed 
rapidd induction of hTERT and telomerase activity in 
conditionallyy immortal telomerase(-) HMEC. As 
shownn in Figure 5c, the mean TRF length in I84AI-
GSE222 showed a modest decline from - 5 kb at passage 
133 to a stabilized length of ~4kb by passage 25. The 
TRFF signal never became faint nor declined below 4kb. 
Ass shown in Table 2. 184A1-GSE22 did not undergo a 
prolongedd slow growth phase; uniform good growth was 
presentt by passage 25. 184A1-GSE22 assayed up to 
passagee 30 showed a gradual increase in the capacity to 
maintainn growth in the presence of TGF/?. No p57 
proteinn was expressed in the 184A1-GSE22 cycling 
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Kiguree 5 1X4A1 transduced with GSE22 shows rapid induction of telomerase activity, stabilization of telomere lengths, and reduction 
inn p57 expression. Representative (aI TRAP (b) Quantitative RT PCR for hTERT and (cl mean T Rl results are shown for the lMA i -
Bahee control and I84A1-GSE22 lines. Values at the bottom of (b) are mean TRK lengths calculated as described in Material and 
methodss (dl An immunoblot of total cell extracts probed with a specific anti-p57 antibody shows that p57 protein is downregulated in 
184A1-GSE222 during GO compared to the control cells, and lhat p57 protein is not expressed in cycling populations An extract of 
1S4A11 transduced with a p57 expression vector (p57S) is included to indicate the position of p57 protein on the gel 

populationn at passages 14 22. in contrast to the 
abundantt p57 at passage 14 in the I84A1-Babe control 
populationn (Figure 5d). Very low levels of p57 compared 
too 184AI-Babc could be seen in the GO-arrestcd cells. 
Thesee results suggest that the high p57 expression in 
conditionallyy immortal IIME C is dependent upon 
expressionn of functional p53. The absence of p57 may 
inn turn be responsible for the absence of a prolonged 
conversion-associatedd slow growth phase. Altogether, 
thesee data indicate that an absence of functional p53 can 
directlyy accelerate andor circumvent the conversion 
process. . 

K'jrvonpwK'jrvonpw analysis shows different levels of initial 
chromosomalchromosomal derangements and rates of genetic 
driftdrift  in the p53( —I—) andp53l 4 ) cell lines 

Losss of p53 function may contribute to malignant 
progressionn through an increase in genomic instability. 
Ourr previous studies indicated that the p53( -t ) I84A1 
andd 184B5 lines did not exhibit gross chromosomal 
instabilityy as measured by karyotypic analysis or 
comparativee genomic hybridization ((Walen and 
Stampier.. 1989): unpublished results). To determine if 
p533 loss was associated with greater genomic instability 
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Tablee 4 Karyotype analysis of 184 A A lines 

CellCell line Chromosom Range of Composite karyotype 
passagepassage H mode chromosome # 
analysed analysed 

OtherOther aberrations:comments ToialToial it of' 
cellscells analysed 

1B4AA2,, p21 44 

184AA2,, p47 76 

X,-4,-8.-9,?der(9),, - I I . - 1 3 , 
*der(15 tx2.- !6,, -17 .1 -7 . 
++ der(20>,-22,+ 4~12mar 
X X . ÏÏ 1, + 1,-t Ï . + 7, +9 ,+ derl9)i2, 
++ der(1l|. derl 15). + 19,-17.-17 t 20, 
** der(2) x2. * 21, + 21,-22, ( 19~22mars 

1K4AA3,, p23 

184AA3.. p45 

184AA4,, p26 

184AA4,, p56 

63 3 

86 6 

45 5 

44 4 

588 71 

777 88 

42-49 9 
70-81 1 

311 56 
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X,der(X)add{Xp22.3),-l, , 
++ der( l ) l (?;p21)x2,-4.-( . , -9,-12,-13,-3 
++ der(B)add(q34) , - ]5 , -15, 
t(fc:r(15)'.>i(ql0),, + 3~5mar 

Similarr to p23 

X , -4 , -6 , -6 .12 .. + der(15), + 4~10mar 

- X , - l - l , i ( l K p l O )) - 6 , - 8 , - 9 , - 1 0 , 
-16 , -18 ,, -19 + 5~7mar 

Smalll ring (4)', ias(4)', minutesO)' 

Mostt cells wilt i 1 3 mm 

Smalll ring may be derived from 
chromosomee 16 or 19 

Noo ring, minutes (10)*, dicentrics 
occasionallyy observed. Some markers 
consistt o f lq 

4/255 cells telraploid with multiple 
doublee minutes/dicentrics 
Noo evidence of double minutes 
orr dicentrics 
1/211 cell tetraploid, similar, duplicated 
markerss as in near diploids 

'Numberr of cells in which the particular aberration was detected. 

inn our HMEC lines, the karyotypes of the newly 
generatedd 184AA2, 1S4AA3, and 184AA4 were ana-
lysedd at early and late passage levels for the extent of 
initiall  chromosomal alterations, and ongoing chromo-
somall  instability. 

184AA44 could first be examined at passage 26, when 
thee population was still exhibiting poor heterogeneous 
growth.. The karyotype was mostly near-diploid, with 
approximatelyy 10% of cells near-tetraploid. Unlike early 
passagee 184AI and 184B5, numerous chromosomal 
aberrationss were present, including four to nine marker 
chromosomes,, evidence of double minutes, and many 
dicentricss (Table 4). However, examination of the good 
growingg passage 56 population showed a less aberrant 
karyotype,, which was mostly near-diploid, with only 
threee to four of the largest marker chromosomes 
present,, and no evidence of dicentric or double minute 
chromosomes.. A pronounced difference between the 
earlyy and late passage 184AA4 cells was the absence of 
anyy detectable whole chromosome 1 in the late passage 
cells,, coincident with the appearance of an iso-chromo-
somee lp. The absence of increasing genomic instability 
withh passage suggests that the cells that maintained 
proliferativee potential harbored fewer aberrations. 

184AA2,184AA2, first examined at passage 21, exhibited 
numerouss chromosomal aberrations. The karyotype 
wass near-diploid, with derivative chromosomes 15 and 
20,, 4-12 marker chromosomes, a small ring chromo-
some,, the appearance of telomere association (tas), and 
minute,, possibly acentric chromosomes (Table 4). 
Greaterr than 50% of the cells analysed contained likely 
identicall  large marker chromosomes. When examined 
againn after approximately 80 additional PD (passage 47) 
thee karyotype was now hyper-triplo id, with an increased 
numberr of derivative and marker chromosomes. Most 
cellss at both early and late passages exhibited one to 

threee minute chromosomes. There was no identifiable 
chromosomee 17, wherein the p53 gene is located at band 
pl3.1. . 

184AA3,, first examined at passage 23, also contained 
numerouss chromosomal aberrations. The cells were 
hypo-triploid,, with derivative chromosomes X, 13, and 
15,, as well as five to eight marker chromosomes. The 
threee largest markers appeared to consist of material 
fromm the long arm of chromosome 1, indicating the 
presencee of six or more copies of the entire or a large 
portionn of lq (Table 4). One or more large marker 
chromosomes,, likely derived from the long arm of 
chromosomee 1, were observed in greater than 70% of 
thee early passage cells, suggesting a clonal origin of this 
line.. After an additional approximately 70 PD (passage 
45),, the karyotype showed further chromosome com-
plexity,, with a modal chromosome number of 86 and an 
increasedd number of marker chromosomes and minute 
chromosomes.. These results with the p53(—/—) lines 
indicatee both a high level of initial chromosomal 
derangements,, as well as increasing chromosomal 
instabilityy with continued passage. 

Discussion Discussion 

Ourr previous work has described the process of 
conversion,, a novel step associated with telomerase 
reactivationn in HMEC that have already overcome all 
senescencesenescence harriers and gained immortal potential 
(Stampferr et at., 1997; Garbe et at., 1999; Nijjar et at., 
1999;; Nonet et ai, 2001; Stampfer and Yaswen, 2001). 
Thesee prior studies investigated HMEC that retained 
wild-typee p53 and p53 functional activity following 
immortalizationn induced by a chemical carcinogen and/ 
orr a putative breast cancer oncogene, ZNF217. In this 
report,, we examined the process of conversion in 
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immortalizedd HMEC lacking p53 expression and/or 
function.. We show that newly immortalized HMEC 
lackingg p53 exhibit rapid telomerase reactivation follow-
ingg immortalization, and that p53 suppresses telomerase 
activityy and is required for p57 expression in early 
passagee immortalized HMEC lines. These data expand 
thee known roles of p53 in suppressing transformation. 
Theyy may also explain why the conversion process was 
nott previously uncovered, as almost all other human 
systemss of in vitro immortalization use cells lacking p53 
functionn (Band / ai, 1991; Shay et ai, 1993; Shay et ai, 
1995;; Gao et ai. 1996; Gollahon and Shay, 1996; Cao 
etet ai, 1997). 

Inn our p53( +) HMEC, newly emerged indefinite 
lifespann lines initially exhibit littl e or no detectable 
telomerasee activity. The conversion process involves a 
prolongedd period of poor growth coincident with high 
expressionn of p57 and a mean TRF of <3kb. In 
contrast,, the p53( — —) lines described here rapidly 
attainedd full immortality. Some telomerase activity was 
presentt at the earliest passage levels that could be 
assayed,, mean TRF length did not decline below 3.5 kb. 
andd uniform good growth was attained within 5 10 
passagess following isolation of these cell lines; further-
more,, no p57 was expressed. The direct role of p53 in 
thesee differences was demonstrated by inhibiting p53 
functionn in early passage conditionally immortal 
p53(( + ) 184A1 by transduction with the p53-inhibiting 
GSE22.. 184A1-GSE22 rapidly expressed hTERT and 
telomerasee activity and downregulated p57 expression. 
Thee fully immortal phenotype was present by passage 
25,, compared to passage 40 in control 184A1 cultures. 
Thus,, the absence of p53 function greatly accelerated 
and/orr circumvented the conversion process, and 
generatedd aggressively growing cells rapidly following 
thee overcoming of all senescence barriers. A similar 
accelerationn of telomerase reactivation was previously 
reportedd when p53 was inactivated in early passage 
184A11 through transduction of the SV40-LgT antigen 
(Garbee el ai, 1999). 

Thee rapid expression of hTERT and telomerase 
activityy in 184A1 transduced with GSE22 provides 
directt evidence that p53 plays a role in suppression of 
endogenouss telomerase activity. However, preliminary 
experimentss showing that introduction of GSE22 does 
nott activate strong telomerase activity in postselection 
1844 or EL 184Aa (unpublished results) indicate that 
abrogationn of p53 expression/function alone is not 
sufficientt for expression of telomerase activity. Thus, 
overcomingg agonescence may involve the occurrence of 
derangementss that provide a potential to express 
telomerasee activity, but where p53 remains present and 
functional,, it may inhibit telomerase activity. This 
inhibitionn could occur through effects on hTERT 
transcriptionall  activation and/or direct association with 
otherr proteins in the telomerase complex (Li et ai, 1999; 
Xuu ei al., 2000). In the p53( + ) situation, telomerase 
reactivationn was not observed prior to the lines attaining 
ann extremely short telomere length, mean TRF <2.5kb, 
andd a very faint TRF signal. However, the p53{- / -) 
liness did not need to attain mean TRF lengths < 3 kb 

p533 eflid s on tekvnen u in human nummar y lines 
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priorr to expressing telomerase activity, and indeed never 
acquiredd such short telomeres, p53( +) telomerase(-) 
conditionallyy immortal HMEC may require an as yet 
undefinedd alteration that occurs when the TRF reaches 
<3kb.. in order to overcome a p53-imposed inhibition 
off  telomerase expression and/or activity. The ability or 
p533 to suppress telomerase activity may exemplify the 
potentiall  of p53 to express functional activities in the 
absencee of conditions that lead to its activation 
(Albrechtscnn et ai. 1999). In this regard, the higher 
p533 protein levels in post- vs preselection HMEC might 
compensatee for the loss of pl6 expression by increasing 
surveillancee and suppression of genes favoring transfor-
mation,, such as hTERT. Similar to what we have shown 
heree for the p53( +) immortal HMEC lines, the stable 
p533 present in the postselection HMEC does not show 
checkk point-arresting activities in the absence of activat-
ingg stimuli (manuscript in preparation). 

Thee earlier acquisition of TGF/Ï resistance in the 
p53(—,'—)) vs p53( +) lines is likely a consequence of 
theirr earlier expression of telomerase activity. We have 
shownn that retroviral transduction of hTERT can confer 
graduall  TGF/Ï resistance, over 10-20 passages, to 
telomerase(-)) early passage conditionally immortal 
I84A11 (Stampferf/ ai, 2001). In both the p53( + )and 
p53(- / -)) lines, most cells showed good uniform growth 
inn TGF/Ï by around 15 passages following the first 
detectionn of telomerase activity. 184A1-GSE22 also 
showedd a gradual increase in TGF/Ï resistance over the 
133 passages in which it was assayed. Altogether, these 
dataa indicate that newly emerged immortal HMEC lines 
cann gradually gain resistance to TGF/Ï growth arrest 
afterr acquiring telomerase activity, independent of p53 
function. . 

AA major distinction between our p53( +) and 
p53(- / -)) HMEC lines is the absence ofp57 expression 
whenn p53 function is lacking. p57 is readily detected in 
GO-arrestedd p53( + ) conditionally immortal HMEC; the 
sloww growth phase of conversion, which occurs when the 
meann TRF declines to < 3 kb, is tightly correlated with a 
failurefailure to downregulate p57 upon release from GO. We 
havee hypothesized that this lack of p57 down regulation 
iss signaled by the increasingly shortened telomere, since 
previouss studies demonstrated that retroviral introduc-
tionn or hTERT into passage 12 1S4A1 (mean TRF 
4-55 kb) precludes further telomere erosion and prevents 
bothh expression of p57 in the cycling cell population and 
thee slow growth phase of conversion (Nijjjar ei ai. 1999; 
Stampferr et ai, 2001). Similarly, we now show that 
inactivationn of p53 function in passage 12 184A1 with 
GSE22;; (1) prevented TRF decline below 4kb; (2) 
preventedd p57 expression in the cycling population; (3) 
producedd nearly complete downregulation of the pre-
existingg levels of p57 expressed in GO-arrested cells; (4) 
eliminatedd the slow growth phase of conversion. The 
absencee of p57 expression in the cycling populations of 
184AA2,, 184AA3, and 184A1-GSE22 could be attrib-
utedd to the fact that their mean TRF length never 
declinedd below 3.5kb. However, 184AA2 and 184AA3 
alsoo did not express any p57 in GO-arrested populations, 
andd 184A1-GSE rapidly downregulated the pre-existing 
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GO-associatedd p57. If a conversion process occurs in 
vivo,vivo, whether or not p57 is expressed could significantly 
affectt disease progression by influencing growth rate. 
Thus,, the absence of p57 expression in the p53( - / -) 
culturess could have implications for the clinical course 
off  p53(-/—) tumors. 

Onlyy 15-30% of primary human breast cancers 
containn mutations in the p53 gene, but these cancers 
havee a significantly worse prognosis than those with 
wild-typee p53 (Sjogren et al„  1996; lacopetta et al., 1998; 
Rooss et al., 1998). Where examined, p53 mutations 
generallyy occur early in breast cancer progression, being 
presentt in associated ductal carcinoma in situ lesions 
(Donee et al., 1998). Our in vitro data showing that p53 
losss is directly responsible for more rapid attainment of 
telomerasee activity, and aggressive growth potential, is 
consistentt with the in vivo data associating early p53 loss 
withh poor prognosis, and suggests an additional 
mechanismm whereby p53 loss can contribute to more 
aggressivee cancer progression. Conversely, the presence 
off  nonmutated p53 in the majority of human breast 
cancerss could contribute to the generally less aggressive 
behaviorr of cancers such as breast and prostate that are 
largelyy p53 wild type. 

Thee two p53(- / -) lines differed from the p53( + ) 
liness in exhibiting ongoing genomic instability with 
continuedd passage in both chromosome number and 
presencee of marker chromosomes. However, the p53( + ) 
linee 184AA4, unlike p53( + ) 184A1 and I84B5, and 
similarr to p53( - / -) 184AA2, 184AA3, and the p53( + ) 
ZNF217-immortalizedd lines, evidenced numerous kar-
yotypee aberrations when first examined. In contrast, 
184A11 not only has few initial aberrations, it also shows 
feww abnormalities even during conversion (Swisshelm, 
unpublishedd data), when it undergoes an extended 
periodd of proliferation with extremely short telomeres 
(meann TRF ~2kb). We hypothesize that the difference 
betweenn these closely related p53( +) lines may be due 
too timing of the derangements) that permitted these 
cellss to overcome agonescence. Agonescence entails 
widespreadd chromosomal aberrations, presumably re-
sultingg from telomeric associations among the critically 
shortt telomeres (Romanov el al., 2001). Agonescence-
associatedd karyotypic abnormalities can be detected 
aroundd two to four passages prior to the cessation of net 
proliferationn in postseiection HMEC. Cells that accu-
mulatee all the error(s) necessary for immortality after 
thee onset of agonescence could harbor multiple kar-
yotypicc derangements due to passage through agones-
cencee rather than immortal transformation or p53 loss. 
Ongoingg chromosomal fusion-bridge-breakage cycles 
couldd then perpetuate the agonescence-induced genomic 
aberrations,, even in the presence of functional p53 
(Changg et a!., 2001). The cultures that gave rise to our 
p53(( +) lines that show numerous chromosomal re-
arrangementss at early passages, 184AA4 and the 
ZNF217-immortalizedd lines, underwent agonescence 
priorr to immortalization. Our p53(—/—) lines also arose 
inn 184Aa cultures already undergoing agonescence. In 
contrast,, cells that acquired all the errors necessary for 
immortalizationn prior to the onset of agonescence could 

avoidd the agonescence-associated telomere dysfunction 
andd retain a near-diploid karyotype. 184A1, which 
displayss a near-diploid karyotype at early passages, 
appearedd in EL l84Aa by passage 9, before agonescence 
wouldd be encountered. I84B5. which has a few more 
initialinitial  aberrations than IS4A1, appeared in EL 184Be 
aroundd the time agonescence would be beginning. 
Possibly,, even p53(- / -) immortal lines could harbor 
feww initial chromosomal derangements if the p53 loss 
andd immortalization events occur prior to attaining 
criticallyy short telomeres. Similarly, subsequent p53 loss 
mayy not necessarily confer genomic instability if it 
occurss in lines immortalized without having undergone 
agonescencee and fusion-bridge-break age cycles. For 
example,, we have reported that a 184A1 subclone 
malignantlyy transformed with SV40-T and ll-ras did not 
exhibitt genomic instability (Clark el al., 1988), Others 
havee also reported that inactivation of p53 in finite 
lifespann and tumor-derived immortal human cells did 
nott result in genomic instability (Bunz et al., 2002). We 
thuss propose that the telomere dysfunction at agones-
cencee may play a significant role in generating the 
karyotypicc aberrations and genomic instability observed 
inn both p53( + ) and p53(-) human carcinomas. Con-
sistentt with this hypothesis is the observation that in 
breastt cancer, as well as carcinomas of other organ 
systems,, widespread karyotypic abnormalities are ob-
servedd at early stages of carcinogenesis (Allred and 
Mohsin,, 2000). 

Thee maintenance of a near-diploid karyotype by 
184A1,, even during conversion, suggests the possibility 
thatt the errors that allowed 184A1 to avoid agonescence 
mayy also protect short telomere ends from telomeric 
associations,, thus permitting the observed continued 
growthh with extremely short telomeres. Protected short 
telomeress have been reported to be more genomically 
stablee than unprotected telomeres of greater length 
(Chann and Blackburn, 2002; de Lange, 2002). 

Thesee studies demonstrating distinct molecular differ-
encess between p53( + ) vs p53(—/—) immortally trans-
formedd HMEC, as well as our previous work, 
demonstratingg obligate differences between finite life-
spann and immortal HMEC, further emphasize that 
immortal,, p53(-/—) cells significantly differ from 
normall  finite lifespan cells, and should not be assumed 
too represent normal human cell biology. Indeed, each 
immortallyy transformed or tumor-derived cell line will 
likelyy contain unique combinations of several, poten-
tiallyy interactive, molecular derangements, which can 
producee significant deviation in cell cycle or signal 
transductionn pathways, compared to the normal finite 
lifespann cell from which the line or tumor originated. 

Inn summary, our generation of p53( +) and p53(—/—) 
immortallyy transformed HMEC lines from one indivi-
duall  has facilitated examination of the role of p53 in the 
conversionn of postagonescent conditionally immortal 
HMECC to immortal fully telomerase expressing cell 
lines.. The data thus far indicate that loss of p53 function 
mayy impact HMEC transformation in vitro by greatly 
abbreviatingg or circumventing the conversion process 
andd yielding more aggressively growing cells in a shorter 
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t ime-frame.. It wil ] be of interest to determine if a similar 
mechanismm also impacts the in vivo progression of 
h u m ann breast cancers differing in p53 status. 

Materiall  and methods 

CellCell culrure 

Finitee lifespan 184 HMEC were ohtained from reduction 
mammoplastyy tissue that showed no epithelial cell pathology. 
Culturee in serum-free MCDB 170medium (MEGM, Clonetics 
Divisionn of Cambrcx, Walkersville, MD) or serum-containing 
MMM medium was as described (Hammond et ai. 1984; 
Stampfer,, 1985). Extended lifespan 184Aa and 184Be. and 
immortall  lines 184A1 and 184B5, emerged from 184 HMEC 
followingg benzo(a)pyrenc exposure of primary cultures grow-
ingg in MM as described (Stampfer and Bartley, 1985, 1988). 
!84Aaa appeared as a single colony at passage 6, and showed 
completee loss of growth potential by passages 15-17 when 
grownn in MCDB 170. 184A1 was detected in MM-grown 
184Aaa at passage 9 as good-growing morphologically distinct 
cells.. I84B5 appeared in MM-grown 184Beat passage 6 as one 
smalll  tightly packed patch of slowly growing cells. 

Threee newly generated HMEC lines were also used for these 
studies.. A schematic outline of the generation of all these 
HMECC lines is presented in Figure la. 184AA4 appeared in 
MCDBB 170-grown 184Aa at passage 13 as very slow-growing 
celll  patches with a heterogeneous morphology. Later passage 
good-growingg 184AA4 had a typical epithelial cobblestone 
morphology.. 184AA2 and 184AA3 were detected in MCDB-
170-grownn l84Aa at passages 13 and 14, respectively, 
followingg exposure of 184Aa to high titer amphotrophic 
retroviruss at passage 12. 184AA2 first appeared as tight 
patchess of refractile cells with many mitoses as well as larger 
flatterr cells. It maintained good growth thereafter. 184AA3 
firstfirst appeared as areas of small densely packed, grossly 
vacuolatedd and extremely slow-growing cells. Mass cultures 
begann a gradual increase in growth rate by passages 16-18, 
withh colonies becoming less densely packed with fewer grossly 
vacuolatedd cells. By passages 20-24, uniform good growth was 
attained,, and cell morphology changed to more rounded and 
refractile. . 

Completee details on the derivation and culture of these 
HMECC can be found on our web site, www.lbl.gov/~mrgs. 

GrowthGrowth assays 

HMECC were arrested in a GO state by removal of EGF from 
thee medium and exposure to 5 jig/ml of the anti-EGF receptor 
antibodyy MAb225 for 48 h as described {Stampfer et ai, 1993), 
Randomm cycling cultures were fed 48 and 24 h prior to 
harvesting. . 

Thee ability to maintain growth in the absence or presence of 
TGF00 was assayed as follows: To detect colony forming 
efficiencyy (CFE), growth capacity, and heterogeneity of single 
cell-derivedd colonies, 200-10000 cells were seeded per 100mm 
dish,, and cultures maintained for 14-20 days. [3 H]thymidine 
(0.5-1.0/iCi/ml)) was then added for 24h 4-7h following 
refeeding,, and labeled cells were visualized by autoradiography 
ass described (Stampfer et ai, 1993), CFE was determined by 
countingg the number of colonies of > 50 cells, and growth 
capacityy by counting the percentage of labeled nuclei in these 
colonies.. Uniform good growth was defined as a labeling index 
(LI )) of > 50%. To determine growth capacity in TGF0, 5 ng'ml 
TGF/ÏÏ  (R&D Systems, Minneapolis, MN, USA) in the presence 
off  0 ,1% bovine serum albumin (Sigma, St Louis, MO, USA), 
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wass added to some cultures for 10-14 days once the largest 
coloniess contained 100-250 cells. Growth capacity per colony 
wass determined as above. To detect very rare TGF/f-re si slant 
cellss in mass cultures. 10'cells were seeded per 100mm dish, and 
TGF/ii  was added 24h later for 10-14 days; control cultures 
receivedd bovine serum albumin alone. Cells were then labeled 
andd prepared for autoradiography as above. Cultures +TGF/i 
weree also visually monitored at least twice weekly for growth, 
mitoticc activity, and morphology. 

Anchorage-independentt growth was assayed by suspending 
10'' single cells in 5 ml of a 1.5% methyIceIIulose solution made 
upp in MCDB 170, seeded onto 60mm Petri dishes coated with 
Polyhemaa (Sigma). Plates were fed once a week, and colonies 
>75^mm in diameter were counted and sized after 3 weeks 
usingg a calibrated ocular grid. 

RetrovirusRetrovirus infection 

Thee pBABE-GSE22-puro plasmid, encoding a p53 GSE 
correspondingg to nucleotides 937-1199 in a retroviral vector 
(Ossovskayaa et ai, 1996) was provided by Dr Peter Chuma-
kov.. U IL , Chicago. Retroviral stocks were generated by 
transientt co-transfection of the retroviral plasmid along with a 
plasmidd encoding packaging functions into the 293 cell line 
(Finerr er ai, 1994). Retroviral supeniatants were collected in 
serum-freee MCDB 170 media containing 0,1% bovine serum 
albumin,, filter sterilized and stored at -80°C. Viral infection 
off  184Aa and 184A1 cultures was in MCDB 170 media 
containingg 0.1% bovine serum albumin and 2.0^g/ml poly-
brenee (Sigma). 

TeiomeraseTeiomerase assays and TRF analysis 

Cellss for teiomerase assays were fed 24 h prior to harvesting. 
Celll  extracts were prepared by a modification of the detergent 
lysiss method (Kim et a/,, 1994) and protein concentrations 
weree determined using the Coomassie protein assay reagent 
(Pierce,, Rockford, IL , USA). Teiomerase activity was mea-
suredd using the TRAP-EZE teiomerase detection kit (Oncor, 
Inc.)) using 2^g of protein per assay. The !3P-labeled 
teiomerasee products were detected using a phosphorimager 
(Molecularr Etynamics, Sunnyvale, CA, USA) and semiquanti-
tationn was performed by comparing PCR signals from the 
HMECC extracts to signals from extracts of 293 cells. 

DNAA isolation and mean telomere restriction fragment 
(TRF)) analysis were performed as previously described 
(Bodnarr et ai, 1996) with two modifications. Genomic DNA 
wass isolated from cells and 3 fig was digested and resolved on 
0.5%% agarose gels. The separated DNA was transferred to a 
membranee and hybridized overnight to a !IP-labeled telomere-
specificc probe (CCCTAA)4, and washed to remove nonspecific 
hybrids.. Signal was detected using a phosphorimager and 
quantitatedd using the Imagequant software program (Mole-
cularr Dynamics). Mean TRF length was calculated as 
describedd (Allsopp et ai, 1992). 

ImmunoblotImmunoblot analysis 

Proteinn lysates for analysis of p53 were collected from random 
cyclingg cells and processed for Western analysis as previously 
describedd (Nonet et ai., 2001). Protein samples of 50/ig were 
resolvedresolved on a 4-12% polyacrylamide gradient gel and 
transferredd to nitrocellulose membrane (Schleicher and 
Schuell.. Keene, NH, USA). The membrane was blocked in 
TBSTT (25mM Tns, pH 7.4, 137mM NaCl, 2mM KC1, 0.05% 
Tween-20)) containing 5% nonfat powdered milk and incu-
batedd with a monoclonal antibody against p53 (Ab-é, 
Oncogenee Research Products, Cambridge, MA , USA). Bind-
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ingg of primary antibodies was detected using HRP-conjugated 
anti-mousee IgG (Transduction Laboratories, Lexington, K.Y, 
USA)) and visualized by chemiluminescence. 

QuantitativeQuantitative RT-PCR 

Quantitationn of relative hTERT mRNA levels was performed 
usingg the LightCycler TeloTAGGGhTERT Quantitation Ki t 
(Roche). . 

NorthernNorthern blot analyses 

Too test for p53-dependent GADD45 expression, subconfluent 
culturess were exposed to UV irradiation (37 jules/cm2) 
followedd by addition of fresh media. To test for p57 
expression,, cells were collected after 48 h of GO arrest or in a 
randomlyy cycling state. Cultures were lysed directly into 
bufferedd guanidine thiocyanate solution. Total cellular RNA 
wass purified and Northern blots prepared using 10/jg RNA 
perr lane as previously desenbed (Stampfer et a/., 1993). The 
blotss were hybridized to "P-labeled GADD45 or p57 cDNA 
probess (Kastan et ai., 1992; Matsuoka et al.. 1995). The 
hybridizationn signals were measured using a phosphonmager 
andd quantitated using the Imagequant program (Molecular 
Dynamics),, with the values normalized by comparison to 
ethidiumm bromide stained rRNA. 

CheckpointCheckpoint function analyses 

Too test for G2 checkpoint function, HMEC growing 
exponentiallyy were incubated in media containing 50ng/ml 
colcemidd (Lif e Technologies. Bethesda, MD, USA). Treated 
culturess were refed every 24 h and samples collected at 0, 48, 
andd 96h, To test for Gl checkpoint function, HMEC were 
exposedd to 10 Gy of ionizing radiation using a Pantak II X-ray 
generator,, irradiated and mock-irradiated cells were collected 
244 and 48h post-treatment. All cells were labeled with lOfiM 
BrdUU for 4h immediately prior to harvest. Analyses of BrdU 
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Summary' Summary' 

Summary y 

Breastt cancer incidence, like that of other epithelial cancers, increases sharply with 
age.. It is a genetic disease, and although a number of susceptibility genes have 
beenn identified, the precise nature of the molecular events contributing to 
malignantt transformation remains less clear. A human mammary epithelial cell 
culturee system that was previously developed from the reduction mammoplasty 
tissuess has been used during this research to understand important molecular 
eventss taking place during early stages of malignant transformation. Immortal 
transformation,, the acquisition of unlimited proliferative potential, is believed to be 
aa rate-limiting step that allows the accumulation of rare errors that are required for 
malignancy.. The focus of my thesis research has been to understand the nature of 
telomere-lengthh mediated barrier(s) to immortalization in HMEC, and how these 
barrierss are breached. 

Veryy rare carcinogen-treated pl6(-) HMEC clones that manage to overcome 
agonescencee (replicative senescence in HMEC) while retaining functional p53, do 
nott immediately express adequate telomerase levels to prevent the continued 
erosionn of their telomeres. Therefore, overcoming of agonescence and activation of 
telomerasee are temporally separable in these conditionally immortal lines. 
Conditionallyy immortal HMEC do not show a large number of genomic changes 
despitee prolonged passages with extremely short telomeres. I asked what are the 
factorss that protect the telomeres in these cells? We speculated that overcoming 
agonescencee involves the induction of a chromosome capping function that 
compensatess for the lack of telomeric repeats and/or prevents telomeric fusions. 
Wee hypothesized that altered expression of telomere associated proteins might 
protectt the telomeres in these cells with short telomeres. Immunoblot analysis 
showedd that endogenous TRF2 protein is upregulated in the immortalized 
comparedd to finite life span cells. In contrast, levels of other telomere associated 
proteins,, TIN2, TRF1 or hRAPl were unchanged. Ectopic expression of TRF2 in 
finitefinite lifespan cells allowed them to grow for additional passages. Furthermore, 
experimentall  inactivation of p53 did not yield a further extension of lifespan in the 
cellss already transduced with TRF2 suggesting that there may be an overlap 
betweenn the mechanism responsible for life span extension by over-expression of 
TRF22 and abrogation of p53 function. The fact that a significant proportion of the 
breastt tumor cell lines analyzed also showed increased amounts of TRF2 suggests 
thatt TRF2 dysregulation may also occur during in vivo carcinogenesis. We also 
detectedd abnormal TRF2 subcellular localization in both the immortalized and 
tumorr derived cells. Elevated TRF2 could facilitate immortalization owing to its 
twoo distinct functions. First, since TRF2 is a crucial stabilizing component of the 
protectivee t-loop complex, up-regulated TRF2 may provide increased stability even 
whenn telomeres are relatively short. Second, TRF2 may attenuate DNA damage 
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responsess by binding to and titrating damage response effector molecules. 
Althoughh elevated TRF2 function may only temporarily alleviate the problems 
associatedd with short telomeres, it may be sufficient to allow further changes that 
facilitatee conversion and subsequent malignant transformation (Chapter 2). 

II  investigated the molecules responsible for growth constraints in conditionally 
immortall  HMEC populations with low or undetectable telomerase activity. There 
iss a strong correlation between extremely short telomeres, upregulated p57 
expression,, and onset of slow, heterogeneous growth in conditionally immortal 
HMEC.. Expression of an exogenously introduced hTERT gene under the control 
off  a retroviral LTR in early passage conditionally immortal 184A1 with mean TRF 
>33 kbp causes telomeres to lengthen while preventing both the slow heterogeneous 
growthh phase and accumulation of p57. Conversely, the same cells transduced with 
exogenouss p57 genes exhibit premature slow heterogenous growth and show 
morphologicall  changes similar to cultures with extremely short telomeres. These 
experimentss support the hypothesis that p57 is at least partially responsible for 
growthh inhibition in conditionally immortal HMEC with extremely short 
telomeres.. To directly verify the findings that p57 is responsible for the growth 
constraintt observed prior to conversion, p57 was knocked-down and inactivated by 
expressingg siRNA or a dominant-negative form of p57 respectively. Both 
knockdownn and inactivation induced apoptosis in HMEC. These observations pin 
downn p57 as a growth arrest effector and classify senescence as a preferred tumor-
suppressorr mechanism adopted by HMEC in response to telomere 
attrition/dysfunction.. Emergence of efficient growth accompanied by increasing 
telomerasee activity coincides with down regulation of p57. I investigated the 
mechanismm for p57 down-regulation and showed that the expressed maternal allele 
iss frequently lost due to LOH. 50% of the breast tumors analyzed had also 
undergonee LOH at p57 locus. These findings support our hypothesis that 
inactivation/down-regulationn of p57 is often required for immortalization and 
tumorigenesiss (Chapter 3). 

Finally,, to address the role that p53 plays during agonescence, we inactivated p53 
inn conditionally immortal cells and asked what effects it had on growth and p57 
expression.. Inactivation of p53 resulted in abrogation of p57 expression, an 
abbreviatedd conversion phase and immediate reactivation of telomerase activity. 
Thesee experiments suggested that both p57 expression and the pace of conversion 
aree dependent on p53 function. p53 inactivation, per se, is not required for the 
immortall  transformation of carcinogen-treated HMEC. However, p53 inactivation 
mayy accelerate full immortalization of these cells (Chapter 4). 

Myy studies have helped delineate some of the early molecular events that are likely 
too contribute to human breast tumorigenesis. Our understanding about the disease 
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thatt  afflicts so many among us remains limited Even after  decades of research by 
manyy brillian t minds worldwide, and volumes of published data, we know littl e of 
whatt  lies beneath the veil of this voracious killer . I hope and believe that 
understandingg of the early steps elucidated by these studies, though infinitesimal 
cann help (he development of better  early intervention and therapeutic regimens. 
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Dee incidentie van borstkanker, evenals die van overige epitheliale kankers, neemt 
toee met de leeftijd. Het is een gevolg van de accumulatie van defecten in genen. 
Hoewell  een aantal genen zijn geïdentificeerd die betrokken zijn bij deze kankers, 
zijnn de onderliggende moleculaire mechanismen die tot defecten in deze genen 
leidenn minder duidelijk. Celcultures afgeleid van normale humane mamma-
epitheelcellenn zijn in dit onderzoek gebruikt om inzicht te verkrijgen in de 
moleculairee gebeurtenissen die plaats vinden in de eerste fase van maligne 
transformatie.. Het verkrijgen van het vermogen om ongelimiteerd te kunnen 
blijvenn delen (immortalisatie) wordt gezien als een snelheidsbepalende stap, die 
hett ontstaan en accumuleren van defecten in genen mogelijk maakt, en uiteindelijk 
resulteertt in een kwaadaardige tumor. In dit proefschrift is geprobeerd nader 
inzichtt te verkrijgen in de rol die de lengte van chromosoom-uiteinden (telomeren) 
speeltt als barrière voor immortalisatie van menselijke mamma-epitheel cellen 
(HMECs)) en hoe deze barrières worden doorbroken. 

Dee behandeling van HMEC cellen met carcinogene stoffen leidt sporadisch tot 
celklonenn die agonie (celveroudering als gevolg van een groot aantal delingen) 
overwinnenn terwijl ze een functioneel p53 eiwit behouden. Ze brengen nog niet 
onmiddellijkk voldoende telomerase tot expressie om de erosie van hun telomeren 
tee voorkomen. Derhalve is het overwinnen van agonie en activering van telomerase 
inn deze conditioneel gemoraliseerde cellijnen in de tijd te scheiden. De 
conditioneell  gemoraliseerde cellijnen vertonen geen frequente genomische 
afwijkingenn ondanks dat de cellen voor lange tijd hebben gedeeld met extreem 
kortee telomeren. Ik heb de vraag gesteld wat de factoren zijn die deze telomeren 
beschermen.. We hebben als hypothese gesteld dat het overwinnen van agonie de 
inductiee van een chromosoom "capping" functie vereist die zou compenseren voor 
dee gevolgen van de korte telomeren en daarmee voorkomt dat chromosoomeinden 
mett elkaar fuseren. Veranderde expressie van eiwitten die geassocieerd zijn met 
telomerenn zou hiervoor verantwoordelijk kunnen zijn. Immunoblot analyse liet 
zienn dat het telomeer-geassocieerde eiwit TRF2 hoger tot expressie komt in 
geïmmortaliseerdee cellen in vergelijking met cellen met beperkte levensduur. 
Daarentegenn was het expressieniveau van andere te lomeer-eiwitten zoals TIN2, 
TRF11 of hRAPl onveranderd. Het ectopisch tot overexpressie brengen van TRF2 
inn cellen met een beperkte levensduur stelde deze cellen in staat additionele 
delingenn te ondergaan. Inactivatie van p53 in cellen waarin TRF2 tot overexpressie 
wass gebracht verlengde de levensduur van deze cellen niet. Dit suggereert een 
mogelijkee overlap in het mechanisme verantwoordelijk voor de 
levensduurverlengingg veroorzaakt door overexpressie van TRF2 en het verlies van 
dee p53 functie. Het feit dat een aanzienlijk deel van de borstkanker cellijnen die 
zijnn geanalyseerd ook een toename laten zien in de hoeveelheid TRF2 suggereert 
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datt de ontregeling van TRF2 mogelijk ook een rol speelt bij in vivo carcinogenese. 
Wee hebben gevonden dat ook de subcellulaire lokalisatie van TRF2 in 
geïmmortaliseerdee en tumorafgeleide cellijnen afwijkend was. Verhoogde TRF2 
niveauss kunnen immortal is at ie op twee manieren bevorderen. Ten eerste, 
aangezienaangezien TRF2 de t-loop aan het chromosoomeinde stabiliseert, kan een verhoogd 
TRF22 niveau telomeren stabiliseren ook al zijn ze relatief kort. Ten tweede, TRF2 
kann de DNA schade respons verzwakken door eiwitten te binden betrokken bij 
dezee respons. Hoewel verhoogde niveaus TRF2 de telomeerinstabiliteit 
waarschijnlijkk slechts tijdelijk compenseren zou dit voldoende kunnen zijn om de 
volgendee stap in het proces van maligne transformatie te zetten (hoofdstuk 2). 

Ikk heb onderzoek gedaan naar de moleculen die verantwoordelijk zijn voor de 
groeibeperkingenn in conditioneel geïmmortaliseerde HMEC celpopulaties met lage 
off  niet-detecteerbare niveaus telomerase activiteit. Er bleek een sterke correlatie te 
bestaann tussen extreem korte telomeren, verhoogde expressie van p57, en 
langzamee heterogene groei van deze conditioneel geïmmortaliseerde cellen. 
Expressiee van een exogeen geïntroduceerd hTERT telomerase gen in vroege 
passagee conditioneel geïmmortaliseerde 184Al cellen met een gemiddelde 
telomeerlengtee van meer dan 3 kilobase paren, resulteerde in de verlenging van de 
telomerenn en voorkwam dat de cellen langzame heterogene gToei gingen vertonen 
enn p57 accumuleerden. Echter, transductie van p57 in deze cellen leidde tot een 
prematuree langzame heterogene groei en ging gepaard met morfologische 
veranderingenn die ook in celcultures met korte telomeren werden waargenomen. 
Ditt ondersteunt de hypothese dat p57 tenminste partieel verantwoordelijk is voor 
dee groeiremming in conditioneel geïmmortaliseerde HMECs. Om de rol van p57 
bijj  groeiremming in deze fase eenduidig vast te stellen, is de p57 functie geremd 
mett zowel een siRNA construct alsmede door overexpressie van een dominant 
negatieff  p57 eiwit. Beide behandelingen leidden tot apoptose (gecontroleerde 
celdood).. Deze observaties identificeren p57 als een remmer van celgroei en 
classificerenn agonie als een door HMECs gebruikt mechanisme om de schadelijke 
effectenn van korte telomeren te mitigeren. Het opkomen van goed groeiende cellen 
gaatt gepaard met verhoogde telomerase activiteit en verlaging van p57 niveaus. Ik 
hebb het mechanisme van de p57 afname bestudeerd en laten zien dat het tot 
expressiee komende maternale p57 allel veelvuldig verloren gaat door "loss of 
heterozygosity""  (LOH). Het blijkt dat in 50% van de geanalyseerde borstkankers 
dee p57 locus LOH laat zien. Deze waarnemingen ondersteunen onze hypothese dat 
inactivering/vermm in dering van p57 in veel gevallen noodzakelijk is voor 
immortalisatiee en tumorontwikkeling (Hoofdstuk 3). 

Tenslotte,, om inzicht te krijgen in de rol van p53 in agonie, is p53 in conditioneel 
geïmmortaliseerdee cellen geïnactiveerd en zijn de effecten op groei en p57 
expressiee geanalyseerd. Inactivatie van p53 leidde tot een downregulatie van p57, 
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eenn verkorte conversie fase en onmiddellijke reactivering van telomerase activiteit. 
Dezee experimenten geven aan dat zowel p57 en de snelheid van de conversie 
afhankelijkk zijn van p53. Echter p53 inactivatie per sé is niet noodzakelijk voor 
immortalisatiee van carcinogeen-behandelde HMECs. Echter p53 inactivatie kan 
volledigee immortalisatie van deze cellen bespoedigen (Hoofdstuk 4). 

Mij nn studies hebben bijgedragen aan het inzicht in de vroege moleculaire 
veranderingenn die waarschijnlijk van belang zijn bij het ontstaan van borstkanker. 
Nietteminn blijf t ons inzicht in deze ziekte die zovelen treft beperkt. Zelfs na 
decenniaa van onderzoek door briljante onderzoekers wereldwijd en een groot 
aantall  publicaties, weten we nog steeds weinig over het ontstaan van deze 
verraderlijkee ziekte. Ik hoop dat inzicht in de eerste stappen van dit proces zoals 
beschrevenn in dit proefschrift, een bescheiden bijdrage zal leveren aan de 
ontwikkelingg van effectievere vroege interventie- en therapeutische 
behandelingsmethoden. . 
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ATM M 
CDK K 
cDNA A 
CFE E 
CKJ J 
DNA A 
DNA-PK K 
EGF F 
EL L 
ER R 
GSE E 
HMEC C 
HPVV E6 and E7 
hTERT T 
Kb b 
LI I 
LOH H 
MEFs s 
mRNA A 
PCNA A 
PCR R 
PD D 
PR R 
RAR-p p 
RB B 
RNA A 
RT-PCR R 
SA-p-gal l 
SV40Tag g 
TGFP P 
TR R 
TRAP P 
TRF F 
TRF1 1 
TRF2 2 

ataxiaa telangiectasia mutated 
cyclin-dependentt kinase 
complimentaryy DNA 
colonyy forming efficiency 
cyclin-dependentt kinase inhibitor 
deoxyribonucleicc acid 
DNA-dependentt protein kinase 
epidermall  growth factor 
extendedd life 
estrogenn receptor 
geneticc suppressor element 
humann mammary epithelial cells 
herpess papillomavirus proteins E6 and E7 
humann telomerase reverse transcriptase protein 
kiloo bases 
labelingg index 
losss of heterozygosity 
mousee embryonic fibroblasts 
messengerr RNA 
proliferatingg cell nuclear antigen 
polymerasee chain reaction 
populationn doublings 
progesteronee receptor 
retinoicc acid receptor-beta 
retinoblastoma a 
ribonucleicc acid 
reversee transcriptase-PCR 
senescencee associated beta glactosidase 
simiann virus 40 large T antigen 
transformingg growth factor beta 
telomerasee RNA 
telomericc repeat amplification protocol 
terminall  restriction fragment 
telomeree repeat binding factor-1 
telomeree repeat binding factor-2 
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