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Losss of p53 function accelerates acquisition of telomerase activity in 
indefinit ee lifespan human mammary epithelial cell lines 

Marthaa R , James Garbe', Tarlochan Nijjar1, Don Wigington', Karen Swisshelm2 

andd Paul Yaswen1 

'Lawrence'Lawrence Berkeley National Laboratory. Life Sciences Division, Bldg 70AIUH. Berkeley. CA 94720. USA: 'Department of 
Pathology.Pathology. University of Washington. Seattle. WA 98195, USA 

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-
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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 R F length; ( b | telomerase activity; (c) growth +TGFJJ. For mean T R F 
length,, open symbols indicate that the signals were faint. For telomerase activity, semiquantitative values were obtained by comparing 
thee levels of H M E C 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 Lis in colonies grown + TGF/I were determined as 
describedd in experimental procedures (d) Representative T R A P assay for 184AA4. (e) Representative T R F 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 
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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 properties. 184AA2 
andd 184AA3 were examined at different passage levels 
forr telomerase activity, mean T R F 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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. : . —— -L 1 „i L j ! 
IS»» !!••' J » ^ 15* in* :c<> 10' 10s :C ! tc* 

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 

87 7 

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 little 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 
MRR Stampfö et 3) 

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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