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INTRODUCTION:  
 
Acquisition of an immortal potential is considered crucial for human carcinogenesis, in order for a single cell to 
accumulate the multiple errors necessary for malignancy.  In human carcinomas, attaining immortality is 
associated with reactivation of telomerase activity, which maintains the telomeric ends.  Loss of telomeric 
protection usually leads to telomeric associations and genomic instability.  In the continuing absence of 
telomerase activity, cell death or irreversible growth arrest will ensue. This proposal is designed to study the 
mechanisms involved in telomerase reactivation and telomere protection in newly immortalized human 
mammary epithelial cells (HMEC) that retain wild type p53 function, and to determine if these cells may be 
especially sensitive to killing by agents that target telomerase activity and telomere protection. Prior work 
showed that p53 can suppress most, but not all, telomerase expression in newly immortal p53+ HMEC lines, 
leading to a gradual erosion in telomere length until telomeres become extremely short (mean TRF ≤3 kb) 
(Stampfer et al., 2003, Stampfer et al., 1997).  At that point, most growth stops, and levels of the cyclin-
dependent kinase inhibitor p57 KIP2 are elevated (Nijjar et al., 1999). An unknown mechanism (termed 
conversion) then gradually relieves this p53-mediated repression, although all other tested p53 functions are 
retained (Stampfer et al., 2003, Stampfer et al., 1997), leading to telomerase reactivation, stabilization of 
telomere length, and resumption of good growth; levels of p57 are gradually reduced concordant with these 
conversion-associated changes. Based on preliminary data we hypothesized that p57, a known cell cycle 
inhibitor, might be acting to protect these critically shortened telomeres by inhibiting growth until there was 
sufficient telomerase reactivation to protect the telomeric ends.  This could explain our puzzling observation 
that although telomere lengths were exceedingly short, there was no evidence of widespread genomic instability 
before or during the conversion process. Therefore, our aims were to (1) Test whether the very low levels of 
telomerase present in newly immortal p53+ HMEC lines preferentially maintain the shortest telomere ends, 
until the conversion associated relief of p53-mediated suppression of telomerase activity occurs. (2) Test 
whether the low telomerase activity, along with the elevated p57 expression, suppress the genomic instability 
that is seen in senescent cells with critically short telomeres without telomerase expression (Romanov et al, 
2001, Chin et al., 2004), and whether inhibition of telomerase activity and p57 function might efficiently kill the 
newly immortal cells. (3) Determine how p53 regulates telomerase activity in newly immortal HMEC lines.  
Some surprising results in the previous year led us to modify our hypotheses.  Specifically, inhibition of p57 
function did not affect the morphology of the cells arrested with critically short telomeres, nor did this 
population show an accelerated death as would be expected if the elevated levels of p57 were preventing 
proliferation that could lead to mitotic catastrophe.  Rather, inhibition of p57 function led to growth arrest 
occurring at an earlier passage than control cultures, with no appearance of cells that had reactivated telomerase 
and thereby initiated the conversion process – a result similar to what was observed when telomerase activity 
was inhibited.  In the past year we have followed up on these observations and now hypothesize that growth 
inhibition resulting from the elevated p57 may indeed be protecting the p53+ pre-conversion HMEC lines from 
genomic instability; however, expression of p57 is also required for the alleviation of the p53-mediated 
telomerase suppression.  Altogether, our data still support a potential role for inhibition of p57 and/or 
telomerase in preferentially killing newly immortal p53+ HMEC. 
 
BODY:  
 
Our prior work indicated that p53-dependent p57 expression is elevated in pre-conversion populations of newly 
immortal p53+ HMEC lines.  In the p53+ immortally transformed line 184A1, we have shown that p57 
elevation in the cycling population is coincident with the time when the mean TRF declines to <3 kb and most 
cells enter a growth arrest. p57 levels then very gradually decrease as telomerase activity gradually increases, 
and the population gradually resumes active proliferation. In a preliminary experiment, telomerase activity was 
inhibited in pre-conversion 184A1 using a dominant negative (DN) construct against hTERT, GRN385, 
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transduced into 184A1 at passage 12. Treated cultures showed earlier growth arrest and p57 elevation than 
controls (passage 14 vs. passage 17-18). The morphology of the growth-arrested cells was similar in both cases.  
However, the control cultures contained cells with slow growth that gradually reactivated telomerase and 
underwent conversion, whereas all the GRN385-transduced cells showed a very gradual loss of viability over 1-
2 months.  We had postulated that the elevated levels of p57, a known cell cycle inhibitor, might be involved in 
restraining proliferation at this arrest until the p53 repression of telomerase was relieved and sufficient 
telomerase was reactivated to protect the telomeric ends and the cells’ viability. In the absence of reactivated 
telomerase, ongoing proliferation with such critically short telomeres (< 3 kb) would lead to telomeric 
associations and mitotic failure.  However, in the previous year we observed that inhibition of p57 expression in 
pre-conversion 184A1 by shRNA specific to p57 led to accelerated growth arrest, similar to what was seen with 
GRN385.  In the past year, we have followed up on this observation, which suggests that expression of p57 is 
required for the conversion process, and full telomerase reactivation, to occur.  Our data further suggest that, in 
the absence ofp57 expression (and conversion-associated telomerase reactivation), critically short telomeres 
may elicit a p53-dependent growth arrest and damage response. 
 
Inhibition of hTERT in early 184A1 results in rapid growth arrest, elevation of p57, and prevents transformation 
to full immortality. We repeated our previous preliminary study with GRN385 and documented similar results 
(Fig. 1). 184A1 was transduced at passage (p) 13. As expected, control 184A1-LXSN cells overcame 
conversion associated with up-regulated p57 levels (not shown, see also Fig. 2), and gave rise to fully immortal 
cells. Telomerase activity was reduced in 184A1-GRN385 (DNhTERT) cells within one passage after retroviral 
transduction, and this population showed complete growth arrest with significantly up-regulated p57 prior to 
p57 elevation in the control population.  No evidence of p53 activation was seen in either 184A1 population at 
16p. These results suggest that p57 can slow down cell proliferation prior to or at the onset of conversion, before 
the telomeres become functionally critically short, or p53 is activated.  

 
Abrogation of p57 expression in early 184A1 results in rapid growth arrest, and prevents transformation to full 
immortality. p57 expression was abrogated in pre-conversion 184A1 at 12p using retroviruses containing 
p57shRNA, or the scrambled shRNA vector (LNH1X).  The levels of p57 in these cells were monitored by 
Western blotting (Fig. 2A) in growth-arrested cell extracts.  Growth arrest by EGF withdrawal (Stampfer et al., 
1993) was necessary for p57 detection, because pre-conversion cells express p57 only in the Go phase of the 
cells cycle, until they approach the onset of conversion (Nijjar et al., 1999).  The expression of p57shRNA 
reduced the levels of p57 in pre-conversion Go cells by 90%.  Protein levels of p27KIP1, a homolog of p57KIP2, 
were unchanged (Fig. 2A), demonstrating the specificity of the shRNA.   

 
As noted in our previous report, contrary to our expectations, cells with reduced p57 expression growth-arrested 
shortly after the introduction of the p57shRNA and never progressed to full immortality (Figs. 2B and 3A), 
while 184A1-LNH1X cells produced fully immortal populations (Fig. 3A).  The 184A1-p57shRNA cells tested 
negative for apoptosis by TUNEL assay (data not shown).  
 
To test the specificity of this shRNA effect, we introduced p57 shRNA into 184A1 at 50p, which had already 
overcome conversion and become fully immortal (increased levels of hTERT and stabilized telomeres).  As in 
pre-conversion cells, protein levels of p57 were measured in growth-arrested Go extracts.  Western analysis 
demonstrated that introduction of p57shRNA resulted in a 75% reduction of p57 levels (Fig. 2C). Contrary to 
growth inhibition achieved in pre-conversion 184A1-p57shRNA cells, fully immortal cells with p57shRNA 
continued to proliferate robustly (Figs. 2D and 3B).  These results demonstrate that p57shRNA-induced growth 
arrest is specific to pre-conversion 184A1.  

 
To confirm our findings by an independent method, we introduced a dominant-negative p57 mutant (DNp57) 
into pre-conversion and fully immortal 184A1.  DNp57 contains mutations in the 310 helix, which is the key 
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structural component of p57, responsible for Cdk inhibition (Hashimoto et al. 1998).  As shown in Figures 3C 
and 3D, like p57shRNA, Dnp57 caused rapid growth arrest in pre-conversion, but not in fully immortal 184A1. 
 
p57 may protect HMEC from DNA damage that could be induced by critically short telomeres, while 
abrogation of p57 can lead to activation of p53-mediated DNA damage signaling.  The p53 pathway is activated 
in response to DNA damage evoked by critically short telomeres in many cell types, including HMEC at 
senescence due to telomere dysfunction (Garbe et al., 2007).  We found that, despite their short telomeres, 
184A1 undergoing conversion with p57 elevation did not exhibit a markedly activated p53 damage response 
pathway at the passages examined (Fig. 4); note p53 appears constitutively phosphorylated at low levels in pre-
conversion cells.  Similarly, a DNA damage response (activated γH2AX; increased Chk2 phosphorylation; up-
regulation of p21CIP1) was not seen in the early growth arrest produced by GRN385 that is associated with 
elevated p57 levels (Fig. 1C).  These results are consistent with our observation that conversion is not 
associated with genomic instability. 
 
In contrast, evidence of an activated DNA damage response was apparent in cells transduced with the 
p57shRNA. As shown in Figure 4B, upstream (Chk2) and downstream (p21CIP1) members of the p53 signaling 
cascade were activated in 184A1-p57shRNA cells and the levels of p53 Ser15 phosphorylation were increased. 
The phosphorylation status of p53 at Ser15 was also evaluated on a single-cell basis, using 
immunofluorescence, to account for cell-to-cell variability within the population (Fig. 5); increased 
phosphorylation was observed in 184A1-p57shRNA as early as 14p (two passages after p57shRNA 
transduction). These data indicate that pre-conversion 184A1 with abrogated p57 expression can arrest via a p53 
damage response pathway.  Our results suggest that the p57 elevation induced by short telomeres, and the 
associated growth arrest, may as we originally postulated, play a role in preventing the genomic instability 
associated with critically short telomeres producing DNA damage and telomeric associations.  In the absence of 
elevated p57 levels, telomere erosion may be accelerated until DNA damage evokes a p53-mediated growth 
arrest.  We still need to assay mean TRF lengths in these populations to determine the telomere lengths 
associated with these different conditions. These data should let us know if inhibition of p57 is correlated with 
more rapid shortening of the mean TRF, and if the induction of a p53 response correlates with attainment of 
critically shortened telomeres.   
 
Our current model of regulatory interactions in newly immortal p53+ HMEC lines is as follows:  p57 is up-
regulated in p53+ newly immortal 184A1 in response to short, but still protected telomeres.  Elevated p57 stops 
growth prior to the telomeres becoming critically shortened to the point of causing DNA damage.  Additionally, 
by a mechanism we have not yet uncovered, p57 expression appears essential for pre-conversion HMEC to 
overcome the p53-mediated repression of hTERT and proceed through conversion to full immortality.  If p53 
function is abrogated in pre-conversion 184A1 by transducing GSE22 into these cells, p57 expression is 
prevented, hTERT expression is up-regulated, and cells immortalize efficiently. If p57 is abrogated, then 
ongoing telomere erosion produces DNA damage and a p53-mediated arrest, which we predict will be 
associated with some genomic instability. The latter possibility is consistent with our recent report that p53 is 
responsible for a similar growth arrest in senescent HMEC when the mean TRF of the population declines 
below 5 kb (Garbe et al., 2007).  In the senescent population, telomere length would be assumed to be 
heterogeneous, so that critically shortened telomeres could induce a p53-mediated DNA damage response with 
a mean TRF of ~4-5 kb.  In the situation with the pre-conversion 184A1, we hypothesize that the telomere 
lengths are more homogeneous because the low level of telomerase normally present, while not sufficient to 
preclude ongoing telomere erosion, may preferentially maintain the shortest telomeres lengths; therefore 
telomere dysfunction is not seen until a shorter mean TRF length of < 3 kb. 
 
A novel aspect of this work is the potential association of p57 up-regulation in response to short telomeres in 
p53+ newly immortal HMEC with reactivated telomerase expression.  It has been well established that p57 is 
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up-regulated during differentiation processes in various cell types, however this gene has not, to date, been 
associated with telomere homeostasis.  Our data suggest that the p53-dependent p57 expression may be 
necessary to relieve the p53-mediated repression of telomerase activity.  In any case, these results support a 
potential clinical use for inhibition of p57 and/or telomerase in early stage p53+ breast carcinogenesis, since 
inhibition of p57 led to premature cell growth arrest and death. 
 
Another goal of this proposal was to examine the effects of joint inhibition of p57 and telomerase activity. For 
this purpose, we wanted to use the oligonucleotide telomerase inhibitor GRN163L (whose effect can be 
reversed) from our collaborators at Geron.  However, there was an extensive delay in obtaining this proprietary 
material from Geron Corporation, and we have just initiated studies with this compound (and mismatch 
control). Pre-conversion and fully immortal 184A1 were exposed to varying doses of GRN163L and the control 
oligonucleotide GRN140833 for one passage at concentrations recommended by Geron  (Fig. 6). Our results 
indicated that these HMEC are much more sensitive to GRN163L than most previous cells examined by Geron, 
and we are planning to repeat this study using lower doses for a longer period of time.  The pre-conversion 
184A1 cells were wiped out at the lowest concentration of GRN163L tested.  Although cells exposed to 
GRN140833 were also inhibited, visual inspection showed that these cells still retained a normal appearance 
(Fig. 6B).  In fully immortal 184A1, exposure to GRN163L was also more toxic than GRN140833, but not to 
the extent seen with the pre-conversion 184A1.  These results are consistent with our hypothesis that the newly 
immortal p53+ lines with low telomerase activity and very short telomeres might be preferentially vulnerable to 
telomerase inhibition. 
 
In the past year, we have not performed further studies to determine how p53 regulates telomerase activity in 
the newly immortal p53+ HMEC lines, but we have completed two related studies that concern the effect of p53 
on HMEC immortalization. In collaboration with Steven Haney at Wyeth, Cambridge MA, we have published a 
study (Li et al, 2007) that compared expression array profiles of p53(+) vs. p53(-) immortalized HMEC lines, 
and finite vs. immortal HMEC. This work indicates that greatest changes in expression occur in the transition 
from finite strains to non-malignant immortal lines (such as the 184A1 line), and that immortalized non-
malignant lines like 184A1 resemble cells found in DCIS in vivo.  These studies support the use of this cell line 
as a model of early stage human breast carcinogenesis, and the testing of effects of potential therapeutics on 
these cells.  The data also reinforce our concern that immortally transformed non-malignant lines should not be 
referred to (as is commonly done) as normal, since they likely have already acquired the rate-limiting steps in 
carcinogenesis. 
 
Another paper referred to above is now in press (Garbe et al., 2007).  This work examines the role of p53 in the 
senescence barriers encountered by finite lifespan HMEC, and shows that p53 can be activated by critically 
shortened telomeres evoking a DNA damage response.  In this situation telomere dysfunction activates p53, 
which produces a mostly viable arrest, without evidence of apoptosis, but with genomic instability.  These 
results bear directly upon the studies on the newly immortal 184A1 line, as we believe our data reported above 
indicate that a similar situation is occurring when p57 is abrogated in the pre-conversion 184A1 line. 
 
KEY RESEARCH ACCOMPLISHMENTS:  
 
• Shown that inhibition of p57 in pre-conversion p53+ immortalized HMEC produces some effects similar to 
inhibition of telomerase activity, i.e., earlier growth arrest, suppression of conversion, and eventual cell death. 
However, inhibition of p57 leads to activation of a p53-mediated DNA damage response, whereas no evidence 
of p53 activation is seen during normal conversion or when telomerase is inhibited. 
 



Stampfer, Martha R. 
W81XWH-04-1-0580 

 8

• Provided data that support our hypothesis that elevated levels of p57 may be responsible for the lack of 
genomic instability observed before and during conversion, while also suggesting a novel role for p57 in 
regulating telomerase expression during conversion. 
 
• Shown that pre-conversion immortal HMEC are exceptionally sensitive to a telomerase-inhibiting compound 
in preliminary clinical trials. 
 
• Shown that critically shortened telomeres can elicit a p53-mediated DNA damage response in finite lifespan 
HMEC that produces a growth arrest similar to what is seen in newly immortal HMEC when p57 is abrogated. 
 
REPORTABLE OUTCOMES:  
 
Functional interactions of p57KIP2 and p53 during immortalization of human mammary epithelial cells, 
Ekaterina Bassett, James C. Garbe, Tarlochan Nijjar, Alain Beliveau, Martha R. Stampfer, and Paul Yaswen, 
abstract, AACR Annual Meeting, Los Angeles CA, April 2007 
 
Li Y,  Pan J, Li J-L, Lee J-H, Tunkey C,  Saraf K, Garbe J, Jelinsky S, Stampfer MR, Haney,  SA, 
Transcriptional Changes Associated with Breast Cancer Occur as Normal Human Mammary Epithelial Cells 
Overcome Senescence Barriers and Become Immortalized. Mol Can 6:7, 2007. 
 
Garbe, J, Holst, CR, Bassett, E, Tlsty, T, Stampfer, MR, Inactivation of p53 Function in Cultured Human 
Mammary Epithelial Cells Turns the Telomere-Length Dependent Senescence Barrier from Agonescence into 
Crisis. Cell Cycle, in press. 
 
CONCLUSIONS:  
 
Telomerase is reactivated in almost all human breast cancers; the immortal potential conferred by telomerase is 
thought to be crucial for malignant progression. Expression of hTERT, the catalytic subunit of human 
telomerase, is the rate-limiting component of telomerase activity. 
 
Our research has uncovered novel steps involving telomerase repression and reactivation during the 
immortalization of p53+ HMEC.  These studies have shown that newly immortal p53+ HMEC possess 
exceedingly short telomeres, yet are protected from the widespread genomic instability that could lead to cell 
death - such as we have observed in finite lifespan HMEC with critically short telomeres.  We hypothesize that 
the short telomeres result from the observed p53-mediated repression of most telomerase activity, while the 
protection results from low levels of telomerase present preferentially maintaining the shortest telomeres until 
the conversion process relieves the p53-mediated repression of telomerase. This proposal has sought to expand 
upon this data, both in terms of understanding the basic mechanisms regulating telomerase expression in these 
cells, and to determine if such cells, with exceedingly short telomeres, could be especially vulnerable to 
therapies that target telomerase activity and/or propel cells into catastrophic genomic instability.  
 
Our results support the possibility that newly immortal p53+ HMEC may be especially vulnerable to specific 
molecular manipulation.  Inhibiting the function of the cyclin-dependent kinase inhibitor p57, as well as 
inhibition of telomerase activity, led to premature growth arrest and death of the entire newly immortal p53+ 
population, with no cells showing telomerase reactivation and conversion to full immortality.  Our data support 
the hypothesis that elevated levels of p57, in response to short but not yet dysfunctional telomeres, elicits a 
growth arrest that prevents further proliferation that could lead to critically shorted telomeres, genomic 
instability, and a p53-mediated DNA damage response.  Our data also posit a novel role for p57 in alleviating 
the p53-mediated repression of telomerase that is present in newly immortal p53+ HMEC lines, i.e., p53-
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dependent expression of p57 may be part of a feedback mechanism necessary for relief of the p53-mediated 
repression of telomerase activity. 
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Figure 1. Inhibition of hTERT in pre-conversion 184A1 leads to a premature growth arrest associated with  
p57 expression.  184A1 pre-conversion HMEC were retrovirally transduced with DNhTERT at 13p.  A. 
Telomerase (TRAP) activity in 184A1-DNhTERT 14p cells (DNhTERT), compared to the control 184A1-
LXSN 14p cells (vector). B. 184A1-DNhTERT cells (DNhTERT) enter permanent growth arrest, while 184A1-
LXSN cells (vector) proceed through conversion and become fully immortal. C. Western blot showing 
accelerated up-regulation of p57 in 184A1-DNhTERT cells 16p (DNhTERT), compared to 184A1-LXSN cells 
16p (vector), three passages after retroviral transduction.  Note the absence of any indication of p53 activation 
under either condition. 
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igure 2. Abrogation of p57 expression causes early growth arrest, and prevents immortalization of pre-
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pre-conversion

p57KIP2

Scrambled shRNA

Ponceau

p57KIP2

Ponceau

p57
sh

RNA

sc
ram

bled

p57
sh

RNA

sc
ram

bled

p27KIP1

p57shRNA

A

B

C

D

F
conversion 184A1, but has no effect on proliferation of fully immortal 184A1.  A. Western blot showing a 
decrease of p57 expression in pre-conversion 184A1-p57shRNA 16p (p57shRNA), compared to the 184A1-
LNH1X 16p (scrambled).  The expression of p27KIP1, a p57KIP2 homolog, is unaffected by shRNA targeted 
against p57KIP2.  B, 184A1-p57shRNA cells display growth arrest, while the scrambled shRNA-expressing cells 
(184A1-LNH1X) proliferate robustly.  C. Western blot showing a reduction of p57 expression in fully immortal 
184A1-p57shRNA cells 51p (p57shRNA), as compared to the 184A1-LNH1X 51p (scrambled).  D. No 
difference in phenotype is observed when expression of p57 is reduced in fully immortal 184A1. 
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igure 3: Inhibition of p57 expression or function induces growth arrest in pre-conversion, but not fully 
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igure 4. Growth arrest in pre-conversion HMEC with inhibited p57 expression correlates with activation of the 

 

F
p53 pathway. A. Western blots for DNA damage signaling pathway proteins in 184A1, 14p (pre-conversion), 
and 20p (in conversion). B. Western blots for DNA damage signaling pathway proteins in 184A1-LNH1X 16p
(scrambled) and 184A1-p57shRNA 16p (p57shRNA). 
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igure 5. Growth arrest in pre-conversion HMEC with inhibited p57 expression correlates with an increase in 
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Figure 6. Effect of telomerase oligonucleotide inhibitor GRN163L on growth of pre-conversion and fully 
immortal 184A1. Cells were seeded into duplicate 35 mm dishes (5x104 cells/dish) and all dishes were counted 
when the controls became subconfluent to confluent.  Control cell numbers for passage 16 were 4.1x105 and for 
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passage 49 were8.8x105. Although the mismatch oligo was also inhibitory to cell growth, visual inspection 
showed cells still growing with the expected morphology, while the cells exposed to GRN163L looked quite 
sick. 
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Abstract
Background: Human mammary epithelial cells (HMEC) overcome two well-characterized genetic and epigenetic barriers
as they progress from primary cells to fully immortalized cell lines in vitro. Finite lifespan HMEC overcome an Rb-mediated
stress-associated senescence barrier (stasis), and a stringent, telomere-length dependent, barrier (agonescence or crisis,
depending on p53 status). HMEC that have overcome the second senescence barrier are immortalized.

Methods: We have characterized pre-stasis, post-selection (post-stasis, with p16 silenced), and fully immortalized HMEC
by transcription profiling and RT-PCR. Four pre-stasis and seven post-selection HMEC samples, along with 10
representatives of fully immortalized breast epithelial cell lines, were profiled using Affymetrix U133A/B chips and compared
using both supervised and unsupervised clustering. Datasets were validated by RT-PCR for a select set of genes. Quantitative
immunofluorescence was used to assess changes in transcriptional regulators associated with the gene expression changes.

Results: The most dramatic and uniform changes we observed were in a set of about 30 genes that are characterized as a
"cancer proliferation cluster," which includes genes expressed during mitosis (CDC2, CDC25, MCM2, PLK1) and following
DNA damage. The increased expression of these genes was particularly concordant in the fully immortalized lines. Additional
changes were observed in IFN-regulated genes in some post-selection and fully immortalized cultures. Nuclear localization
was observed for several transcriptional regulators associated with expression of these genes in post-selection and
immortalized HMEC, including Rb, Myc, BRCA1, HDAC3 and SP1.

Conclusion: Gene expression profiles and cytological changes in related transcriptional regulators indicate that
immortalized HMEC resemble non-invasive breast cancers, such as ductal and lobular carcinomas in situ, and are strikingly
distinct from finite-lifespan HMEC, particularly with regard to genes involved in proliferation, cell cycle regulation,
chromosome structure and the DNA damage response. The comparison of HMEC profiles with lines harboring oncogenic
changes (e.g. overexpression of Her-2neu, loss of p53 expression) identifies genes involved in tissue remodeling as well as
proinflamatory cytokines and S100 proteins. Studies on carcinogenesis using immortalized cell lines as starting points or
"normal" controls need to account for the significant pre-existing genetic and epigenetic changes inherent in such lines before
results can be broadly interpreted.
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Background
Genetic and epigenetic changes that occur early in the
process of carcinogenesis may enable the survival and
growth of cells that subsequently acquire oncogenic muta-
tions. One early alteration in the development of human
carcinomas is the acquisition of an immortal potential,
associated with reactivation of endogenous hTERT expres-
sion and maintenance of stable telomere lengths. [1]. We
have employed an in vitro HMEC model system to exam-
ine gene expression changes during the process of trans-
formation of normal finite cells to immortality and
malignancy [2-11]. Two mechanistically distinct barriers
to unlimited proliferation have been described. The first
barrier, stasis (stress-associated senescence) is associated
with elevated levels of the cyclin-dependent kinase inhib-
itor (CKI) p16INK4A [6]. Stasis appears to be Rb-mediated
and not directly dependent on telomere length. Cells
arrested at this barrier exhibit a viable G1 arrest with a low
labeling index (LI), normal karyotypes, expression of
senescence -associated ß-galactosidase (SA-ß-gal) activity,
and a senescent morphology [7,12]. HMEC can undergo a
variable number of population doublings (PD), depend-
ing upon culture conditions, prior to encountering stasis.

Multiple types of single changes that prevent Rb-mediated
growth inhibition will overcome stasis. Loss of CDKN2A
(encoding p16ink4a) expression, from methylation-
induced CDKN2A promoter silencing, or mutations, is
one alteration frequently observed in human breast can-
cers and cultured HMEC [6,13,14]. HMEC cultured in a
serum-free medium can produce rare cells that spontane-
ously silence the p16 promoter and resume growth, a
process termed selection, with the resulting post-stasis
population called post-selection [3]. In the HMEC, no
increase in p53, p21, or p14ARF levels have been seen at
stasis [7] and p53 function is not required for the stasis
barrier (J.G. and M.S., unpublished). Rare HMEC with
silenced p16 are also observed in vivo and have been
called variant HMEC (vHMEC) [15,16].

HMEC that have overcome or bypassed stasis encounter a
second barrier as a consequence of telomere dysfunction.
Ongoing proliferation in the absence of telomerase
expression leads to critically shortened telomeres, and
chromosomal aberrations [7,17]. In post-selection HMEC
with functional p53, these aberrations induce a mostly
viable G1 and G2 arrest (termed agonescence); if p53 is
non-functional, massive cell death (crisis) ensues (J.G.
and M.S., unpublished) [18]. Telomere dysfunction poses
an extremely stringent barrier to human cellular immor-
talization; in post-selection HMEC multiple errors appear
to be necessary for telomerase reactivation, and immortal-
ization [4,8]. Since this barrier is dependent upon tel-
omere length, ectopic overexpression of hTERT readily
immortalizes post-selection HMEC [19]. HMEC can be

immortalized using several different pathologically rele-
vant agents, e.g., chemical carcinogens, over-expression of
the breast cancer-associated oncogenes c-myc and/or
ZNF217, and/or inactivation of p53 function [8,9,11].
Fully immortal HMEC maintain telomeres at short, stable
lengths, but do not necessarily express malignancy-associ-
ated properties; overexpression of specific oncogenes can
confer malignant properties [20-22].

Transcriptional profiling has proven to be a valuable tech-
nology for describing the differences between cell types
and experimental treatments for many disease models,
particularly cancer [23]. One of the most well-developed
stratifications of human cancers has been for breast cancer
[24,25]. These and other studies have shown that a com-
mon set of genes is consistently overexpressed in most
cancers [26], including many cell cycle regulated genes
and genes required for mitosis (e.g. MKI67, PCNA, BIRC5,
MYBL2, TOP2A, PLK1, MCM2-MCM6, CDC20). The fre-
quent identification of these genes in cancer cells suggests
that they represent a common characteristic of cancers,
irrespective of the cell type from which the cancers origi-
nate.

The data described here examines the changes that occur
as HMEC overcome the barriers to indefinite prolifera-
tion. We show that pre-stasis and post-selection HMEC
are profoundly different from fully immortalized HMEC
lines, despite the fact that the immortalized lines may
retain normal growth factor requirements, lack anchor-
age-independent growth or invasiveness, and are not tum-
origenic in animal models [4]. Rather, the non-malignant
immortalized lines display the cancer-associated prolifer-
ation cluster of genes frequently identified in transcrip-
tional profiling studies of cancer cells and tissues [26].

Materials and methods
Reagents and supplies
MEBM serum-free medium was purchased from the
Clonetics division of Cambrex BioScience (Walkersville,
MD), and was supplemented with EGF, hydrocortisone,
insulin, and BPE using Singlequot reagent packs from
Clonetics, as well as 5 µg/ml transferrin (Clonetics) and
10 nM isopeterenol (Sigma). Hams F-12/DMEM (50:50)
was purchased from Invitrogen or prepared by Core Tech-
nical Services (Wyeth Research), and supplemented to
contain 5% FBS (Invitrogen), 2 mM pyruvate (Invitro-
gen), 2 mM glutamine (Invitrogen), 20 ng/ml EGF
(Clonetics), 200 µg/ml cholera toxin (Sigma), 1× ITS
(Clonetics), 500 ng/ml hydrocortisone (Sigma or Clonet-
ics), and 20 mg/ml gentamycin (Invitrogen). MM
medium was prepared as described [2]. Antibodies and
fluorescent dyes used in High Content Screening (HCS, or
quantitiative immunofluorescence) were obtained from
Cell Signaling Technologies (Beverly, MA), Upstate Bio-
Page 2 of 17
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technologies (Lake Placid, NY), and Molecular Probes/
Invitrogen (Carlsbad, CA), as described in the supplemen-
tary material. Antibodies were screened by Western blot
prior to immunofluorescence studies to verify that they
recognize a single specific antigen of the expected molec-
ular size.

Cell culture
Pre-stasis and post-selection HMEC, from specimens 48,
161, 184, 191, 195 and 239, as well as the immortally
transformed lines 184A1, 184AA2, 184AA3, 184B5 were
developed and characterized at LBNL, starting with reduc-
tion mammoplasty tissues; an additional post-selection
HMEC strain was obtained from Clonetics. Remaining
lines, as well as additional samples of 184A1 and 184B5
were obtained from ATCC (Manassas, VA). 184B5ME was
derived from immortal 184B5 following stable expression
of ERBB2/Her2 and selection for anchorage independent
growth (Stampfer, unpublished). Pre-stasis cells were
maintained in MM media [2], and post-selection cells
were maintained in MEBM prior to this study. Pre-stasis
HMEC display 15–25 PD in MM, and 10–15 PD in
MEBM, prior to growth arrest at stasis. For transcriptional
profiling studies, all lines maintained at LBNL (listed
above), as well as the post-selection HMEC purchased
from Clonetics, were revived in MEBM media and cul-
tured at 37°C with 1% CO2. Consequently, the pre-stasis
HMEC were studied as they neared stasis. Pre-stasis HMEC
used in HCS were cultured in MM medium. Fully immor-
talized cell lines obtained from ATCC (184A1, 184B5,
MCF10A, MCF10A-2 and MCF12A) were cultured in
DMEM/Ham's F-12 medium, at 37°C with 10% CO2, as
they were maintained prior to crypreservation.

RNA labeling, GeneChip hybridizations and expression 
analysis
Cells to be prepared for RNA extraction were revived from
cryopreservation and cultured to 80% confluence in a sin-
gle T-75 flask, trypsinized under conditions appropriate
for each line, and split 1:4 into four new T-75 flasks. When
cells reached 80% confluence three of the flasks were
trypsinized, lysed and total RNA isolated using the
Midiprep RNA isolation kit from Qiagen, according to
manufacturers instructions.

An 11-point standard curve of bacterial cRNA control
samples was added prior to hybridization as described
[27,28]. Three independent replicates were generated per
cell type at the indicated stage. Affymetrix's MAS5 algo-
rithm was used to generate expression measures including
Signal values and Absent/Present calls (Affymetrix (2001)
Microarray Suite User Guide, Version 5. [29]. A global scal-
ing normalization was applied to the raw signal intensity.
Briefly, a 2% trimmed-mean was calculated per chip, and
was scaled to an arbitrary value of 100. A scaled Signal

value was then computed for each gene by multiplying its
original Signal intensity with the scale factor (100/
trimmed-mean). Subsequently, genes were filtered to
remove those with uninformative or noisy expression
changes across the entire samples. A gene is selected for
downstream analysis if its expression exceeds 50 (scaled)
Signal unit in at least one sample. Analysis of variance
(ANOVA) was performed with log2 transformation on the
scaled Signals of several cell lineage groups (see details
below). Data was analyzed using several analytical
approaches, including unsupervised clustering [30],
supervised clustering [31,32], and principal components
analysis. For the unsupervised clustering, genes that are
filtered based on the Pvalues from one-way analysis of
variance (ANOVA) on four cell lineage groups as well as
greater than 2 fold difference among the four groups.
These groups consist of 1) all finite lifespan cells, 2) p53+/

+ immortalized 184A1 and 184B5, 3) p53-/- immortalized
184AA2 and 184AA3, and 4) immortalized non-184
derived cells (including MCF10A, MCF10A-2, and
MCF12A).

Promoter analysis
Genes identified as unique classes in a subset of post-
selection HMEC were examined in detail (see Results for a
complete list of genes). Initially, the 500 bp upstream of
the transcription start site for each gene was examined for
well-characterized transcription binding sites using two
algorithms, Match and Clover [33,34]. For most of the
groups, strong assignments of specific promoter binding
sites could be identified using both algorithms. One class
(Class B in the Results) was less definitive, so the region
was extended to 2 kb prior to the transcription start site for
those genes.

Taqman™ quantitative PCR
Primer sets for 15 genes analyzed by Taqman™ analysis
were obtained from Applied Biosystems (Foster City, CA)
and used according to standard protocols. Genes tested
are listed in the Results section.

High content screening
Cells were seeded at 5000 cells/well in a 96-well black
wall, clear bottom Packard ViewPlate, and incubated in
MM, MEBM or DMEM/F-12 medium for pre-stasis, post-
selection and immortalized HMEC, respectively, for 48
hours. Cells were washed with PBS, and fixed with pre-
warmed 4% paraformaldehyde for 10 minutes. Cells were
washed 2× with PBS, permeabilized with 0.2% Triton X-
100 for 3–5 minutes, and washed 2× with PBS again. Cells
were stained with primary antibodies in 1% BSA/PBS. Pri-
mary antibodies were used as follows: E2F1 (BD/Phar-
magin, 1:200 dilution), E2F4 (Abcam, 1:400), Rb (Cell
Signaling Technologies, 1:400), p107 (Santa Cruz,
1:200), BRCA1 (Abcam, 1:200), p53 (Cell Signaling Tech-
Page 3 of 17
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nologies, 1:200), SP1 (Upstate Biotechnologies, 1:400),
NF-κB (Cellomics, 1:200). Cells were washed 3× with
PBST (0.05% Tween-20), and stained with DAPI and sec-
ondary antibodies of appropriate species/isotype specifi-
city and conjugated to either Alexa-488 or Alexa-594.
Cells were washed again 3× with PBST; 100 µl of PBS was
added and plates were sealed with an adhesive cover.

Quantitative immunofluorescence was performed using a
Cellomics ArrayScan Vti. Images were taken using a 20×
objective and data was collected for a minimum of 1000
valid cells per well. Valid cells are defined as having nuclei
with expected DNA content (defined by DAPI fluores-
cence intensity), nuclei size and shape typical for the cell
line/type, and well-separated from neighboring cells, such
that cytoplasmic regions could be clearly resolved. DNA
content and antigen intensity were quantitated for each
cell, and the nuclear-cytoplasmic ratio for each antigen
was determined by a mask derived from the DAPI stain-
ing, which was used to define the nucleus, and a region
surrounding the nucleus (which was specific for each cell
line/type) was used to define the cytoplasm. Quantitation
was performed using either the Compartmental Analysis
or Nuclear Translocation BioApplications, from Cel-
lomics.

Results
Transcriptional profiling of pre-stasis, post-selection and 
immortalized HMEC
To better understand the extent to which pre-stasis, post-
selection and immortalized HMEC represent distinct cell

types, we compared several samples of these cultures by
transcriptional profiling; the HMEC samples character-
ized are described in Table 1. The finite lifespan pre-stasis
and post-selection HMEC are referred to as strains or cell
types from a specific source, and culture conditions
(including stage) are noted for each particular sample. The
relationships between samples in this study, their origins,
are indicated graphically in Figure 1. Triplicate cultures for
each sample were grown under the conditions indicated
in the Methods, and in Table 1, following which the total
RNA was isolated, labeled and hybridized to the Affyme-
trix U133A/B GeneChips.

Principal Component Analysis (PCA) was used to visual-
ize the gross relationships among the cell types, as shown
in Figure 2A. The first three components, which explains
about 60% of the total variation, are displayed in a three
dimensional graph. The pre-stasis HMEC (in red) and
post-selection HMEC (in pink) are clearly separated from
the immortalized lines (in blue, black and green) along
the first principal component axis. Thus, transcriptional
profiling defines the transition from finite lifespan to fully
immortalized HMEC as the most significant change in
HMEC progression. The pre-stasis and post-selection
HMEC are also well segregated within their unique space.
In addition, the fully immortalized lines that either do not
express p53 or are transduced with ERBB2/Her2 (green
and blue, respectively) are distinguished from the rest of
the immortalized lines (black). According to the PCA,
there are no significant differences between the fully
immortalized lines derived from various methods of

Table 1: Cell Types and Lines Used in This Study

Cell Name Source Stage Growth Media

48L LBNL Pre-stasis, finite lifespan strain MM (MEBM)***
161 LBNL Pre-stasis, finite lifespan strain MM (MEBM)
184 LBNL Pre-stasis, finite lifespan strain MM (MEBM)
195L LBNL Pre-stasis, finite lifespan strain MM (MEBM)
48R LBNL Post-selection, finite lifespan strain MEBM
161 LBNL Post-selection, finite lifespan strain MEBM
184 LBNL Post-selection, finite lifespan strain MEBM
195L LBNL Post-selection, finite lifespan strain MEBM
191 LBNL Post-selection, finite lifespan strain MEBM
239 LBNL Post-selection, finite lifespan strain MEBM

HMEC-1001-13 Clonetics Post-selection, finite lifespan strain** MEBM
184A1 LBNL Fully immortal cell line MEBM
184B5 LBNL Fully immortal cell line MEBM

184AA2 LBNL Fully immortal cell line MEBM
184AA3 LBNL Fully immortal cell line MEBM
184B5ME LBNL Fully immortal cell line MEBM
184A1* ATCC Fully immortal cell line DMEM/F-12
184B5* ATCC Fully immortal cell line DMEM/F-12

MCF-10A ATCC Fully immortal cell line DMEM/F-12
MCF-10A-2 ATCC Fully immortal cell line DMEM/F-12
MCF-12A ATCC Fully immortal cell line DMEM/F-12

*designated as 184A1(a) and 184B5(a) in other tables and figures
**stage defined by transcriptional profile
***cells isolated from reduction mammoplasty tissues and expanded in MM media to passages 2–3, then cultured in serum-free MEBM media for 
transcriptional profiling
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Graphic relationship of cell lines profiled in this studyFigure 1
Graphic relationship of cell lines profiled in this study. Cell lines characterized in this study are shown with reference to 
their stage in transformation. The pre-stasis HMEC used were cultured for 2–3 passages before analysis, and reach stasis by 
passages 3–5. Rare isolates of cells grown in serum-free media (MEBM) emerge spontaneously from stasis, associated with the 
absence of p16 expression due to promoter silencing, and continue growing as post-selection HMEC until reaching a second, 
proliferation barrier (telomere dysfunction). This barrier is highly stringent, and spontaneous immortalization has never been 
observed in cells that were not mutagenized or virally transduced during pre-stasis or post-selection growth. HMEC grown in 
MM do not spontaneously give rise to post-selection cells, however primary populations exposed to the chemical carcinogen 
benzo(a)pyrene (BaP) have produced rare clonal isolates with post-stasis growth, associated with absence of p16 expression 
due to mutation or promoter silencing. These non-spontaneously arising post-stasis cells are referred to as extended lifespan, 
and may harbor additional errors due to the carcinogen exposure. Overcoming the telomere dysfunction barrier is associated 
with reactivation of telomerase activity. The fully immortalized lines 184A1 and 184B5 were derived from extended lifespan 
post-stasis cells grown in MM and exposed to BaP in primary culture. Exposure of extended lifespan 184Aa cells to retroviral 
infection resulted in two cell lines that had lost both copies of the TP53 gene. The cell lines profiled in this study are shown rel-
ative to the profiling analyses performed. Comparisons used to analyze selection and immortalization, as well as the influence 
of p53 and ERBB2/Her2 status are shown by colored boxes and identified in the key at the lower left of the figure.
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immortalization, or from lines maintained at LBNL versus
those obtained from ATCC. Unsupervised (or Eisen) clus-
tering of the genes that change following selection and
immortalization for most of the samples is shown in Fig-
ure 2B. These data reflect the 1 342 genes that are filtered
based on the Pvalues from one-way analysis of variance
(ANOVA), as described in the supplementary material.

Gene expression changes following selection
Gene expression changes that distinguish pre-stasis from
post-selection cells were identified using GeneCluster
[31], and the results are shown in Figure 3A. The figure
characterizes a large set of concordantly-regulated genes in
the pre-stasis strains, and a high level of concordance in
four of the six post-selection HMEC (200 genes for each
class). Among these top-200 genes in the pre-stasis cell
types, the largest number of genes we identified are
involved in the extra-cellular matrix (ECM), including
structural proteins and matrix remodeling enzymes (listed
in supplementary Additional file 1). Examples include
many collagen and kallikrein genes. Genes that increase
expression level in post-selection HMEC include a large
number of genes associated with proliferation and the cell
cycle. These genes are strongly associated with cancer cell
growth, and increase in expression directly with tumor
grade. Specific examples include BIRC5, A and B type cyc-
lin genes, CDC2, and the MCM chromosomal proteins.
The increased expression of these genes is dependent on
E2F transcription factors and reflects the proliferative state
a cell. Since the pre-stasis cells were nearing stasis, the
increased expression of the genes in the post-selection
HMEC may reflect either a loss of Rb repression (consist-
ent with a loss of p16), or could reflect the relative prolif-
erative state of these pre-stasis and post-selection cells.

The two discordant post-selection HMEC we observed in
Figure 3A (195L and 1001-13), suggest that additional
molecular events can occur during selection; these sam-
ples also show a loss of p16 expression (results not
shown), a definitive event for post-selection HMEC. In
order to probe further into the changes that occur during
selection, we compared the four sets of HMEC studied as
pre-stasis and post-selection samples. For this analysis, we
identified genes that increase expression in post-selection
HMEC, as compared to the corresponding pre-selection
sample. Four patterns were observed. The genes we iden-
tified in each group are listed in Table 2, and the expres-
sion changes we observe for three of the groups are shown
in Figure 3B. The group not explicitly shown in Figure 3B
is uniformly down-regulated in all four pairs. Genes
expressed exclusively in post-selection 195L HMEC
(Group A) fall into two categories: genes previously iden-
tified as cancer-associated (including several antigens pro-
posed as cancer biomarkers), and genes induced by
interferons [35]. Among the cancer-associated genes, the

Cancer-Testis Antigen 2 (CTAG-2) is very strongly expressed
(30-fold according to the GeneChip data), as are ARH-
GDIB/Ly-GDI, and IGFBP6. The cytokine induced genes
[35] include a set previously reported as increasing in
post-selection HMEC, such as IFIT1, IFITM1, G1P2 and
OAS1 [36]. The genes that are unique to 48 HMEC (Group
B) include several transcription factors and cell cycle pro-
teins whose roles in cancer or breast tissue development
have not been well characterized to date, including
NUCKS, SON and HOXB2. Group C includes many genes
previously associated with cancer cell proliferation.

Since these geneset classes were comprised of a relatively
small number of genes, we performed promoter analyses,
to see if these sets are linked in specific pathways. Pro-
moter binding sites we were able to identify are listed in
Table 2. For Group A, interferon-responsive elements
were found for most of the genes, but not the cancer/
metastasis-associated genes (BST2 is an exception), con-
sistent with previous studies that did not identify these
genes as IFN-regulated [35]. Instead, several genes in this
group have been shown to be direct or indirect targets of
p53 and Myc. A common element in the regulation of
both p53/Myc and IFN-regulated genes is BRCA1, and in
particular, BRCA1 is essential for the activation of stress
and inflammatory response genes following treatment
with interferons [37]. Group B was less well-defined by
specific binding sites near the promoter, but an extended
analysis (2 kb) identified SP1, E2F, MAZ and NF-Y bind-
ing sites for many genes. These binding sites were also
identified in the genes of Group C, especially the E2F, NF-
Y and SP1 sites, which is consistent previous work [38,39].
Group D, genes significantly repressed in post-selection
HMEC, may be under the control of MAZ (Myc-associated
zinc finger protein), as binding sites were found in 19 of
22 genes examined, which is consistent with previous
observations that increased Myc can repress ECM genes
[40-42]. In conclusion, although distinct gene expression
patterns could be observed for each of the pre-stasis/post-
selection HMEC pairs we have characterized, in each case
strong associations could be made between the promoters
of each class and the proliferation and cell cycle transcrip-
tion factors, particularly E2F, SP-1, NF-Y and the Myc-
related MAZ. The distinguishing features for each of these
expression classes is likely to be found in additional,
unique pathways such as BRCA1-mediated regulation.

Gene expression changes that distinguish finite life span 
HMEC from immortally transformed HMEC
The most significant transition observed in this study is
that of immortalization. Genes whose expression are
reduced in the immortalized lines include a significant
number that suppress angiogenesis, contribute to the
ECM, or regulate the actin cytoskeleton. Many of these
genes were identified as down-regulated in HMEC follow-
Page 6 of 17
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Relationship of HMEC as determined by transcriptional profilesFigure 2
Relationship of HMEC as determined by transcriptional profiles. A. Data from 2319 genes were used to determine the 
number of principal components of the data. Three components were identified, and the contribution of the components to 
the transcription profile of each cell line samples are shown in the figure. Individual replicates for each cell line are shown. Cell 
lines grouped in Figure 1 are shown in Figure 2A as shown in the legend. Vertical axis is PC1, the first, and therefore the 
strongest. principal component. B. Unsupervised clustering of HMEC. All genes that change expression in one or more sam-
ples were used to cluster the cell types and lines by overall similarity. Cell types and lines are identified by color under the des-
ignations: pre-stasis HMEC: light green; post-selection HMEC: light blue; fully immortalized HMEC: dark blue; p53-/- fully 
immortal HMEC: burgundy, and lines not formally characterized: black. Samples of 184A1 and 184B5 designated by (a) were 
obtained from ATCC.
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ing selection as well; some are further down-regulated in
the immortalized lines, as shown in Figure 4A. These com-
parisons include multiple independent samples from
each stage, including four distinct fully immortalized cell
lines, and three additional samples from either different
sources (184A1 and 184B5 from ATCC) or two separate
isolates from the same experiment (MCF-10A and MCF-
10A-2) [43]. The genes identified in each group are
described in Additional file 2. Collectively, the pre-stasis
and post-selection samples are distinguished most
strongly by changes to the ECM and cell-cell communica-
tion genes, particularly collagens, kallikrein, matrix metal-
loproteinase and serpin proteinases; genes that affect the
actin cytoskeleton are also noted (both actin and actin-
interactors, such as actinin, nidogen, transgelin, and pal-
ladin, genes). Several well-recognized classes of genes are
up-regulated in fully immortalized lines, including the

commonly observed "proliferation cluster" described
above. These genes were also observed to be up-regulated
in the post-selection, compared to pre-stasis HMEC. Fewer
of these "proliferation genes" are identified in the fully
immortalized samples following a three-way comparison,
but this is because GeneCluster identifies the most defin-
itive group of genes for each class, and since some of the
post-selection samples express increased levels of genes
such as MCM2 and STK12, they are not unique to either
the post-selection or the fully immortalized HMEC.

We have examined the expression of the cancer cell prolif-
eration class of genes directly in Figure 4B. In this exam-
ple, the absolute expression levels of each gene listed in
the figure are displayed directly (rather than the ratio of
post-selection over pre-stasis expression levels in Figure
3B). These genes are compared to equal subsets of genes

Supervised Clustering of Pre-stasis, and Post-selection HMECFigure 3
Supervised Clustering of Pre-stasis, and Post-selection HMEC. A. Gene expression values were normalized and character-
ized for the significance of overexpression in one group relative to other groups in the comparison. The top 50 genes that are 
significantly overexpressed in one group are shown. All pre-stasis and post-selection cell types have been used. Analysis was 
performed in GeneCluster, and the color bar describing how normalized values are depicted is shown at the bottom of the fig-
ure. B. Distinct classes of genes over-expressed in post-selection HMEC. Genes showing one of three specific patterns of 
expression in the four pairs of pre-stasis and post-selection samples are diagramed. The top 10 qualifiers (based on fold 
change) are shown (some genes are represented by more than one qualifier).
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Supervised Clustering of Pre-stasis, Post-selection and Immortalized HMECFigure 4
Supervised Clustering of Pre-stasis, Post-selection and Immortalized HMEC. A. Gene expression values were normalized 
and characterized for the significance of over-expression in one group relative to other groups in the comparison. The top 200 
genes (of 1342) that are significantly over-expressed in one group are shown. All pre-stasis, post-selection and immortalized 
HMEC (except the p53-/- and ERBB2/Her2 transfected variants) have been grouped. The top 100 genes (of 1440) that are over-
expressed in one group relative to the other two are presented. Analysis was performed in GeneCluster. B. Expression of a 
subset of highly concordant genes in pre-stasis, post-selection and fully immortalized HMEC. Gene-normalized expression of 60 genes 
identified in the figure are shown for four representatives each for the three groups of HMEC. Samples are (left to right): 48L, 
161, 195L and 184; 48R, 161, 195L, and 184; 184A1, 184B5, MCF-10A and MCF12A.
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Table 2: Genes and Promoter Elements That Define Post-Selection HMEC Gene Expression Classes

Geneset Classes Genes Promoter Elements

Group A
IFN genes IFIT1, BST2, G1P2, G1P3, IFIT2, OAS1, IFI44, IFIT4 IRF, ILR, IRL
Non-IFN genes CTAG2, ARHGDI-B/Ly-GDI, MMP7, PLAU, CALB1, SLC1A6, MDA5, FXYD5, HMOX1

Group B NUCKS, HDAC3, TRAP150, HOXB2, SON, IF2, LZ16, ANLN, BBX, TOP1, H4FG, SFRP1, KTN1, 
GTAR, BAZ1A, PK428, FALZ, TTC3, DNCL12, RBM9

SP1

Group C TOP2A, RRM2, KIF20A, BIRC5, ANKT, CCNA2, CDC2, MKI67, CDC20, MCM5, HMMR, IL-1B, 
PRC1, PMSCL1, MADL1, DLG7

E2F, NF-Y, B-Myb

Group D H11, COL11A1, IGFBP5, CNN1, COMP, LGALS7, CLDN7, KLK6, KLK7, KLK10, KLK11 KRT23, 
LOXL4, THY1, FLJ21841

MAZ, MAZR, MEF-3
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that show maximal levels of expression in the pre-stasis
and post-selection HMEC samples. As can be observed in
the figure, genes showing maximal expression in the pre-
stasis samples are robust, whereas those showing maximal
expression in the post-selection are less strongly definitive
of post-selection cells. The "proliferation cluster" genes
show strongest expression in the fully immortalized
HMEC lines, however expression of these genes is hetero-
geneous for both the post-selection and fully immortal-
ized sets. Increased expression can be observed for the
post-selection 48R and 184 samples (as was seen for some
of these genes in Figure 3B), and lesser expression is seen
for MCF-12A. However, the rise in expression of this
group of genes as HMEC progress from pre-stasis through
fully immortalized stages is clear.

Gene expression changes observed in p53-/- cell lines
HMEC lines that have lost p53 during immortalization
show distinctive changes in transcriptional profiles when
compared to closely related lines that have retained p53
function. The complete list of genes is presented in the
supplementary Additional file 3. When we explicitly look
for genes whose expression changes are common to the
p53 status of the lines derived from specimen 184 cells,
several genes showing concordant changes between p53+/

+ 184A1 and 184B5 versus p53-/- 184AA2 and 184AA3 are
observed. SIAH2, Lipocalin 2, Asparagine synthase and Ker-
atin 15 are all upregulated in both 184AA2 and 184AA3,
relative to both 184A1 and184B5. Genes down-regulated
in the p53-/- lines include several that are explicitly regu-
lated by p53 (including RRM2 and TP53INP1). A compar-
ison of the two p53+/+ and the two p53-/- lines shows that
additional gene expression changes unique to each line
have occurred. Examples include DUSP1 and BIRC3,
expressed at significantly higher levels 184AA3 than in
184AA2, and FABP4, IFI27, HRASLS3, and Fibulin 1,
expressed much more robustly in 184A1 than in 184B5.
The complete list of genes is presented in the supplemen-
tary Additional file 4 and Additional file 5.

Gene expression changes resulting from ectopic expression 
of Her2
The events characterized thus far in this study concern
HMEC immortalization; however, additional events are
critical to malignancy. To connect these studies directly to
changes that occur following an oncogenic event, we have
compared one immortalized HMEC line, 184B5, with a
derivative that ectopically expresses the ERBB2/Her2
oncogene, 184B5ME. ERBB2/Her2 is frequently over-
expressed in breast cancer, and is transforming simply by
being over-expressed, so this line models clinically rele-
vant features of breast cancer. Over-expression of ERBB2/
Her2 in 184B5 results in anchorage independent growth,
a malignancy-associated property, while over-expression
of oncogenic ERBB2/Her2 in 184B5 can confer tumori-

genicity [21]. Gene expression changes seen for 184B5ME
that are distinct from its parent are listed in the supple-
mentary Additional file 6. Genes showing increased
expression include many that were down-regulated in
post-selection HMEC, including kallikreins KLK6 and
KLK7, and cystatin E/M. These phenotypic reversions may
play a role in the transition to invasive cancer [44]. Addi-
tional gene expression changes include a dramatic
increase in the expression of IL24 and significant changes
in BIRC3, HRASLS3, and PTGES. Genes showing down-
regulation as a consequence of ERBB2/Her2 overexpres-
sion include many of the IFN genes that showed increased
expression following selection (in 195L) or immortaliza-
tion (in 184A1, 184B5 and others).

Real-time PCR measurement for selected genes identified 
in this study
The results presented comprise a large study of human
mammary cell samples that have not been characterized
by transcriptional profiling previously, and the gene
expression patterns are either new or not previously asso-
ciated with non-cancerous cell lines. As such we wished to
validate the findings by corroborating the gene expression
changes observed by genechips with an independent
method. 15 genes were chosen from the data to be vali-
dated by Taqman™ quantitative PCR. Genes that change
following selection (PMP22/GAS3 and several insulin-like
growth factor binding protein (IGFBP) genes: IGFBP2,
IGFBP3, IGFBP4, IGFBP5, IGFBP6, and IGFBP7), as well as
genes that change in immortalized lines (CCNB1, CDC2,
CDC25B, HDAC3, MYC, and STK6) were evaluated by RT-
PCR in 17 cell types, comprising pre-stasis, post-selection
and fully immortalized samples, and the results compared
to expression data from the oligonucleotide arrays. The
concordance between expression of a gene as measured by
oligonucleotide array and Taqman™ assays were generally
quite good; in 14 cases, only minor discordances can be
observed (see Figure 5). HDAC3 was an exception. The
expression level changes of three probes sets for HDAC3
on the Affymetrix U133 GeneArrays, and the Taqman™
primer set, were highly discordant, so we were not able to
validate the expression changes of this gene by RT-PCR,
however were able to show significant changes in HDAC3
protein expression and localization by immunofluores-
cence microscopy (described below).

Transcriptional regulatory factors are localized to the 
nucleus following selection and immortalization
We explored the changes that occur in several critical reg-
ulators of cell cycle progression and chromosomal stabil-
ity by quantitative fluorescence microscopy, or High
Content Screening (HCS). These factors were chosen
based on patterns observed in the transcription profiling
data as ones that would be expected to change as HMEC
progress past senescence barriers, based on the gene
Page 10 of 17
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Real-time PCR measurements of gene identified in transcriptional profiling analysesFigure 5
Real-time PCR measurements of gene identified in transcriptional profiling analyses. Representative genes from groups 
identified as changing expression during selection or immortalization were characterized by real-time PCR analysis (Taq-
Man™). Genes were selected as representative of classes were described in this study. Each gene is presented as a separate 
graph, as identified in the figure. Cell lines are presented in the same order in each graph, as listed in the bottom left panel. The 
finite lifespan samples are shown as pairs, with the pre-stasis sample on the left and the post-selection sample on the right. For 
each cell line, expression data from Affymetrix GeneChips are shown as blue bars, according to the scale at the left of the 
graphs. Expression data from real-time PCR of the same samples are shown as yellow bars, according to the scale at the right 
of the graphs.
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expression patterns we observe. Example images are
shown in Figure 6A. For these images, Rb is shown in red
and DNA is shown in blue. In the pre-stasis 184 HMEC,
Rb is punctate and is evenly distributed between the
nucleus and cytoplasm. In post-selection 184 HMEC and
in immortalized lines such as 184A1 (shown in the figure)
and 184B5 (not shown), Rb is very strongly localized to
the nucleus, and the staining is no longer punctate. The
nuclear/cytoplasmic ratio (determined using least 1000
cells per sample for three samples each) are shown in Fig-
ure 6B for Rb and 8 other proteins. The ratio for Rb in pre-
stasis cells is 0.5–2, whereas for post-selection and
immortalized HMEC it is greater than 100. Similar dra-
matic changes are observed for HDAC3, BRCA1, p53 and
the general transcription factor SP1. BRCA1 and c-Myc are
localized in the cytoplasm in pre-stasis HMEC, but to the
nucleus in post-selection and immortalized HMEC. For
other proteins associated with G1 progression (E2F1,
E2F4 and p107), the differential is in the range of two to
four-fold.

Discussion
Transcriptional profiles and quantitative 
immunofluoresence of HMEC reveal significant cancer-
associated changes following both selection and 
immortalization
The effect of malignant transformation (oncogenesis) on
gene expression has been studied extensively in both cell
lines and tissues in an effort to characterize the causes of
cancer at the molecular level [45]. Gene signatures com-
monly found in breast and other human cancers include
those critical for the cell cycle, chromosomal stability and
proliferation; the extent of the increase in the expression
of this signature correlates with tumor grade and poorer
prognosis [26,46]. A separate signature of IFN-regulated
genes has also been observed in ductal carcinoma in situ
(DCIS) [47] and has been associated with metastasis to
the lymph nodes in aggressive breast cancers [48]. We
have observed both of these signatures in non-malignant,
immortally transformed, HMEC lines that had overcome
the two senescence barriers to immortalization, despite
these lines retaining many characteristics of finite lifespan
epithelial cells.

Transcriptional changes in gene families associated with 
mammary epithelial biology or breast cancer in post-
selection and fully immortalized HMEC
There are several gene families that we identified in this
study which have direct connections to breast epithelial
biology and breast cancer, which we can summarize:

(A) Several IGFBPs show reduced expression in post-selec-
tion HMEC and immortalized lines, including IGFBP2
(minor decreases overall, but larger in the p53-/- lines),
IGFBP3 and IGFBP5 (very large decreases in immortal

HMEC). Levels of IGFBP4 were significantly reduced in
184B5ME relative to 184B5. IGFBPs are frequently
observed to be reduced in breast cancers, and these reduc-
tions are associated with increased sensitivity to IGF-I and
IGF-II [49,50].

(B) BRCA1, a gene deleted in about 5% of women with
breast cancer, encodes a protein that interacts with many
other proteins [51]. These complexes recognize and
orchestrate the repair of DNA damage. Many genes that
encode proteins that interact with BRCA1 were identified
in this study as genes that increase expression following
either selection or immortalization. BAP, RAD51, CSE1L
and RFC4 all increased expression following selection in a
pattern similar to the E2F-regulated genes identified as
Group C in Figure 3B. MYC, RAD50 and RFC3 increased
expression in fully immortalized lines, including the p53-

/- lines. These changes suggest the possibility that BRCA1-
mediated functions are affected by overcoming stasis and/
or immortalization, which is supported by the significant
change in localization of BRCA1 to the nucleus in post-
selection HMEC.

(C) The increased expression of a well-characterized clus-
ter of IFN-regulated genes was observed in some lines in
this study, as well as in other studies of HMEC [36], and
in a taxol-resistant MCF-7 line [52]. The IFN-dependent
stress response is mediated by BRCA1 [37,53]. Therefore,
since we have noted expression changes in many genes
associated with BRCA1 function, as well as in BRCA1
abundance and localization in post-selection HMEC, IFN
gene signature may reflect changes in BRCA1-mediated
functions.

(D) Inhibitors of Differentiation (ID) genes are important
regulators of differentiation by dominantly interfering
with the function of bHLH proteins during embryogene-
sis, neurodevelopment and cancer. Part of their function
is through the repression of CKIs, including p16. Some
functions have been attributed to specific members,
including the interaction of ID2 with Rb [54], and the
expression of BRCA1 by ID4 [55], which is in turn
repressed by BRCA1 [56]. In this study, ID1 is expressed at
higher levels in the immortalized lines (184AA2 is an
exception), while ID4 is repressed in post-selection HMEC
and all of the immortalized lines.

(E) S100 proteins comprise a large family of calcium-acti-
vated proteins that function in homo- and hetero-dimers
to regulate many intra- and extra-cellular targets [57].
Their increased expression in cancer and inflammatory
diseases has provoked interest in this family as potential
drug targets and clinical biomarkers. We observe increases
in the expression of S100A8 and S100A9, which comprise
the heterodimer Calprotectin, following selection and fur-
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High Content Screening of proteins associated with cell cycle progression and chromosomal stabilityFigure 6
High Content Screening of proteins associated with cell cycle progression and chromosomal stability. (A) Immunofluo-
rescent images of Rb (red) and DNA (blue) obtained using a Cellomics ArrayScan Vti are shown for pre-stasis 184 HMEC 
(left), post-selection 184 HMEC (center) and the 184A1 cell line (right). (B) Quantitation of the nuclear/cytoplasmic ratio is 
shown for pre-stasis 184 and 161 HMEC, post-stasis 184 and 161 HMEC and the cell lines 184A1 and 184B5, as indicated in the 
figure panels. Antigens quantitated in each panel are identified above the panel.
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ther dramatic increases following immortalization.
Increased expression of S100P is seen in DCIS [58], and
was also observed in several of the immortalized lines,
particularly 184B5ME, the ERBB2/Her2 transduced line.
Increased expression of S100A7, also known as psoriasin,
is seen in both DCIS and IDC, particularly ER negative
breast cancers [59]; increased expression was observed in
several immortalized lines, most strongly in 184AA3.

Transcriptional changes that occur following genetic 
changes associated with invasive cancer
p53 imposes a cell cycle arrest when chromosomal break-
age or damage is detected, and its loss in breast cancer is
associated with increased chromosomal instability and a
more aggressive subtype [60]. The two p53-/- lines we have
characterized show a number of transcriptional changes
that are expected of p53-/- cell lines, as well as changes
unique to the two lines. Of note is expression of the IFN-
induced genes observed in post-selection 195L cells and
in the 184AA3 line. This may indicate a common molec-
ular event occurred following selection of the 195L cells
and the immortalization of the 184AA3 cells. Further
studies on the changes common and unique to p53-/-

HMEC lines may be important in understanding differ-
ences between p53+/+ and p53-/- cell lines and breast can-
cers in overcoming senescence barriers and
immortalizing.

In data presented here, transfection of an immortalized
line with a clinically-relevant oncogene, ERBB2/Her2,
showed fewer transcriptional changes than were observed
following selection or immortalization, and these changes
were generally limited to genes involved in invasive
growth and motility. Specifically, expression of the prolif-
eration geneset was not dramatically altered, but there was
increased expression of genes encoding the secreted pro-
teases Cystatin E/M, and Kallikrein 6, as well as tissue
plasminogen activator. Such changes could enable these
cells to grow invasively in breast tissue.

Activation of transcriptional regulators associated with 
gene expression changes in post-selection and 
immortalized HMEC, telomerase reactivation and cancer
In quiescent or unstimulated cells, many transcription fac-
tors are excluded from the nucleus and localize to the
nucleus upon activation [61]. In the case of BRCA1,
nuclear retention has been shown to suppress its pro-
apoptotic functions [62]. The proliferation, cell cycle and
DNA damage response genes identified in the gene
expression signatures we observe are supported by the
changes in the localization of several associated regulatory
proteins and transcription factors, as determined by quan-
titative immunofluorescence. Based on previous studies
linking regulatory pathways to gene expression, the rela-
tionship between the gene expression signatures and the

regulatory factor localizations we observe are concordant.
Proteins directly responsive to p16/CDK4 activation, par-
ticularly Rb, show striking changes in cytoplasmic/nuclear
distribution in both post-selection and fully immortalized
HMEC, compared to pre-stasis HMEC. Additional pro-
teins also showing strong changes in localization are
BRCA1, p53, HDAC3, Myc and SP1. Each of these pro-
teins have well characterized roles in oncogenesis and in
the regulation of hTERT [63-66], a critical event in immor-
talization [1,5]. These changes are consistent with both
the transcriptional profiles we have generated of post-
selection and fully immortal HMEC, as well as with what
is known about the role of these factors on telomerase reg-
ulation.

The relationship between immortalized HMEC and DCIS
Taken together, these data support a classification of
immortalized breast epithelial cell lines as in vitro models
of highly dysregulated epithelial cells, rather than as per-
petually growing models of normal breast epithelia. Gene
expression patterns we have identified in the comparison
of finite-lifespan and immortalized HMEC lines are
highly similar to changes observed in DCIS and invasive
human breast cancers [47,67,68], and are consistent with
other similarities between immortal HMEC lines and
DCIS. Specifically, short telomeres and moderate chromo-
somal instability, as well as telomerase re-activation, are
common to many early-stage tumors [69], including the
breast [17]. In addition, p16 expression is lost in post-
selection, as it is in vHMEC [15,16], which are proposed
to be premalignant breast cancer precursors in vivo. In con-
trast, we observe that a cell line, 184B5ME, which grows
invasively in tissue culture and in in vivo models, shows
fewer changes.

DCIS is a complex disease [70], often requiring no imme-
diate treatment in the strict sense, however it is not cur-
rently possible to forecast when, or if, progression to IDC
will occur. This necessitates an aggressive strategy, even in
cases where it may be effectively managed by substantially
simpler, cheaper, and less emotionally challenging modes
[71]. The ability to characterize DCIS, and to target it
explicitly when it manifests invasive potential, is a critical
need with regard to effective breast cancer treatment strat-
egies. In particular, established markers for breast cancer,
including Ki-67, p53, Her-2neu and ER expression are very
effective for identifying aggressive, invasive cancers, and
for determining the most effect treatment strategy in these
cases, but are less informative about the likelihood that a
well-contained DCIS will progress to invasive cancer. Cur-
rently, some of the best indicators of DCIS progression
risk are cytological, including grade, necrosis and architec-
tural patterns [72]. Additional molecular markers, partic-
ularly those that correlate strongly (or better, explain) the
histological patterns used to stage DCIS would be very val-
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uable. Some additional molecular markers are emerging.
COX-2 has been identified as a marker of vHMEC [15,16],
and expression levels have been correlated with DCIS
grade, as well [73]. For these reasons, recognizing immor-
talized HMEC as resembling early-stage cancers would
facilitate a formal interrogation of their genetics and phys-
iology for clues to how DCIS occurs, and to the factors
that can enable DCIS to progress.

Use of post-selection and immortalized HMEC to study 
normal mammary cell biology and breast cancer
Immortalized cell lines have been used to address com-
plex problems in cancer [74] and epithelial cell biology
[75] precisely because they allow for controlled experi-
ments to be performed and theories of breast cancer to be
tested. In studies of oncogenesis, the non-malignant sta-
tus of immortalized lines allows for the specific steps in
full malignant transformation to be examined, such as by
the introduction of activated oncogenes [76,77]. How-
ever, in many cases immortalized cell lines are referred to
and used as "normal" cells. This inaccurate characteriza-
tion may obscure understanding of the multiple errors
that permit immortal transformation, and thus aspects of
early stage carcinogenesis. While established breast cancer
cell lines are usually derived from advanced, metastatic
tumors (particularly pleural effusions), and therefore are
quite different from immortalized cell lines, immortal-
ized lines themselves have undergone extensive genetic
and epigenetic changes, especially in frequently studied
aspects of oncogenesis, such as G1 checkpoint function
and the DNA damage response. The use of immortalized
HMEC as "normal" controls for tumor-derived lines can
impede our ability to understand early stages of carcino-
genesis, and obscure the potential of treating DCIS-stage
changes as additional targets for clinical benefit.

Conclusion
Gene expression profiles and cytological changes in
related transcriptional regulators indicate that immortal-
ized HMEC resemble non-invasive breast cancers, such as
ductal and lobular carcinomas in situ, and are strikingly
distinct from finite-lifespan HMEC, particularly with
regard to genes involved in proliferation, cell cycle regula-
tion, chromosome structure and the DNA damage
response. The comparison of HMEC profiles with lines
harboring oncogenic changes (e.g. overexpression of Her-
2neu, loss of p53 expression) identifies genes involved in
tissue remodeling as well as proinflamatory cytokines and
S100 proteins. Studies on carcinogenesis using immortal-
ized cell lines as starting points or "normal" controls need
to account for the significant pre-existing genetic and epi-
genetic changes inherent in such lines before results can
be broadly interpreted.
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Table s1: Genes Expressed Concordantly in Pre-Stasis and Post-Selection Cell Types 
  
Genes expressed in pre-stasis HMEC 
    

Cytoskeleton   
ACTA2 actin, alpha 2, smooth muscle, aorta 
ACTG2 actin, gamma 2, smooth muscle, enteric 
CDH2 cadherin 2, type 1, N-cadherin (neuronal) 
CNN3 calponin 3, acidic 
MACF1 microtubule-actin crosslinking factor 1 
MAP2 microtubule-associated protein 2 
TPM2 tropomyosin 2 (beta) 
TUBB tubulin, beta polypeptide 

    
Extracellular Matrix and Cell-Cell Communication   

ADAMTS1 
a disintegrin-like and metalloprotease (reprolysin type) 
 with thrombospondin type 1 motif, 1 

ADAMTS5 
a disintegrin-like and metalloprotease (reprolysin type) 
 with thrombospondin type 1 motif, 5 (aggrecanase-2) 

CAST calpastatin, calpain inhibitor 
COL1A2 collagen, type I, alpha 2 

COL2A1 
collagen, type II, alpha 1 (primary osteoarthritis, 
 spondyloepiphyseal dysplasia, congenital) 

COL4A1 collagen, type IV, alpha 1 
COL6A1 collagen, type VI, alpha 1 
COL6A2 collagen, type VI, alpha 2 
CPA4 carboxypeptidase A4 
CST6 cystatin E/M 
CTGF connective tissue growth factor 
DSC2 desmocollin 2 
EDIL3 EGF-like repeats and discoidin I-like domains 3 
EGFL5 EGF-like-domain, multiple 5 
ENC1 ectodermal-neural cortex (with BTB-like domain) 
ITGB3 integrin, beta 3 (platelet glycoprotein IIIa, antigen CD61) 
KLK10 kallikrein 10 
KLK5 kallikrein 5 
KLK6 kallikrein 6 (neurosin, zyme) 
KLK7 kallikrein 7 (chymotryptic, stratum corneum) 
KRT23 keratin 23 (histone deacetylase inducible) 
MCAM melanoma cell adhesion molecule 
MGP matrix Gla protein 
NET-6 transmembrane 4 superfamily member tetraspan NET-6 

PLOD 
procollagen-lysine, 2-oxoglutarate 5-dioxygenase 
 (lysine hydroxylase, Ehlers-Danlos syndrome type VI) 

PMP22 peripheral myelin protein 22 
RSN restin (Reed-Steinberg cell-expressed intermediate 



 filament-associated protein) 

TIMP3 
tissue inhibitor of metalloproteinase 3 
 (Sorsby fundus dystrophy, pseudoinflammatory) 

TMEPAI transmembrane, prostate androgen induced RNA 
    
Protein Metabolism and Turnover   

CTSB cathepsin B 

UCHL1 
ubiquitin carboxyl-terminal esterase L1 
 (ubiquitin thiolesterase) 

    
Protein Secretion   

GCNT1 
glucosaminyl (N-acetyl) transferase 1, core 2 
 (beta-1,6-N-acetylglucosaminyltransferase) 

TRAM translocating chain-associating membrane protein 
    
Metabolism and Homeostasis   

BPGM 2,3-bisphosphoglycerate mutase 
CLIC3 chloride intracellular channel 3 
LIPG lipase, endothelial 
LOXL2 lysyl oxidase-like 2 

SLC16A4 
solute carrier family 16 (monocarboxylic acid transporters) 
, member 4 

SLC17A5 
solute carrier family 17 (anion/sugar transporter), 
 member 5 

    
Transcription and Translation   

GLIS2 Kruppel-like zinc finger protein GLIS2 
IRX1 iroquois homeobox protein 1 

    
Signal Transduction   

OXTR oxytocin receptor 
RSU1 Ras suppressor protein 1 
STAC src homology three (SH3) and cysteine rich domain 
SORT1 sortilin 1; NTr co-receptor for nerve growth factor 

    
Cell Cycle   

CDKN2B cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4) 
    
Other   

DESC1 DESC1 protein 
DKFZP564G202 DKFZP564G202 protein 
FLJ11036 hypothetical protein FLJ11036 
FLJ40021 hypothetical protein FLJ40021 
KIAA0275 KIAA0275 gene product 
KIAA1497 KIAA1497 protein 
LBH likely ortholog of mouse limb-bud and heart gene 



LOC115207 hypothetical protein BC013764 
LOC91663 hypothetical protein BC013995 
LOC92689 hypothetical protein BC001096 
MIG2 mitogen inducible 2 
PPAP2A phosphatidic acid phosphatase type 2A 
SPG3A spastic paraplegia 3A (autosomal dominant) 
TRIM2 tripartite motif-containing 2 

WSB2 
likely ortholog of mouse WD-40-repeat-containing 
 protein with a SOCS box 2 

    
Genes expressed in post-selection HMEC 
    

Extracellular Matrix and Cell-Cell Communication   
CSPG2 chondroitin sulfate proteoglycan 2 (versican) 
DLG7 discs, large homolog 7 (Drosophila) 
IFI16 interferon, gamma-inducible protein 16 
IL18 interleukin 18 (interferon-gamma-inducing factor) 
IL1A interleukin 1, alpha 
ITGB3BP integrin beta 3 binding protein (beta3-endonexin) 
HBP17 heparin-binding growth factor binding protein 
PLAB prostate differentiation factor; GDF15 
PMSCL1 polymyositis/scleroderma autoantigen 1, 75kDa 
PLAU plasminogen activator, urokinase 
S100A8 S100 calcium binding protein A8 (calgranulin A) 

SERPINA1 
serine (or cysteine) proteinase inhibitor, clade A 
 (alpha-1 antiproteinase, antitrypsin), member 1 

SERPINB3 serine (or cysteine) proteinase inhibitor, clade B 
 (ovalbumin), member 3 

    
Protein Metabolism and Turnover   

HSPC150 HSPC150 protein similar to ubiquitin-conjugating enzyme 
PSMB8 proteasome (prosome, macropain) subunit, beta type, 

 8 (large multifunctional protease 7) 
UBE2C ubiquitin-conjugating enzyme E2C 
UHRF1 ubiquitin-like, containing PHD and RING finger domains, 1 

    
Metabolism and Homeostasis   

DHFR dihydrofolate reductase 
PAICS phosphoribosylaminoimidazole carboxylase, 

 phosphoribosylaminoimidazole succinocarboxamide 
 synthetase 

    
Transcription and Translation   

ANKT nucleolar protein ANKT 
LYAR hypothetical protein FLJ20425 
MKI67 antigen identified by monoclonal antibody Ki-67 
RAMP RA-regulated nuclear matrix-associated protein 



    
Signal Transduction   

GG2-1 TNF-induced protein; TNFAIP8, oncogenic negative 
 regulator of extrinsic apoptosis 

LGN LGN protein; GPSM2, regulator of heterotrimeric 
 G-protein signaling 

MELK maternal embryonic leucine zipper kinase 
SHCBP1 likely ortholog of mouse Shc SH2-domain binding 

 protein 1 
TOPK T-LAK cell-originated protein kinase 
VRP vascular Rab-GAP/TBC-containing 

    
Cell Cycle   

BIRC5 baculoviral IAP repeat-containing 5 (survivin) 
BUB1 BUB1 budding uninhibited by benzimidazoles 1 

 homolog (yeast) 
BUB3 BUB3 budding uninhibited by benzimidazoles 3 

 homolog (yeast) 
CCNA2 cyclin A2 
CCNB1 cyclin B1 
CCNB2 cyclin B2 
CDC2 cell division cycle 2, G1 to S and G2 to M 
CDC25B cell division cycle 25B 
CDKN3 cyclin-dependent kinase inhibitor 3 (CDK2-associated 

 dual specificity phosphatase) 
CKS1B CDC28 protein kinase regulatory subunit 1B 
CSE1L CSE1 chromosome segregation 1-like (yeast) 
GMNN geminin, DNA replication inhibitor 
MAD2L1 MAD2 mitotic arrest deficient-like 1 (yeast) 
MCM2 MCM2 minichromosome maintenance deficient 2, 

 mitotin (S. cerevisiae) 
MCM6 MCM6 minichromosome maintenance deficient 6 

 (MIS5 homolog, S. pombe) (S. cerevisiae) 
MCM7 MCM7 minichromosome maintenance deficient 7 

 (S. cerevisiae) 
NASP nuclear autoantigenic sperm protein (histone-binding) 
PCNA proliferating cell nuclear antigen 
PRC1 protein regulator of cytokinesis 1 
RFC4 replication factor C (activator 1) 4, 37kDa 
RRM2 ribonucleotide reductase M2 polypeptide 
SMC4L1 SMC4 structural maintenance of chromosomes 

 4-like 1 (yeast) 
STK12 serine/threonine kinase 12 
TOP2A topoisomerase (DNA) II alpha 170kDa 
ZWINT ZW10 interactor 

    
Other   

C10orf3 chromosome 10 open reading frame 3 



C20orf1 chromosome 20 open reading frame 1 
CMG2 capillary morphogenesis protein 2 
DKFZp762E1312 hypothetical protein DKFZp762E1312 
FLJ20354 hypothetical protein FLJ20354 
HMGB2 high-mobility group box 2 
HMGN2 high-mobility group nucleosomal binding domain 2 
IER5 immediate early response 5 
KIAA0101 KIAA0101 gene product 
KIAA0186 KIAA0186 gene product 
KIAA1393 KIAA1393 protein 
LOC113115 hypothetical protein BC011716 
LOC134147 hypothetical protein BC001573 
LOC51659 HSPC037 protein 
MGC34923 hypothetical protein MGC34923 
PRO2000 PRO2000 protein 
PSIP2 PC4 and SFRS1 interacting protein 2 
SRPX sushi-repeat-containing protein, X chromosome 

 



 
Table s2. Genes Concordantly Expressed in Pre-stasis, Post-selection or Fully Immortalized HMEC 
 
 
Genes over-expressed in pre-stasis HMEC 
 

Cytoskeleton  
ACTA2 actin, alpha 2, smooth muscle, aorta 
ACTG2 actin, gamma 2, smooth muscle, enteric 
CDH2 cadherin 2, type 1, N-cadherin (neuronal) 
MAP2 microtubule-associated protein 2 
RSN restin (Reed-Steinberg cell-expressed intermediate filament- 

associated protein) 
TPM2 tropomyosin 2 (beta) 

Extracellular Matrix and Cell-Cell Interactions 
ADAMTS5 a disintegrin-like and metalloprotease (reprolysin type)  

with thrombospondin type 1 motif, 5 (aggrecanase-2) 
COL1A2 collagen, type I, alpha 2 
COL2A1 collagen, type II, alpha 1 (primary osteoarthritis, spondyloepiphyseal  

dysplasia, congenital) 
COL4A1 collagen, type IV, alpha 1 
COL4A2 collagen, type IV, alpha 2 
COL6A1 collagen, type VI, alpha 1 
COL6A2 collagen, type VI, alpha 2 
CST6 cystatin E/M 
CTSB cathepsin B 
DSC2 desmocollin 2 
EGFL5 EGF-like-domain, multiple 5 
GJA5 gap junction protein, alpha 5, 40kDa (connexin 40) 
IGFBP3 insulin-like growth factor binding protein 3 
ITGB3 integrin, beta 3 (platelet glycoprotein IIIa, antigen CD61) 
KLK6 kallikrein 6 (neurosin, zyme) 
KLK7 kallikrein 7 (chymotryptic, stratum corneum) 
KLK10 kallikrein 10 
KRT23 keratin 23 (histone deacetylase inducible) 
LIPG lipase, endothelial 
LOC143903 layilin 
LTBP2 latent transforming growth factor beta binding protein 2 
MGP matrix Gla protein 
MIG2 mitogen inducible 2 
MOX2 antigen identified by monoclonal antibody MRC OX-2 
NET-6 transmembrane 4 superfamily member tetraspan NET-6 
NY-REN-25 NY-REN-25 antigen 
PMP22 peripheral myelin protein 22 
SERPING1 serine (or cysteine) proteinase inhibitor, clade G (C1 inhibitor),  

member 1, (angioedema, hereditary) 



SPP1 secreted phosphoprotein 1 (osteopontin, bone sialoprotein I,  
early T-lymphocyte activation 1) 

TIMP3 tissue inhibitor of metalloproteinase 3 (Sorsby fundus dystrophy,  
pseudoinflammatory) 

WNT5B wingless-type MMTV integration site family, member 5B 
    

Metabolism   
BPGM 2,3-bisphosphoglycerate mutase 
CLIC3 chloride intracellular channel 3 
FADS3 fatty acid desaturase 3 
SLC16A4 solute carrier family 16 (monocarboxylic acid transporters),  

member 4 
    

Protein Biogenesis and Turnover 
SELM selenoprotein SelM 
UCHL1 ubiquitin carboxyl-terminal esterase L1 (ubiquitin thiolesterase) 
    

Protein Secretion   
COPZ2 coatomer protein complex, subunit zeta 2 
DESC1 DESC1 protein 
EHD3 EH-domain containing 3 
GCNT1 glucosaminyl (N-acetyl) transferase 1, core 2 (beta- 

1,6-N-acetylglucosaminyltransferase) 
SEC14L2 SEC14-like 2 (S. cerevisiae) 
SORT1 sortilin 1 
TRAM translocating chain-associating membrane protein 
  

Signal Transduction   
CHRNB1 cholinergic receptor, nicotinic, beta polypeptide 1 (muscle) 
OXTR oxytocin receptor 
    

Transcription and Translation 
GLIS2 Kruppel-like zinc finger protein GLIS2 
LMCD1 LIM and cysteine-rich domains 1 
RBP1 retinol binding protein 1, cellular 
RUNX1 runt-related transcription factor 1 (acute myeloid leukemia 1;  

aml1 oncogene) 
    

Other   
AF1Q ALL1-fused gene from chromosome 1q 
ALEX2 armadillo repeat protein ALEX2 
DESC1 DESC1 protein 
DKFZP564G202 DKFZP564G202 protein 
DKFZP586H2123 DKFZP586H2123 protein 
FLJ14054 hypothetical protein FLJ14054 
FLJ40021 hypothetical protein FLJ40021 



KIAA0275 KIAA0275 gene product 
KIAA0599 KIAA0599 protein 
KIAA1161 KIAA1161 protein 
KIAA1497 KIAA1497 protein 

  
Genes over-expressed in post-selection HMEC 

  
Cytoskeleton  

ACTN1 actinin, alpha 1 
ACTN4 actinin, alpha 4 
KIAA0992 palladin, interacts with a-actinin 
NID nidogen (enactin) 
TAGLN transgelin 
SRPX sushi-repeat-containing protein, X chromosome 
TPM4 tropomyosin 4 
BEX1 brain expressed, X-linked 1 
C20orf80, CRIP2 chromosome 20 open reading frame 80, cysteine-rich protein 2 
P311 P311 protein 
   

Extracellular Matrix and Cell-Cell Interactions 
ADAM23 a disintegrin and metalloproteinase domain 23 
ADAMTS1 a disintegrin-like and metalloprotease (reprolysin type) with 

thrombospondin type 1 motif, 1 
CMG2 capillary morphogenesis protein 2, anthrax co-receptor with TEM-8 
CNTN1 contactin 1 
CNTN3 contactin 3 (plasmacytoma associated) 
COL5A2 collagen, type V, alpha 2 
CSPG2 chondroitin sulfate proteoglycan 2 (versican) 
CTGF connective tissue growth factor 
DRAPC1 hypothetical protein DRAPC1, regulated be b-catenin 
EDIL3 EGF-like repeats and discoidin I-like domains 3 
FN1 fibronectin 1 
FZD7 frizzled homolog 7 (Drosophila) 
GJB2 gap junction protein, beta 2, 26kDa (connexin 26) 
HNT neurotrimin 
ITGB6 integrin, beta 6 
KRT6B keratin 6B 
L1CAM L1 cell adhesion molecule (hydrocephalus, stenosis of aqueduct of 

Sylvius 1, MASA (mental retardation, aphasia, shuffling gait and 
adducted thumbs) syndrome, spastic paraplegia 1) 

MIA melanoma inhibitory activity 
MMP10 matrix metalloproteinase 10 (stromelysin 2) 
MMP14 matrix metalloproteinase 14 (membrane-inserted) 
MMP2 matrix metalloproteinase 2 (gelatinase A, 72kDa gelatinase, 72kDa type 

IV collagenase) 
MPPE1 metallo phosphoesterase 



PCDH19 protocadherin 19 
PLAU plasminogen activator, urokinase 
PTHLH parathyroid hormone-like hormone 
SERPINA1 serine (or cysteine) proteinase inhibitor, clade A (alpha-1 antiproteinase, 

antitrypsin), member 1 
SERPINE2 serine (or cysteine) proteinase inhibitor, clade E (nexin, plasminogen 

activator inhibitor type 1), member 2 
TMEM2 transmembrane protein 2 
TRA1 tumor rejection antigen (gp96) 1 
TRAP150 thyroid hormone receptor-associated protein, 150 kDa subunit 
TTC3 tetratricopeptide repeat domain 3 
VLDLR very low density lipoprotein receptor 
   

Metabolism  
ATP1B1 ATPase, Na+/K+ transporting, beta 1 polypeptide 
CAT catalase 

CLN2 
ceroid-lipofuscinosis, neuronal 2, late infantile (Jansky-Bielschowsky 

disease) 
GCLM glutamate-cysteine ligase, modifier subunit 
HEPH hephaestin; iron homeostasis, macular degenration linked 
KMO kynurenine 3-monooxygenase (kynurenine 3-hydroxylase) 
SLC7A8 solute carrier family 7 (cationic amino acid transporter, y+ system), 

member 8 
    

Protein Biogenesis and Turnover 
BHLHB3 basic helix-loop-helix domain containing, class B, 3; lysosomal protease 
CTSB cathepsin B 
CTSL2 cathepsin L2 
PA200 proteasome activator 200 kDa 
TPST1 tyrosylprotein sulfotransferase 1 
    

Protein Secretion   
CALU calumenin 
LPHH1 latrophilin 1 

  
Signal Transduction  

ARK5 
KIAA0537 gene product, IGF-1 signaling, metastasis and invasion of 

myeloma cells 
INHBA inhibin, beta A (activin A, activin AB alpha polypeptide) 
IQGAP1 IQ motif containing GTPase activating protein 1 
MYLK myosin, light polypeptide kinase 
PTK7 PTK7 protein tyrosine kinase 7 
SPRY2 sprouty homolog 2 (Drosophila), neg regul EGFR signaling, dn-reg in 

PrCa 
   

Transcription and Translation 
HDAC3 histone deacetylase 3 



    
Other   

C20orf80, CRIP2 chromosome 20 open reading frame 80, cysteine-rich protein 2 
DKFZP564K0322 hypothetical protein DKFZp564K0322 
DKFZp564O1278,  
FLJ22774 hypothetical protein DKFZp564O1278, hypothetical protein FLJ22774 
DKFZP761F241 hypothetical protein DKFZp761F241 
FLJ10856 hypothetical protein FLJ10856 
FLJ20481 hypothetical protein FLJ20481 
FLJ31810 hypothetical protein FLJ31810 
FLJ90440 hypothetical protein FLJ90440 
MGC12335 hypothetical protein MGC12335 
   

Genes over-expressed in fully immortalized HMEC 
   

Cytoskeleton   
       STOML2        stomatin (EPB72)-like 2; raft assocation 

 
ECM and Cell-Cell Communication 

8D6A 8D6 antigen 

C1QBP, MGC4189 
complement component 1, q subcomponent binding protein, hypothetical 

protein MGC4189 
IL18 interleukin 18 (interferon-gamma-inducing factor) 
LRPPRC leucine-rich PPR-motif containing 
NMU neuromedin U 
PDZK3 PDZ domain containing 3 
PTGES prostaglandin E synthase; PIG12, p53-induced 
SECTM1 secreted and transmembrane 1 
HDGF hepatoma-derived growth factor (high-mobility group protein 1-like) 

    
Metabolism and Homeostasis 

ADA adenosine deaminase 
ADPRT ADP-ribosyltransferase (NAD+; poly (ADP-ribose) polymerase); PARP 

ATP5O 
ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit 

(oligomycin sensitivity conferring protein) 
CLNS1A chloride channel, nucleotide-sensitive, 1A 
CYC1 cytochrome c-1 
DC12, SCNN1A DC12 protein, sodium channel, nonvoltage-gated 1 alpha 
EEG1 likely ortholog of mouse embryonic epithelial gene 1, transporter 
IMPDH2 IMP (inosine monophosphate) dehydrogenase 2 
KYNU kynureninase (L-kynurenine hydrolase) 
MAOA monoamine oxidase A 
MCCC2 methylcrotonoyl-Coenzyme A carboxylase 2 (beta) 
MFTC mitochondrial folate transporter/carrier 
OXA1L oxidase (cytochrome c) assembly 1-like 
SDHB succinate dehydrogenase complex, subunit B, iron sulfur (Ip) 



SLC21A12 solute carrier family 21 (organic anion transporter), member 12 
SORD sorbitol dehydrogenase 
SUCLG1 succinate-CoA ligase, GDP-forming, alpha subunit 

    
Protein Biogenesis and Turnover 

CABC1 chaperone, ABC1 activity of bc1 complex like (S. pombe) 
HS6ST2 heparan sulfate 6-O-sulfotransferase 2 
HSPA9B heat shock 70kDa protein 9B (mortalin-2) 
HSPD1 heat shock 60kDa protein 1 (chaperonin) 

PPT1 
palmitoyl-protein thioesterase 1 (ceroid-lipofuscinosis, neuronal 1, 

infantile) 
TRAP1 heat shock protein 75 
USP3 ubiquitin specific protease 3 

  
Protein Secretion   

      MAL2       mal, T-cell differentiation protein 2 
    

Signal Transduction   
ADRB2 adrenergic, beta-2-, receptor, surface 
DDEF1 development and differentiation enhancing factor 1, ARF GAP 
DDX18 DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 18 (Myc-regulated) 
FKBP5 FK506 binding protein 5 
VIP32 hypothetical protein PP5395, activator of MAPK signaling 

    
Cell Cycle   

CDC25B cell division cycle 25B 
CDCA7 cell division cycle associated 7 
CKS1B CDC28 protein kinase regulatory subunit 1B 
NEK2 NIMA (never in mitosis gene a)-related kinase 2 
STK6 serine/threonine kinase 6 
    

Transcription and Translation 
DKC1 dyskeratosis congenita 1, dyskerin; ribosomal function, binds TERC 

DSIPI 
delta sleep inducing peptide, immunoreactor; GILZ, IL-10 induced, 

antiinflamatory and antiapoptotic role 

EEF1D 
eukaryotic translation elongation factor 1 delta (guanine nucleotide 

exchange protein) 
EIF3S6 eukaryotic translation initiation factor 3, subunit 6 48kDa 
FBL fibrillarin; nucleolar protein required for rRNA processing 
FTSJ2 FtsJ homolog 2 (E. coli), nucleolar rRNA methyl-transferase 
GEMIN5 gem (nuclear organelle) associated protein 5 
ID3 inhibitor of DNA binding 3, dominant negative helix-loop-helix protein 
KARS lysyl-tRNA synthetase 

MAGOH 
mago-nashi homolog, proliferation-associated (Drosophila); nucleolar 

exon-junction complex protein 
MRPL22 mitochondrial ribosomal protein L22 



MRPL3 mitochondrial ribosomal protein L3 
MRPL30 mitochondrial ribosomal protein L30 
MRPS27 mitochondrial ribosomal protein S27 
MYC v-myc myelocytomatosis viral oncogene homolog (avian) 
NOL5A nucleolar protein 5A (56kDa with KKE/D repeat) 
NOLA2 nucleolar protein family A, member 2 (H/ACA small nucleolar RNPs) 
NOLC1 nucleolar and coiled-body phosphoprotein 1 
NUP133 nucleoporin 133kDa 
PRPF4 PRP4 pre-mRNA processing factor 4 homolog (yeast) 
RFC4 replication factor C (activator 1) 4, 37kDa 
RIP60 replication initiation region protein (60kD) 
RPC5 RNA polymerase III 80 kDa subunit RPC5 
Rpo1-2 similar to DNA-directed RNA polymerase I (135 kDa) 
RPS21 ribosomal protein S21 
SNX5 sorting nexin 5 
TCERG1 transcription elongation regulator 1 (CA150) 

TCOF1 
Treacher Collins-Franceschetti syndrome 1; pre-rRNA methylation, 

neural crest and macular degeneration linked 
WDR3 WD repeat domain 3 
ZRF1  zuotin related factor 1; MPHOSH11, ribosomal co-chaparone 

    
Other   

C20orf44 chromosome 20 open reading frame 44 
CECR5 cat eye syndrome chromosome region, candidate 5, CHR22 
CGI-09 CGI-09 protein 
DKFZP564M182 DKFZP564M182 protein 
DKFZp762L0311 hypothetical protein DKFZp762L0311 
FLJ10407 hypothetical protein FLJ10407 
FLJ10439 hypothetical protein FLJ10439 
FLJ12436 hypothetical protein FLJ12436 
JTB jumping translocation breakpoint 
MTX1 metaxin 1 
TH1L TH1-like (Drosophila) 

 



 
Table s3: Genes Expressed Concordantly in p53+/+ (184A1 and 184B5) or p53-/- (184AA2 and 

184AA3) HMEC. 
  
Genes overexpressed in p53+/+ HMEC lines over p53-/- HMEC lines 
    

Cytoskeleton   
CYFIP2 cytoplasmic FMR1 interacting protein 2 
EMS1 ems1 sequence (mammary tumor and squamous cell carcinoma-

associated (p80/85 src substrate); cortactin, part of 11q13 amplicon 

FAT FAT tumor suppressor homolog 1 (Drosophila) 
FLNB filamin B, beta (actin binding protein 278) 
RAI14 retinoic acid induced 14 
TRIM22 tripartite motif-containing 22 
TRIM5 tripartite motif-containing 5 
TUBA3 tubulin, alpha 3 
TUBB-5 tubulin beta-5 
WDR1 WD repeat domain 1 

    
ECM and Cell-Cell Communication 

ADM adrenomedullin 
BST2 bone marrow stromal cell antigen 2 
CD59 CD59 antigen p18-20 (antigen identified by monoclonal antibodies 

16.3A5, EJ16, EJ30, EL32 and G344) 
COL12A1 collagen, type XII, alpha 1 
FAP fibroblast activation protein, alpha 
FBN1 fibrillin 1 (Marfan syndrome) 
FBN2 fibrillin 2 (congenital contractural arachnodactyly) 
FLRT3 fibronectin leucine rich transmembrane protein 3 
FN1 fibronectin 1 
FSTL1 follistatin-like 1 
HAS3 hyaluronan synthase 3 
HBP17 heparin-binding growth factor binding protein 
HSPG2 heparan sulfate proteoglycan 2 (perlecan) 
IFITM1, PTS 6-pyruvoyltetrahydropterin synthase, interferon induced 

transmembrane protein 1 (9-27) 
IGFBP6 insulin-like growth factor binding protein 6 
IGSF4 immunoglobulin superfamily, member 4 
ITGB5 integrin, beta 5 
KIAA1260 neuroligin 
KRT15 keratin 15 
LIF leukemia inhibitory factor (cholinergic differentiation factor) 
LTBP2 latent transforming growth factor beta binding protein 2 
LTBP3 latent transforming growth factor beta binding protein 3 



NRCAM neuronal cell adhesion molecule 
PLAC8 placenta-specific 8 
PMP22 peripheral myelin protein 22 
SDCCAG8 serologically defined colon cancer antigen 8 
SRI sorcin 
SYT8 synaptotagmin VIII 
TEM6 tumor endothelial marker 6 
TIMP3 tissue inhibitor of metalloproteinase 3 (Sorsby fundus dystrophy, 

pseudoinflammatory) 
TMEM2 transmembrane protein 2 
TMEPAI transmembrane, prostate androgen induced RNA 
TSPAN-1 tetraspan 1 

    
Metabolism and Homeostasis 

ADH5 alcohol dehydrogenase 5 (class III), chi polypeptide 
ALDH1A3 aldehyde dehydrogenase 1 family, member A3 
ALDH3A1 aldehyde dehydrogenase 3 family, memberA1 
ARL7 ADP-ribosylation factor-like 7 
DPYSL4 dihydropyrimidinase-like 4 
FLJ23462 duodenal cytochrome b 
FXYD3 FXYD domain containing ion transport regulator 3 
FXYD5 FXYD domain containing ion transport regulator 5 
GABRE gamma-aminobutyric acid (GABA) A receptor, epsilon 
GAMT guanidinoacetate N-methyltransferase 
GYS1 glycogen synthase 1 (muscle) 
INPP5D inositol polyphosphate-5-phosphatase, 145kDa 
KCNJ15 potassium inwardly-rectifying channel, subfamily J, member 15 
KCNN4 potassium intermediate/small conductance calcium-activated 

channel, subfamily N, member 4 
PKD2 polycystic kidney disease 2 (autosomal dominant) 

    
Protein Biogenesis and Turnover 

CASP6 caspase 6, apoptosis-related cysteine protease 
CAST calpastatin 
CTSD cathepsin D (lysosomal aspartyl protease) 
CXX1 CAAX box 1 
FBXL2 F-box and leucine-rich repeat protein 2 
LAMP2 lysosomal-associated membrane protein 2 
MIPEP mitochondrial intermediate peptidase 
MSRA methionine sulfoxide reductase A 
NEDD4L neural precursor cell expressed, developmentally down-regulated 4-

like 
PSMC2 proteasome (prosome, macropain) 26S subunit, ATPase, 2 
SPG3A spastic paraplegia 3A (autosomal dominant) 

    



Protein Secretion   
CPA4 carboxypeptidase A4 
GALNT1 UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-

acetylgalactosaminyltransferase 1 (GalNAc-T1) 
N33 Putative prostate cancer tumor suppressor 
SEC14L2 SEC14-like 2 (S. cerevisiae) 
SULF2. similar to glucosamine-6-sulfatases 
VAMP8 vesicle-associated membrane protein 8 (endobrevin) 

    
Signal Transduction   

ADORA2B adenosine A2b receptor 
ARHGDIB Rho GDP dissociation inhibitor (GDI) beta 
ANKRD3 ankyrin repeat domain 3; PKCd-interacting protein kinase 
COPS3 COP9 constitutive photomorphogenic homolog subunit 3 

(Arabidopsis) 
DXS1283E GS2 gene; phospholipase A2 
FYN FYN oncogene related to SRC, FGR, YES 
EPS8R2 EPS8-related protein 2; EGFR substrate 
G1P3 interferon, alpha-inducible protein (clone IFI-6-16) 
GPR48 G protein-coupled receptor 48 
GRP58 glucose regulated protein, 58kDa 
HRASLS3 HRAS-like suppressor 3 
NOTCH1 Notch homolog 1, translocation-associated (Drosophila) 
PIK3C3 phosphoinositide-3-kinase, class 3 
PSTPIP2 proline-serine-threonine phosphatase interacting protein 2 
SH3BGRL SH3 domain binding glutamic acid-rich protein like 

    
Transcription and Translation 

CSTF1 cleavage stimulation factor, 3' pre-RNA, subunit 1, 50kDa 
HNRPDL heterogeneous nuclear ribonucleoprotein D-like 
HOXC10 homeo box C10 
PCNA proliferating cell nuclear antigen 
PCNP, POLR2L PEST-containing nuclear protein, polymerase (RNA) II (DNA 

directed) polypeptide L, 7.6kDa 
RBM3 RNA binding motif protein 3 
RBM8A RNA binding motif protein 8A 
RBPMS RNA-binding protein gene with multiple splicing 
RPL28 ribosomal protein L28 
RPS27L ribosomal protein S27-like 
SFRS11 splicing factor, arginine/serine-rich 11 
TP53 tumor protein p53 (Li-Fraumeni syndrome) 
ZDHHC2 zinc finger, DHHC domain containing 2 
ZIC2 Zic family member 2 (odd-paired homolog, Drosophila); TF involved 

in brain development 
ZNF195 zinc finger protein 195 



    
Cell Cycle and DNA Replication 

CDT1 DNA replication factor 
RRM2 ribonucleotide reductase M2 polypeptide 

    
Other   

APXL apical protein-like (Xenopus laevis) 
BNIP3L BCL2/adenovirus E1B 19kDa interacting protein 3-like; proapoptotic 

mitochondial BH3 protein 
BTBD3 BTB (POZ) domain containing 3 
C11orf13 chromosome 11 open reading frame 13 
C7orf10 chromosome 7 open reading frame 10 
CGI-125 CGI-125 protein 
CGI-145 CGI-145 protein 
D4S234E DNA segment on chromosome 4 (unique) 234 expressed sequence 

DKFZp434L142 hypothetical protein DKFZp434L142 
DKFZP564K1964 DKFZP564K1964 protein 
DKFZp564O1278, 
  FLJ22774 

hypothetical protein DKFZp564O1278, hypothetical protein 
FLJ22774 

DKFZp762E1312 hypothetical protein DKFZp762E1312 
FLJ12436 hypothetical protein FLJ12436 
FLJ21313 hypothetical protein FLJ21313 
FLJ32104 hypothetical protein FLJ32104 
FLJ90586 hypothetical protein FLJ90586 
HRB2 HIV-1 rev binding protein 2 
HSPC022 HSPC022 protein 
KIAA0186 KIAA0186 gene product 
KIAA0864 KIAA0864 protein 
KIAA0937 KIAA0937 protein 
KIAA1039 KIAA1039 protein 
KIAA1102 KIAA1102 protein 
KIAA1337 KIAA1337 protein 
KIAA1474 KIAA1474 protein 
KIAA1500 KIAA1500 protein 
KIAA1695 hypothetical protein FLJ22297 
KIAA1946 KIAA1946 protein 
LCN7 Lipocalin 7 
LOC132671 LOC132671 
LOC51219 clone FLB5214 
LOC51659 HSPC037 protein 
LOC92689 hypothetical protein BC001096 
MGC10796 hypothetical protein MGC10796 
MSTP031 MSTP031 protein 
NDRG3 NDRG family member 3 
NPD009 NPD009 protein 



PRO1331 hypothetical protein PRO1331 
REN likely ortholog of mouse induced by retinoic acid, EGF and NGF 

TP53INP1 tumor protein p53 inducible nuclear protein 1 
    
  
Genes overexpressed in p53-/- HMEC lines over p53+/+ HMEC 
   

Cytoskeleton  
MAP2 microtubule-associated protein 2 
MAP7 microtubule-associated protein 7 
Spir-1 Spir-1 protein; Actin nucleation protein 
TUBE epsilon-tubulin 

  
ECM and Cell-Cell Communication 

ANPEP alanyl (membrane) aminopeptidase (aminopeptidase N, 
aminopeptidase M, microsomal aminopeptidase, CD13, p150) 

APBB2 amyloid beta (A4) precursor protein-binding, family B, member 2 
(Fe65-like) 

APOE apolipoprotein E 
BACE2 beta-site APP-cleaving enzyme 2 
COL1A1 collagen, type I, alpha 1 
COL5A2 collagen, type V, alpha 2 
CRELD1 cysteine-rich with EGF-like domains 1 
DSC2 desmocollin 2 
E48 lymphocyte antigen 6 complex, locus D 
F2R coagulation factor II (thrombin) receptor 
HLA-B major histocompatibility complex, class I, B 
HLA-C major histocompatibility complex, class I, C 
HLA-F major histocompatibility complex, class I, F 
HLA-G HLA-G histocompatibility antigen, class I, G 
K6HF cytokeratin type II 
KRT16 keratin 16 (focal non-epidermolytic palmoplantar keratoderma) 
MFAP2 microfibrillar-associated protein 2 
MGC4809 serologically defined breast cancer antigen NY-BR-20 
NAV2 neuron navigator 2 
P4HA2 procollagen-proline, 2-oxoglutarate 4-dioxygenase (proline 4-

hydroxylase), alpha polypeptide II 
PLOD procollagen-lysine, 2-oxoglutarate 5-dioxygenase (lysine 

hydroxylase, Ehlers-Danlos syndrome type VI) 
PROCR protein C receptor, endothelial (EPCR) 
PSK-1 type I transmembrane receptor (seizure-related protein) 
RSN restin (Reed-Steinberg cell-expressed intermediate filament-

associated protein) 
SERPINA3 serine (or cysteine) proteinase inhibitor, clade A (alpha-1 

antiproteinase, antitrypsin), member 3 



STC2 stanniocalcin 2 
SORT1 sortilin 1; g-secretase substrate 
THBD thrombomodulin 
TSLP thymic stromal lymphopoietin 
VLDLR very low density lipoprotein receptor 

  
Metabolism and Homeostasis 

ALDOC aldolase C, fructose-bisphosphate 
ARG2 arginase, type II 
ASNS asparagine synthetase 
BCAT1 branched chain aminotransferase 1, cytosolic 
CBS cystathionine-beta-synthase 
CTH cystathionase (cystathionine gamma-lyase) 
CYC1 cytochrome c-1 
ENO2 enolase 2, (gamma, neuronal) 
FACL1, FACL2 fatty-acid-Coenzyme A ligase, long-chain 1, fatty-acid-Coenzyme A 

ligase, long-chain 2 
FACL2 fatty-acid-Coenzyme A ligase, long-chain 2 
GFPT1 glutamine-fructose-6-phosphate transaminase 1 
GLDC glycine dehydrogenase (decarboxylating; glycine decarboxylase, 

glycine cleavage system protein P) 
GPX3 glutathione peroxidase 3 (plasma) 
HMCS molybdenum cofactor sulfurase 
MTHFD2 methylene tetrahydrofolate dehydrogenase (NAD+ dependent), 

methenyltetrahydrofolate cyclohydrolase 
OSBPL1A oxysterol binding protein-like 1A 
PRH1 proline-rich protein HaeIII subfamily 1 
PYCR1 pyrroline-5-carboxylate reductase 1 
SLC1A4 solute carrier family 1 (glutamate/neutral amino acid transporter), 

member 4 
SLC7A8 solute carrier family 7 (cationic amino acid transporter, y+ system), 

member 8 
SPP2 sphingosine 1-phosphate phosphohydrolase 2 
TXNIP thioredoxin interacting protein 
UGCG UDP-glucose ceramide glucosyltransferase 

   
Protein Biogenesis and Turnover 

BTG1 B-cell translocation gene 1, anti-proliferative 
CTSC cathepsin C 
DNAJB6 DnaJ (Hsp40) homolog, subfamily B, member 6 
ENSA endosulfine alpha 
FBXO5 F-box only protein 5 
HSPA9B heat shock 70kDa protein 9B (mortalin-2) 
LAMP3 lysosomal-associated membrane protein 3 
PSA phosphoserine aminotransferase 



SIAH2 seven in absentia homolog 2 (Drosophila) 
STCH stress 70 protein chaperone, microsome-associated, 60kDa 

  
Protein Secretion  

ARL4 ADP-ribosylation factor-like 4 
  

Signal Transduction  
cig5 vipirin; IFNg-induced GTP binding protein 
EPHB3 EphB3 
FZD7 frizzled homolog 7 (Drosophila) 
IL15RA interleukin 15 receptor, alpha 
IL1RN interleukin 1 receptor antagonist 
LRP16 LRP16 protein 
MYLK myosin, light polypeptide kinase 
NET1 neuroepithelial cell transforming gene 1; RHO GTP exchange factor 

NOTCH3 Notch homolog 3 (Drosophila) 
PAWR PRKC, apoptosis, WT1, regulator 
STK3 serine/threonine kinase 3 (STE20 homolog, yeast) 

  
Transcription and Translation 

AARS alanyl-tRNA synthetase 
CBX4 chromobox homolog 4 (Pc class homolog, Drosophila) 
CEBPG CCAAT/enhancer binding protein (C/EBP), gamma 
DDX18 DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 18 (Myc-regulated) 

DKC1 dyskeratosis congenita 1, dyskerin; binds TERC 
GAS6, SC65 growth arrest-specific 6, nucleolar autoantigen (55kD) similar to rat 

synaptonemal complex protein 
H4F2 H4 histone, family 2 
HDAC3 histone deacetylase 3 
HEY1 hairy/enhancer-of-split related with YRPW motif 1 
HSF1 heat shock transcription factor 1 
IFRD1 interferon-related developmental regulator 1; binds SIN3 complex 

JDP2 jun dimerization protein 2 
KLF4 Kruppel-like factor 4 (gut) 
LARS leucyl-tRNA synthetase 
LGN LGN protein, binds GPCRs 
LPHH1 latrophilin 1; GPCR 
MARS methionine-tRNA synthetase 
NEUGRIN mesenchymal stem cell protein DSC92; neuronal differentiation 

nuclear factor 
NFIL3 nuclear factor, interleukin 3 regulated 
NOLC1 nucleolar and coiled-body phosphoprotein 1 



NUP155 nucleoporin 155kDa 
RPL17 ribosomal protein L17 
SSRP1 structure specific recognition protein 1 
SUPV3L1 suppressor of var1, 3-like 1 (S. cerevisiae) 
TCOF1 Treacher Collins-Franceschetti syndrome 1 
TRAP25 TRAP/Mediator complex component 
XPOT exportin, tRNA (nuclear export receptor for tRNAs) 

   
Cell Cycle and DNA Replication 

BOP1 block of proliferation 1 
CDCA1 cell division cycle associated 1 
CDKN2A cyclin-dependent kinase inhibitor 2A (melanoma, p16, inhibits 

CDK4) 
CDKN2B cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4) 
CDKN3 cyclin-dependent kinase inhibitor 3 (CDK2-associated dual 

specificity phosphatase) 
CENPA centromere protein A, 17kDa 
TACC2 transforming, acidic coiled-coil containing protein 2 

  
Other  

AUTS2 autism susceptibility candidate 2 
C1orf24 chromosome 1 open reading frame 24 
C20orf97 chromosome 20 open reading frame 97 
DKFZP566B183 DKFZP566B183 protein 
EBAG9 estrogen receptor binding site associated, antigen, 9 
FEM1B fem-1 homolog b (C. elegans) 
FLJ10134 hypothetical protein FLJ10134 
FLJ11196 acheron 
FLJ12895 hypothetical protein FLJ12895 
FLJ14007 hypothetical protein FLJ14007 
FLJ20035 hypothetical protein FLJ20035 
FLJ20150 hypothetical protein FLJ20150 
FLJ20360 hypothetical protein FLJ20360 
FLJ20591 exosome component Rrp41 
FLJ20748 hypothetical protein FLJ20748 
FLJ20989 hypothetical protein FLJ20989 
IFIT2 interferon-induced protein with tetratricopeptide repeats 2 
KIAA0703 KIAA0703 gene product 
KIAA0830 KIAA0830 protein 
KIAA1357 KIAA1357 protein 
KIAA1373 KIAA1373 protein 
LOC55862 uncharacterized hypothalamus protein HCDASE 
LOC56965 hypothetical protein from EUROIMAGE 1977056 
MGC10946 hypothetical protein MGC10946 
MGC12335 hypothetical protein MGC12335 



MGC14801 hypothetical protein MGC14801 
MGC34923 hypothetical protein MGC34923 
MGC4504 hypothetical protein MGC4504 
PTD015 PTD015 protein 

 
 
 



 
Table s4.  Gene Expression changes of p53+ cell lines 184A1 versus 184B5 

   
Gene Family and Name Description Ratio* 
      

(1) Signal transduction     
      

Ligands and secreted factors 
  

  

IGFBP7 insulin-like growth factor binding protein 7 52 
EREG Epiregulin, EGF-like   
DNER delta-notch-like EGF repeat-containing transmembrane 8 
NMU GPR66 ligand, obesity 6 

      
IGFBP4 Insulin-like binding protein 4 0.06 
CXCL14 chemokine (C-X-C motif) ligand 14 0.07 
EDIL3 EGF-like repeats and discoidin I-like domains 3 0.12 
SFRP1 secreted frizzled-related protein 1 0.12 
CXCL1, CXCL2 chemokine (C-X-C motif) ligand 1 (melanoma growth 

stimulating activity, alpha), chemokine (C-X-C motif) 
ligand 2 

0.15 

IL8 interleukin 8 0.18 
CXCL1 chemokine (C-X-C motif) ligand 1 (melanoma growth 

stimulating activity, alpha) 
0.21 

DTR diphtheria toxin receptor (heparin-binding epidermal 
growth factor-like growth factor) 

0.25 

      
Receptors and signaling proteins   

HRASLS3 HRAS-like suppressor 3 29 
IRS1 insulin receptor substrate 1 25 
PKIB protein kinase (cAMP-dependent, catalytic) inhibitor 

beta 
9 

TNFAIP2 tumor necrosis factor, alpha-induced protein 2 8 
      

DUSP1 dual specificity phosphatase 1 0.08 
GPR putative G protein coupled receptor 0.22 
IFNGR1 interferon gamma receptor 1 0.24 

      

(2) Transcription and translation   
FABP4 fatty acid binding protein 4, adipocyte 47 
KOC1 IGF-II mRNA-binding protein 3 9 
H2BFS,H2BFT H2B histone family, member S, H2B histone family, 

member T 
6 



H1F2 H1 histone family, member 2 6 
FKSG14 leucine zipper protein FKSG14 6 
H2AFO H2A histone family, member O, H2A histone family, 

member Q 
5 

H1F0 H1 histone family, member 0 4 
H2BFT H2B histone family, member T 4 

      
ATF3 activating transcription factor 3 0.21 

      
(2) ECM     
Proteases     

MMP2 matrix metalloproteinase 2 (gelatinase A, 72kDa 
gelatinase, 72kDa type IV collagenase) 

10 

      
KLK5 Kallikrein 5 0.04 
SERPINB2 Serine (or cysteine) proteinase inhibitor, clade B 

(ovalbumin), member2 
0.06 

CTSB cathepsin B 0.09 
KLK8 kallikrein 8 (neuropsin/ovasin) 0.1 
SERPINB13 serine (or cysteine) proteinase inhibitor, clade B 

(ovalbumin), member 13 
0.14 

SERPINB3 serine (or cysteine) proteinase inhibitor, clade B 
(ovalbumin), member 3 

0.17 

CTSC cathepsin C 0.21 
SERPINB4 serine (or cysteine) proteinase inhibitor, clade B 

(ovalbumin), member 4 
0.25 

SERPINB7 serine (or cysteine) proteinase inhibitor, clade B 
(ovalbumin), member 7 

0.25 

Structural and secreted proteins   
AGR2 anterior gradient 2 homolog (Xenepus laevis) 20 
FBLN1 fibulin 1, Integrin and nidogen binding protein 17 
LCP1 lymphocyte cytosolic protein 1 (L-plastin) 10 
FBN1 fibrillin 1 (Marfan syndrome) 8 
EPS8 Epidermal growth factor receptor pathway substrate 8 8 
SPARC secreted protein, acidic, cysteine-rich (osteonectin) 7 
TNC tenascin C (hexabrachion) 6 
PCSK1N Proprotein convertase subtilisin/kexin type 1 inhibitor 5 
MGP` Matrix Gla protein 4 

      
KRTHB1 Keratin, hair, basic, 1 0.02 
SPP1 Serected phosphoprotein1 (osteopontin, bone 

sialoprotein, I, early T-lymphocyte activation 1 
0.04 

PI3 Protease inhibitor 3, (SKALP) 0.06 
CSPG2 chondroitin sulfate proteoglycan 2 (versican) 0.07 
FN1 Fibronectin 1 0.07 
MAGP2 Microfibril-associated glycoprotein-2 0.12 



KRT14 keratin 14 (epidermolysis bullosa simplex, Dowling-
Meara, Koebner) 

0.16 

THBD thrombomodulin 0.21 
      

(4) Cytoskeleton     
FN1 fibronectin 1 0.07 
CALML3 calmodulin-like 3 0.07 
TAGLN transgelin 0.15 
MAIL molecule possessing ankyrin repeats induced by 

lipopolysaccharide (MAIL), homolog of mouse 
0.15 

      

(5) Interferon 
responsive 

    

IFI27 interferon, alpha-inducible protein 27 52 
G1P3 interferon, alpha-inducible protein (clone IFI-6-16) 5 

      

(6) Apoptosis     
ASC/PYCARD apoptosis-associated speck-like protein containing a 

CARD 
10 

 
 

*Ratio is the fold change of gene expression changes of 184A1 over 184B5. 

 

 
 
 



 
Table s5.  Gene Expression changes of p53- cell lines 184AA2 versus 184AA3 

Gene Family Description Ratio* 
      

(1) Transcription and Translation   
MLAT4 myxoid liposarcoma associated protein 4 4.63 
      
SSA2 Sjogren syndrome antigen A2 (60kDa, ribonucleoprotein 

autoantigen SS-A/Ro) 
0.22 

ANGPTL4 angiopoietin-like 4 0.22 
LRRFIP1 leucine rich repeat (in FLII) interacting protein 1 0.24 
SDC3 syndecan 3 (N-syndecan) 0.24 
DREV1 CGI-81 protein 0.24 
ALEX2 armadillo repeat protein ALEX2 0.25 
      

(2) Signal Transduction   
      

Ligands and secreted factors   
DKK1 dickkopf homolog 1 (Xenopus laevis) 25.75 
IGFBP3 insulin-like growth factor binding protein 3 20 
CX3CL1 chemokine (C-X3-C motif) ligand 1 11.67 
IL1F9 interleukin 1 family, member 9 9.71 
S100A7 S100 calcium binding protein A7 (psoriasin 1) 9.25 
CXCL16 chemokine (C-X-C motif) ligand 16 8.71 
LTB lymphotoxin beta (TNF superfamily, member 3) 8.14 
IGFBP4 insulin-like growth factor binding protein 4 7.89 
IL1B interleukin 1, beta 7.86 
NRG1 neuregulin 1, ERB-B2/HER2neu ligand 7.33 
PDGFA platelet-derived growth factor alpha polypeptide 6.33 
CYR61 cysteine-rich, angiogenic inducer, 61 6.1 
HBP17 heparin-binding growth factor binding protein 5.64 
GAS6, SC65 growth arrest-specific 6, nucleolar autoantigen (55kD) similar to 

rat synaptonemal complex protein 
5.5 

JAG1 jagged 1 (Alagille syndrome) 5.18 
FGF11 fibroblast growth factor 11 4.88 
VEGFC vascular endothelial growth factor C 4.52 
IGFBP2 insulin-like growth factor binding protein 2, 36kDa 4.46 
CKLFSF7 chemokine-like factor super family 7 4.1 
BMP1 bone morphogenetic protein 1 4 
      
CCL20 chemokine (C-C motif) ligand 20 0.04 
TFPI2 tissue factor pathway inhibitor 2 0.06 
SFRP1 secreted frizzled-related protein 1 0.08 
IL18 interleukin 18 (interferon-gamma-inducing factor) 0.11 
S100P S100 calcium binding protein P 0.17 



S100A9 S100 calcium binding protein A9 (calgranulin B) 0.19 
WNT5A wingless-type MMTV integration site family, member 5A 0.19 
LTBP1 latent transforming growth factor beta binding protein 1 0.21 

      
Receptors and Signaling Components  

TNFRSF21 tumor necrosis factor receptor superfamily, member 21 18.25 
FEZ1 fasciculation and elongation protein zeta 1 (zygin I) 13.33 
PARG1 PTPL1-associated RhoGAP 1 11.5 
FGFR2 fibroblast growth factor receptor 2 (bacteria-expressed kinase, 

keratinocyte growth factor receptor, craniofacial dysostosis 1, 
Crouzon syndrome, Pfeiffer syndrome, Jackson-Weiss 
syndrome) 

9 

TNFRSF21 tumor necrosis factor receptor superfamily, member 21 8.4 
ARTN artemin 7.75 
TNFSF10 tumor necrosis factor (ligand) superfamily, member 10 7.69 
PTPRZ1 protein tyrosine phosphatase, receptor-type, Z polypeptide 1 7.67 
AXL AXL receptor tyrosine kinase 7.52 
PPP1R3C protein phosphatase 1, regulatory (inhibitor) subunit 3C 7.38 
CCND2 cyclin D2 6.33 
G0S2 putative lymphocyte G0/G1 switch gene 6.17 
NOTCH1 Notch homolog 1, translocation-associated (Drosophila) 5.67 
DDR1 discoidin domain receptor family, member 1 5.28 
RDC1 G protein-coupled receptor 5.14 
PTPRF protein tyrosine phosphatase, receptor type, F 5.13 
PPP1R14C protein phosphatase 1, regulatory (inhibitor) subunit 14C 4.85 
TIP-1 Tax interaction protein 1 4.29 
CDC42EP3 CDC42 effector protein (Rho GTPase binding) 3 4.16 
CHRNB1 cholinergic receptor, nicotinic, beta polypeptide 1 (muscle) 4 
SNK serum-inducible kinase 4 
      
SAMSN1 SAM domain, SH3 domain and nuclear localisation signals, 1 0.03 
FKBP5 FK506 binding protein 5 0.04 
DUSP1 dual specificity phosphatase 1 0.05 
BIRC3 baculoviral IAP repeat-containing 3 0.05 
TOP1 topoisomerase (DNA) I 0.06 
NUCKS similar to rat nuclear ubiquitous casein kinase 2 0.09 
NFKBIA nuclear factor of kappa light polypeptide gene enhancer in B-

cells inhibitor, alpha 
0.09 

PK428 Ser-Thr protein kinase related to the myotonic dystrophy 
protein kinase 

0.1 

TRAP150 thyroid hormone receptor-associated protein, 150 kDa subunit 0.11 
TREM1 triggering receptor expressed on myeloid cells 1 0.11 

 
 

*Ratio is the fold change of gene expression changes of 184AA2 over 184AA3. 

 

 



 
 
Table s6.  Gene Expression Changes Resulting from Expression of ERB-B2/Her2neu in 

184B5 
   
Gene Family Description Ratio* 
      
(1) Signal Transduction   
      
Ligands and secreted factors  
IL24 interleukin 24 22.11 
TFPI2 tissue factor pathway inhibitor 2 4.27 
      
IGFBP4 insulin-like growth factor binding protein 4 0.05 
CXCL14 chemokine (C-X-C motif) ligand 14 0.05 
CXCL1, CXCL2 chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating 

activity, alpha), chemokine (C-X-C motif) ligand 2 
0.08 

TNFSF10 tumor necrosis factor (ligand) superfamily, member 10 0.11 
DLL1 delta-like 1 (Drosophila) 0.13 
TGFB2 transforming growth factor, beta 2 0.16 
DKK3, RIG dickkopf homolog 3 (Xenopus laevis), regulated in glioma 0.2 

CCL20 chemokine (C-C motif) ligand 20 0.22 
CXCL14 chemokine (C-X-C motif) ligand 14 0.22 
S100A8 S100 calcium binding protein A8 (calgranulin A) 0.24 
      
Receptors and other membrane proteins  
SPRR1A small proline-rich protein 1A 0.23 
SH3BGRL SH3 domain binding glutamic acid-rich protein like 0.24 
RDC1 G protein-coupled receptor 0.24 
MLP MARCKS-like protein 0.24 
DRAPC1 hypothetical protein DRAPC1 0.25 
      
AKAP12 A kinase (PRKA) anchor protein (gravin) 12 10.88 
DNAJB6 DnaJ (Hsp40) homolog, subfamily B, member 6 4.13 
PPFIA1 protein tyrosine phosphatase, receptor type, f polypeptide 

(PTPRF), interacting protein (liprin), alpha 1 
4 

HRASLS3   4 
   
MYL9 myosin, light polypeptide 9, regulatory 0.08 
TREM2 triggering receptor expressed on myeloid cells 2 0.13 
FEZ1 fasciculation and elongation protein zeta 1 (zygin I) 0.16 
EFNA1 ephrin-A1 0.16 



DUSP1 dual specificity phosphatase 1 0.16 
      
      
(2) Transcription and gene expression  
FOS v-fos FBJ murine osteosarcoma viral oncogene homolog 0.21 

ZFP36 zinc finger protein 36, C3H type, homolog (mouse) 0.24 
      
(3) ECM and Cell-Cell Communication   
      
Proteases   
CST6 cystatin E/M 12.5 
PLAT plasminogen activator, tissue 6.29 
KLK6 kallikrein 6 (neurosin, zyme) 5.27 
      
SERPINB3 serine (or cysteine) proteinase inhibitor, clade B (ovalbumin), 

member 3 
0.2 

SERPINB4 serine (or cysteine) proteinase inhibitor, clade B (ovalbumin), 
member 4 

0.21 

SPUVE protease, serine, 23 0.23 
      
Structural and Secreted Proteins  
ESDN endothelial and smooth muscle cell-derived neuropilin-like 

protein 
8.5 

COL13A1 collagen, type XIII, alpha 1 6.22 
SCEL sciellin 4.67 
PLAC8 placenta-specific 8 4.63 
KRT8 keratin 8 4.56 
      
SPRR1B small proline-rich protein 1B (cornifin) 0.12 
GJB2 gap junction protein, beta 2, 26kDa (connexin 26) 0.12 
KRT6B keratin 6B 0.12 
SEMA3C sema domain, immunoglobulin domain (Ig), short basic domain, 

secreted, (semaphorin) 3C 
0.15 

C1R complement component 1, r subcomponent 0.16 
FLRT3 fibronectin leucine rich transmembrane protein 3 0.16 
KRT16 keratin 16 (focal non-epidermolytic palmoplantar keratoderma) 0.17 

FLRT3 fibronectin leucine rich transmembrane protein 3 0.21 
ITGB6 integrin, beta 6 0.21 
PI3 protease inhibitor 3, skin-derived (SKALP) 0.22 
T1A-2 lung type-I cell membrane-associated glycoprotein 0.22 
DSC3 desmocollin 3 0.23 
CSPG2 chondroitin sulfate proteoglycan 2 (versican) 0.23 
PCDH19 protocadherin 19 0.25 
      



(5) Cytoskeleton   
HPCAL1 hippocalcin-like 1 4.65 
      
TAGLN transgelin 0.07 
BPAG1 bullous pemphigoid antigen 1, 230/240kDa 0.18 
DD96 epithelial protein up-regulated in carcinoma, membrane 

associated protein 17 
0.2 

NS1-BP NS1-binding protein 0.25 
      
(6) Metabolism   
ASNS asparagine synthetase 7.89 
      
ALDH3A1 aldehyde dehydrogenase 3 family, memberA1 0.19 
CA12 carbonic anhydrase XII 0.22 
AKR1C3 aldo-keto reductase family 1, member C3 (3-alpha 

hydroxysteroid dehydrogenase, type II) 
0.22 

      
(7) IFN-Regulated Genes  
IFIT1 interferon-induced protein with tetratricopeptide repeats 1 0.06 

   
 

*Ratio is the fold change of gene expression changes of 184B5ME over 184B5. 
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Abstract 

 

Cultured human mammary epithelial cells (HMEC) encounter two distinct barriers to indefinite growth. 

The first barrier, originally termed selection, can be overcome through loss of expression of the cyclin-

dependent kinase inhibitor p16INK4A. The resultant p16(-), p53(+) post-selection HMEC encounter a 

second barrier, termed agonescence, associated with critically shortened telomeres and widespread 

chromosomal aberrations.  Although some cell death is present at agonescence, the majority of the 

population retains long-term viability. We now show that abrogation of p53 function in post-selection 

HMEC inactivates cell cycle checkpoints and changes the mostly viable agonescence barrier into a crisis-

like barrier with massive cell death. In contrast, inactivation of p53 does not affect the ability of HMEC to 

overcome the first barrier. These data indicate that agonescence and crisis represent two different forms of 

a telomere-length dependent proliferation barrier. Altogether, our data suggest a modified model of 

HMEC senescence barriers. We propose that the first barrier is Rb-mediated and largely or completely 

independent of telomere length. This barrier is now being termed stasis, for stress-associated senescence. 

The second barrier (agonescence or crisis) results from ongoing telomere erosion leading to critically 

short telomeres and telomere dysfunction. 
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Introduction  

 

Human cells cultured from normal somatic tissues express senescence, i.e., a limited proliferative 

potential; spontaneous immortal transformation is virtually unknown. The mechanisms responsible for 

enforcing this finite lifespan have not been clearly defined. Critically shortened telomeres resulting from 

telomerase repression, and responses to various stresses and/or DNA damage have been proposed as 

major limiting factors.1-5 Additionally, oncogene-induced senescence (OIS) can be induced by exposure to 

certain oncogenes.6-9 

 

A commonly used model of immortal transformation of cultured human cells posits overcoming at least 

two barriers, which have been called senescence or M1, and crisis or M2.10,11 As originally proposed, the 

first barrier, senescence, is postulated to be due to shortened telomeres signaling activation of p53 and 

retinoblastoma (Rb) controlled cell cycle checkpoints, causing a viable arrest. Extended life cultures, 

usually obtained through exposure to viral oncogenes that functionally inactivate both Rb and p53, 

eventually reach the M2 barrier and undergo crisis, i.e., critically shortened telomeres producing genomic 

instability and cell death. Overcoming crisis has been thought to require acquiring a rare mutation during 

crisis that reactivates telomerase activity.12 This model has been complicated by the demonstration of 

non-telomere length dependent senescence resulting from oncogenic and other stresses in many cultured 

human cell types.13-17 

 

Our data using cultured human mammary epithelial cells (HMEC), along with data from other human cell 

systems, suggests a modified model of the senescence barriers encountered by finite human cells in vitro. 

HMEC derived from reduction mammoplasty tissue have undergone ~15-60 population doublings (PD) in 

vitro prior to encountering a first proliferation barrier, with the variation in the number of PD attained 

dependent upon culture conditions (Garbe and Stampfer, unpublished). 2,18,19 HMEC arrested at this 

barrier show a low labeling index (LI) of ~2%, viable arrest in G1, normal karyotypes, a variable mean 
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telomere restriction fragment (TRF) length of ~6-8 kb, expression of senescence-associated β-

galactosidase activity (SA-β-Gal), and a large, flat, vacuolated morphology.20,21 Under some culture 

conditions, proliferating cells have spontaneously emerged from arrested cell populations.19,22 We 

originally called this proliferative barrier selection, and the emergent proliferative population post-

selection.19 Post-selection cells lack expression of the cyclin-dependent kinase inhibitor (CKI) p16INK4A, 

associated with methylation of the p16 promoter.23 Post-selection HMEC encounter a second proliferation 

barrier after ~30-70 additional PD. This barrier, recently termed agonescence, is associated with critically 

shortened telomeres and widespread chromosomal abnormalities, including telomere associations.21,24 

Agonescent HMEC show a moderate LI of ~15%, a mostly viable arrest at all phases of the cell cycle 

along with some cell death, expression of SA-β-Gal, and a large, flat, vacuolated morphology. A situation 

characteristic of crisis, i.e., a high LI and massive cell death, was not observed in our finite lifespan 

HMEC populations. In this study we tested the hypothesis that the functional p53 present in post-selection 

HMEC induces a senescence response in the presence of critically short telomeres, thereby preventing the 

massive cell death and ongoing genomic instability associated with crisis. 

 

We now demonstrate that the presence of functional p53 represents the distinction between agonescence 

and crisis. Abrogation of p53 function in post-selection HMEC inactivates cell cycle checkpoints and 

changes the mostly viable agonescence barrier into a crisis-like barrier with massive cell death. 

Abrogation of p53 function prior to the first barrier did not affect growth of the HMEC population. 

Altogether, our data suggest a modified model of HMEC senescence barriers using molecular defined 

nomenclature (see Fig. 6). In this model, the first barrier (originally termed selection) represents a Rb-

mediated, non-telomere-length dependent, stress associated arrest, which we are calling stasis.1 

Phenotypic markers suggest that stasis is most similar to what has been called senescence or M1 in other 

cell systems. The second barrier is due to critically shortened telomeres producing telomere dysfunction. 

This barrier manifests as the recently described agonescence when p53 is functional, and as crisis in the 

absence of p53-dependent checkpoint arrest. 
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Materials and Methods 

 

Cell Culture. Finite lifespan pre-stasis HMEC strain 184 (batch F) and post-selection HMEC strains 184 

(batch B, agonescence at ~passage 15) and 48R (batch S, agonescence at ~passage 23) were obtained 

from reduction mammoplasty tissue that showed no epithelial cell pathology. Cells derived from primary 

tissues were grown in serum-containing MM medium, or serum-free MCDB 170 medium (MEGM, 

Clonetics Division of Cambrex, Walkersville, MD), as described.18 Post-selection HMEC were cultured 

in MCDB 170 as described.19,25,26 Labeling index was determined by addition of 3H-thymidine 

(0.5µCi/ml) for 4 or 24 hr following refeeding, and visualization by autoradiography was as described.27 

Immunohistochemical analysis for p16 expression was performed as described using the JC8 antibody.28 

SA-β-Gal activity was determined as described.29 In growing populations, each passage represents ~3-4 

PD. Complete details on the derivation and culture of these HMEC can be found on our web site, 

http://www.lbl.gov/~mrgs/mindex.html. 

 

Retroviral Transduction. The pBABE-GSE22-puro plasmid, encoding a p53 genetic suppressor element 

(GSE) in a retroviral vector 30 was provided by Drs. Andrei Gudkov and Peter Chumakov, U. Ill., 

Chicago. GSE22 encodes the p53 nucleotides 937-1199, and the resultant peptide acts as a dominant 

negative suppressor by inhibiting the p53 tetramerization domain. Retroviral stocks were generated by 

transient co-transfection of the vector plasmid along with a plasmid encoding packaging functions into the 

293 cell line.31 Retroviral supernatants were collected in serum free MCDB 170 media containing 0.1% 

bovine serum albumin, filter sterilized and stored at -80°C. For lentivirus infections, the GSE22 insert was 

cloned into the pRRL.SIN-18 vector 32 and virus stocks produced as described.33 Viral infection of 184 

and 48R HMEC cultures was in MCDB 170 media containing 0.1% bovine serum albumin and 2.0 µg/ml 

polybrene (Sigma). 
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p53 Function. For G1 checkpoint assays, HMEC in log phase growth were exposed to 10 Gy of ionizing 

radiation from a Pantak II x-ray generator at 150kV and 20mA with beam filtration of 1.02 mm aluminum 

and 0.5 mm copper. Dosimetry was performed using a NIST-calibrated Victoreen condenser R-meter. 

Mock irradiated and irradiated cells were collected at 24 and 48 hrs post treatment and prepared for FACS 

analysis. For a spindle assembly checkpoint assays, HMEC in log phase growth were cultured in media 

containing 50 ng/ml colcemid (Karyomax, Life Technologies, Bethesda, MD). Treated cultures were 

refed every 24 hrs and samples were collected and prepared for FACS analysis at 0, 24, 48, 72, and 96 

hrs. All cells were labeled with 10 µM BrdU (Sigma, ST. Louis, MO) for 4 hours immediately prior to 

harvest. Analyses of BrdU incorporation and total DNA content were performed using a Becton-

Dickinson flow cytometer. All analyzed events were gated to remove debris and aggregates. The fractions 

of BrdU(+) cells with specific DNA contents were determined by dividing the number of BrdU(+) events 

by the total number of gated events. 

 

DNA Damage Assays. Subconfluent HMEC grown on 4-well chamber slides were either irradiated with 

10 Gy of ionizing radiation, or mock-irradiated, and allowed to recover at 37oC for 6 h. The cells were 

then fixed with 4% paraformaldehyde, and permeabilized with 0.1% Triton X-100 (Sigma). The slides 

were blocked with 10% goat serum (Sigma) in CAS-Block (Zymed), and incubated with primary 

antibodies, against the serine 15 phosphorylated form of p53 (#9284, Cell Signaling Technology, 

Danvers, MA), the serine 139 phosphorylated form of H2AX (Clone JBW301, Chemicon, Temecula, 

CA), and 53BP1 (#A300-273A, Bethyl Laboratories, Montgomery, TX), or normal mouse or rabbit IgG 

(Invitrogen) as negative controls.  After extensive washing with 0.1% Tween 20 (Sigma) in PBS, the 

slides were incubated with Alexa 488-conjugated anti-mouse IgG, or Alexa 594-conjugated anti-rabbit 

IgG (Invitrogen).  Stained cells were visualized using a Zeiss Axiovert 200M inverted fluorescence 

microscope and imaged by a Retiga EX camera (Q-Imaging) and Image-Pro®Plus software 

(MediaCybernetics).    
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Telomerase and mean TRF length assays. Telomerase assays were performed as described 20 using the 

TRAP-EZE telomerase detection kit (Chemicon) and 2µg of protein per assay. The telomerase products 

were visualized by Syber Green staining (Molecular Probes, Eugene, OR) and detected using a STORM 

imaging system (Molecular Dynamics, Sunnyvale, CA). DNA isolation and mean TRF analysis were 

performed as previously described using 3µg of digested genomic DNA.34,35 

 

Results 

 

p53 function is inactivated following transduction of GSE22. To test the hypothesis that functional p53 

prevented crisis-associated massive cell death, we inactivated p53 function in post-selection HMEC using 

the p53 dominant negative genetic suppressor element GSE22.30  Post-selection 184B HMEC were 

transduced with retroviral vectors containing GSE22 or empty control vector at passage 5; post-selection 

48RS HMEC were transduced at passage 11. After selection with puromycin, the GSE transduced and 

control cells were assayed for p53 function following exposure to ionizing radiation or colcemid. Cells 

exposed to 10 Gy of x-irradiation were examined by FACS analysis after 24 and 48 hours, and cells 

exposed to 50 ng/ml colcemid were examined after 24, 48, 72, and 96 hrs. As shown in Figure 1 and 

Table 1, in unexposed cycling populations at passage 9, 184B-GSE22 compared to control 184B-Babe 

showed a modest increase in cells in S phase (~30% vs. 19%) and an increased fraction with a ≥ 4N DNA 

content (~3.5% vs. 0.6%). Following irradiation, 184B-Babe showed growth arrest in both G1 and G2, 

with few cells in S phase or with >4N DNA. In contrast, 184B-GSE22 failed to exhibit arrest; populations 

displayed ongoing DNA synthesis, with a major DNA peak at 4N as well as some cells with 8N DNA 

content. Following exposure to colcemid, the control population showed nearly complete growth arrest 

with 4N DNA content by 96 hr, with a small peak at 8N DNA content and almost no BrdU incorporation. 

In contrast, the 184B-GSE22 population continued to initiate DNA synthesis in the absence of mitosis and 

accumulated cells with ≥ 8N DNA content. Similar results were seen with specimen 48RS (data not 

shown). 
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These data indicate that p53 checkpoint-arresting functions have been abrogated in the GSE22-transduced 

populations. Additionally, the abundant p53 protein previously shown to be present in these post-selection 

HMEC,35,36 does not show significant checkpoint-arresting activity in the absence of activating stimuli 

such as irradiation or colcemid. 

 

p53 inactivation affects growth and morphology of post-selection HMEC. To determine the effect of 

abrogation of p53 function on growth capacity before and at agonescence, GSE22-transduced and control 

184B HMEC populations were assayed for percentage of cells synthesizing DNA during 4 hr and 24 hr 

time periods starting from passage 8. Cells were also observed for morphology and viability. 

 

There were no initial obvious differences between the GSE22-transduced and control cells at early 

passages after transduction. Both cell populations retained the typical cobblestone morphology of 

epithelial cells  (Fig. 2A,C) and showed the same 24 hr LI of 93% (Table 2). The 184B-GSE22 population 

displayed a slight initial increased growth rate compared to 184B-Babe, which became more pronounced 

with ongoing subculture (Fig. 2G). By passage 12, there was a significant difference in the 24 hr LI 

between 184B-Babe (40%) vs. 184B-GSE22 (76%) (Table 2). As the control 184B-Babe population 

approached agonescence, its LI continued to decrease and its morphology changed, with an increasing 

percentage of the population exhibiting a senescent morphology of large, flat, vacuolated cells (Table 2 

and Fig. 2B). By passage 15 there was no net increase in cell number and the 24 hr LI was ~15%. In 

contrast, 184B-GSE22 populations retained their small cobblestone morphology and a higher LI for an 

additional 2-3 passages. By passage 15, the cell population contained a mixture of small proliferating cells 

along with large, vacuolated cells (Fig 2D). The LI, 44%, was similar to that reported for cells in crisis.37 

With continuing time, either following subculture (data not shown), or observing the cell population 

remaining at passage 15, large vacuolated cells became predominant, with cultures eventually showing 

abundant cell debris (Fig. 2E,F) and a slowly declining LI (Table 2). These morphological changes are 
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similar to those reported for cells in crisis. Both 184B-Babe and 184B-GSE22 showed an increasing 

percentage of SA-β-Gal(+) cells with passage. By passage 15, virtually all control cells were SA-β-Gal(+) 

(data not shown) as were the 184B-GSE22 cells with a senescent morphology (Fig. 2H). 

 

To further demonstrate that loss of p53 function was responsible for the high LI seen in the late passage 

184B-GSE22 cultures, GSE22 was transduced into an already agonescent culture of 184B HMEC at 

passage 15 using a lentiviral vector,38 which allows infection of both dividing and non-dividing cells. 72 

hours after infection the GSE22 transduced cultures had a 24 hr LI of 67%. In contrast, the cells 

transduced with the control lentivirus alone had a 24 hr LI of only 8%. Thus inactivation of p53 even at 

agonescence will allow growth-arrested cells exhibiting telomere dysfunction to resume DNA synthesis.  

  

These data indicate that the abrogation of p53 function in post-selection HMEC initially does not have a 

significant effect on growth rate, but with continued proliferation leading to telomere erosion, eliminates 

the growth-restraining consequences of p53 activation, turning the largely viable agonescence arrest into a 

situation of crisis; i.e., high LI leading to massive cell death. We have not observed any instances of 

immortal clones arising from the 184B-GSE22 populations at crisis, based on observing the fate of more 

than 2x108 cells brought to crisis and maintained in culture for six months. 

 

Post-selection HMEC at Agonescence Show Evidence of a DNA Damage Response. To support the 

hypothesis that telomere dysfunction at agonescence is eliciting a DNA damage response that activates 

p53, we examined young and agonescent post-selection HMEC for γH2AX and 53BP1, markers 

associated with DNA damage,39 and for activated p53 (phosphorylated on serine 15). Figure 3 shows the 

results for 184B and 48RS.  In both cases, the agonescent culture was one passage away from no net 

increase in cell number, whereas the young cultures were 8 and 14 passages away respectively. As 

expected, numerous co-localized foci of 53BP1 and γH2AX were seen in the cells at agonescence and 

after x-irradiation, and expression of activated p53 was detected. In the young cultures, ~90% of the 48RS 
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cells had 0-1 focus/nucleus, and faint expression of activated p53, while the 184B cultures had ~40% with 

0-1 focus/nucleus, with no detectable expression of activated p53. Possibly, the greater expression of 

DNA damage foci in the young 184B cultures may reflect their closer proximity to agonescence.  These 

data indicate that HMEC at agonescence show evidence of a DNA damage response and activation of 

p53. 

 

Telomerase Activity and Mean TRF Length. 184B-GSE22 and 184B-Babe populations were assayed 

for telomerase activity following retroviral infection at different passages. No activity was detected in 

control populations at any passage level. In two separate experiments, faint or no telomerase activity was 

seen in 184B-GSE22 (Fig 4A). While faint activity could be detected at passage 7, this was largely absent 

at the passages closer to crisis (passages 13-14). Thus, inactivation of p53 function was insufficient to 

produce sustained reactivation of telomerase activity in p16(-) post-selection HMEC, consistent with the 

observed lack of immortal transformation.  However, it is possible that inactivation of p53 function may 

elicit a transient increase in telomerase activity. Analysis of mean TRF length showed a reduced telomere 

length in 184B-GSE22 compared to 184B-Babe (3.1 vs. 3.8 kb), as well as a fainter signal, consistent 

with the extended proliferation of the p53-inactivated population (Fig. 4B).  

 

p53 Inactivation Does not Affect Growth of Pre-stasis HMEC. In other human cell types, e.g., 

keratinocytes and astrocytes, inactivation of p53, as well as p16 function, was necessary to overcome a 

telomere length independent proliferative barrier and permit efficient immortalization by hTERT 

transduction.13,40  We have previously shown that p16(-) post-selection HMEC, which retain p53 function, 

could be efficiently immortalized by hTERT,28 indicating that HMEC do not need p53 inactivation to 

become immortal. To directly assess the role of p53 in enforcing stasis, primary 184F HMEC were grown 

in MM and transduced with the GSE22 or empty control vector at passage 2 or 3. Both cell populations 

showed similar growth rates and nearly complete growth arrest by passage 4, with expression of p16 and 

SA-β-Gal seen by immunohistochemistry in the large, senescent-appearing cells at passage 5 (Fig. 5B,C).  
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As expected for HMEC grown in MM, no control cells showed escape from stasis; however, in two 

independent experiments a small number of clonal outgrowths appeared in the passage 5 GSE22-

transduced cultures. Clonal outgrowths from one experiment ceased growth after an additional ~25 PD, 

with a morphology that resembled the post-selection 184B-GSE22 at crisis. Unlike post-selection HMEC, 

low levels of p16 expression were detectable in these populations (Fig. 5D). A clonal outgrowth from the 

second experiment maintained indefinite proliferative potential; this line has been called 184FGS1. These 

data indicate that in HMEC, p53 inactivation does not provide a proliferative advantage to pre-stasis 

populations as a whole. The very rare emergence of cells that overcame this first barrier suggests that 

these GSE22-transduced clones arose as a secondary, rather than a direct consequence of the loss of p53 

function. 

 

Discussion 

 

A variety of models and nomenclature have been employed in cultured human cell systems to describe 

senescence barriers; i.e., mechanisms that limit proliferative potential thereby precluding immortality. A 

commonly used model postulates two barriers, M1 or senescence, and M2 or crisis, that are both proposed 

to be consequences of shortened telomeres.11,12 An M0 was later added to this model as a new name for 

the barrier we originally called selection.41 More recently, telomere-length independent senescence 

barriers have been proposed.1,2,13,15,17,40,42 These have been called senescence, extrinsic senescence, M1, 

M1.5, MINT, and stasis. Other barriers to ongoing proliferation of finite lifespan cells have also been 

described, such as “stress-associated senescence” or “culture shock”, due to sub-optimal culture 

conditions.43,44 In most cases, these nomenclatures have not been defined and distinguished by specific 

molecular properties of the arrested cell populations. Cells are frequently called senescent based solely on 

their expression of SA-β-Gal, and a “senescent” (large, flat, vacuolated) morphology. 
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The data presented in this report, along with our long-term studies on HMEC, have led us to propose a 

simplified model and nomenclature for the senescence barriers encounter by cultured HMEC, based on 

expression of specific molecular properties (Fig. 6). Our model proposes that cultured HMEC encounter 

two mechanistically distinct senescence barriers: a stress-associated, telomere-length independent barrier, 

which we are calling stasis,1 and a barrier due to ongoing telomere erosion leading to telomere 

dysfunction. Additionally, pre-stasis and post-selection finite lifespan HMEC in vitro are vulnerable to 

OIS, which induces a phenotype distinct from stasis and telomere dysfunction.7 

  

We demonstrate here that the phenotype of the telomere dysfunction senescence barrier in HMEC 

depends upon whether or not p53 is functional. When p53 is functional, critically shortened telomeres 

produce a largely viable arrest, termed agonescence, due to the ability of p53 to respond to DNA damage 

by inducing cell cycle checkpoints. Thus, similar to what has been shown in in vivo mouse models, 

genomic instability based on telomere dysfunction can trigger a restraining mechanism in the setting of 

intact p53;45 such p53-mediated senescence mechanisms may pose a barrier to further malignant 

progression.46,47 Cells which fail to arrest at agonescence die as a consequence of the genomic instability 

and mitotic failures produced by the critically shortened telomeres,21 suggesting that p53 is unable to 

arrest all HMEC prior to acquisition of lethal or proliferation-inhibiting damage. Notably, virtually every 

metaphase spread examined in HMEC nearing agonescence showed gross chromosomal abnormalities, 

including numerous telomere associations.21 When p53 function is abrogated in post-selection HMEC that 

have overcome stasis, the critically shortened telomeres produce crisis rather than agonescence; in the 

absence of p53-mediated checkpoint responses, virtually all the cells eventually die. Apoptosis is rare at 

telomere dysfunction, although it is higher during crisis than agonescence.48 In our experiments, 

abrogation of p53 function by itself did not produce sustained reactivation of telomerase activity or any 

immortal lines. In other reports,49,50 rare immortalization was observed, likely due to the generation of an 

additional error or errors during the period of genomic instability occurring at crisis. Transduction of 

hTERT is sufficient to immortalize a variety of p53(+) or p53(-) post-stasis human epithelial cell 
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types,28,40,51,52 further illustrating the telomere length dependence of agonescence and crisis. We have 

postulated that overcoming the telomere dysfunction barrier in post-selection HMEC requires generation 

of multiple errors that permit telomerase reactivation.2 

 

In contrast with post-selection HMEC, we show here that GSE22-mediated abrogation of p53 function in 

early passage pre-stasis HMEC had no significant effect on growth of the population as a whole. Cells 

with and without p53 function ceased proliferation at stasis, associated with expression of p16 and SA-β-

Gal, and a senescent morphology. Similar results have been reported using HPVE6 inactivation of p53 

function.53 Thus p53 does not appear to enforce the initial proliferation barrier in cultured HMEC, in 

contrast to reports on other cell types such as human fibroblasts, keratinocytes, and astrocytes, where 

overcoming a first proliferation barrier has generally required loss of p53 function.13,40,54 We propose that 

this difference is due to cell-type variations in stress responses.55 Specifically, other cells may use the 

p53-dependent CKI p21 instead of or in addition to p16 to enforce an Rb-mediated stasis barrier. Ablation 

of p21 or Rb function can overcome this barrier even in the presence of functional p53.56,57 In HMEC, p21 

is not elevated at stasis,21 and stasis can be efficiently overcome by introduction of an shRNA to p16 

(Garbe and Stampfer, unpublished). We speculate that stresses that induce p53 may involve DNA 

damaging agents such as oxidative stress, and HMEC under routine culture conditions may be less 

susceptible to such damage than other cell types. In this regard, we have not seen any significant 

differences in long-term growth potential of pre-stasis HMEC when grown under 20% vs. 3% O2 

conditions (Garbe et al., in prep). The absence of p53-dependent p21 induction enforcing stasis in cultured 

HMEC, along with the spontaneous silencing of p16 in rare HMEC grown in serum-free MCDB170 

medium, presented an unusual situation that has facilitated distinguishing p53 input at the senescence 

barriers. It also permitted long-term growth of cultured finite lifespan HMEC (30-70 PD). These post-

selection HMEC have been widely utilized, however we note that they have overcome the stasis barrier, 

and may possess significantly different properties and gene expression compared to pre-stasis HMEC 

derived from normal cells in vivo.58-61 



15 

 

Although p53 inactivation is not necessary to overcome stasis in HMEC, most studies with human cells 

have utilized agents that inactivate p53 to overcome a first proliferation barrier. Consequently, only crisis 

was observed at the telomere-length dependent senescence barrier in the p53(-) populations.53,62 Since 

cells at agonescence are largely viable, SA-β-Gal(+), and express a senescent morphology, in the absence 

of additional molecular characterization, this telomere-length-dependent barrier may be equated with the 

viable stasis barrier.  The assumption that HMEC at agonescence reflect M1/senescence led to the 

renaming of the earlier HMEC proliferation barrier, selection/stasis, as “M0”; 41 however, our model and 

data indicate that no molecularly distinct “M0” exists. Rather we propose that agonescence, like 

M2/crisis, reflects a telomere dysfunction barrier, while stasis is similar to what has been called 

M1/senescence. 

 

HMEC arrested at stasis are characterized by normal karyotypes, a low LI, viable arrest in G1, elevated 

p16 levels, and a mean TRF >5 kb.20,21,23 The cells also express SA-β-Gal, and have a senescent 

morphology. This molecular profile resembles what in many cultured cells has been called senescence, 

replicative senescence, or M1.63 However, cellular diversity in stress responses, such as differences in 

sensitivity to oxidative stress-induced DNA damage, could generate variability in the phenotype seen at 

stasis. We suggest that what has been called stress-associated senescence due to “culture shock” also 

represents stasis; the greater the stress-inducing signals, the fewer PD prior to stasis. We have seen that 

the PD potential of cultured primary HMEC can vary from 15-60 PD, prior to a p16-associated arrest, 

depending upon culture conditions (Garbe et al., in prep). An age-related increase in p16 expression is 

also reported for human breast, kidney, and pancreas tissues,64-66 as well as rodent tissues,67 suggesting 

that stress-induced responses may occur in vivo. 

 

Cultured human fibroblasts commonly proliferate for more PD than epithelial cells before encountering a 

senescence barrier. The molecular profile of most fibroblasts called senescent contains properties more 
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similar to those defining HMEC stasis than agonescence,63 and overcoming this barrier by inactivation of 

p16/RB and p21/p53 function leads to crisis.15,56 Some fibroblasts strains, particularly those with reduced 

p16 expression such as BJ, may display >80 PD in culture, and cells in such populations could encounter 

agonescence prior to stasis. Unlike most fibroblast strains, BJ populations at proliferative arrest exhibit 

karyotypic abnormalities in a minority of the cells; however most cells did not exhibit telomeric end-

associations.68 This is distinct from HMEC at agonescence, where virtually all cells showed gross 

chromosomal abnormalities and telomere associations,21 indicating that at least for HMEC, telomere 

dysfunction does not produce a p53-mediated senescence arrest prior to the formation of gross 

chromosomal aberrations.  

 

To have terminology tied to specific molecular criteria, we propose the model shown in Figure 6. The non 

telomere-length dependent, stress-associated senescence barrier is called stasis,1,69 while the telomere-

length dependent senescence barrier is referred to as either agonescence (when p53 is functional), 24 or 

crisis (when p53-dependent functions are absent). Stasis is characterized by elevated levels of the CKIs 

p16 and/or p21, a low LI, G1 arrest, and largely normal karyotypes; it can also be readily overcome by 

multiple types of errors that inactivate an Rb-mediated barrier. Agonescence is characterized by a 

moderate LI, mostly viable arrest at all phases of the cell cycle with some cell death, critically shortened 

telomeres, and widespread karyotypic abnormalities. Crisis is characterized by a high LI, widespread 

karyotypic abnormalities, and eventual massive cell death. The properties associated with Raf-1 induced 

OIS in HMEC differ from what is seen for stasis or telomere dysfunction.7 Generic usage of the term 

"senescence" to refer to both telomere length-independent stasis, and barriers due to telomere dysfunction, 

may obscure distinctions important for understanding human cellular aging, immortalization, and 

carcinogenesis. For example, cultured rodent cells, which readily spontaneously immortalize, lack 

stringent repression of telomerase activity and may contain long telomeres.70 What has been called 

senescence in rodent cells may most closely resemble Rb-mediated non telomere-length dependent stasis. 

Senescence in mouse embryo fibroblasts can be reversed by inactivation of RB, even in the presence of 
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functional p53.71 In contrast, in long-lived organisms such as humans, stringent telomerase repression 

eventually leads to telomere erosion and the telomere dysfunction senescence barrier, even in cells that 

have overcome stasis. The genomic instability induced by telomere dysfunction is not readily reversible, 

and overcoming this barrier by reactivation of telomerase requires rare errors.2 Unlike rodent cells, 

spontaneous transformation to immortality of human cells cultured from normal tissues is virtually non-

existent. Thus the senescence barrier responsible for enforcing stringent mortality in cultured human cells 

is telomere length dependent.  Given the importance of senescence barriers as tumor suppressor 

mechanisms, as well as the potential clinical utility of markers of senescence,14,16 use of molecularly 

defined nomenclature for senescence barriers may facilitate our understanding of and therapeutic 

approaches to human carcinogenesis. 
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 Table 1.  BrdU incorporation of 184B-Babe and 184B-GSE22 after exposure to irradiation or colcemid at 

passage 9. 

 

 

Cell Control   Colcemid 96 hr Control  X-ray 48 hr 

 % total % BrdU+  % total % BrdU+ % total % BrdU+ % total % BrdU+ 

184B-Babe      

<2n 0.48 0.03  0.32 0.02 0.51 0.05 0.32 0.00 

2n 81.66 6.33  1.82 0.07 82.70 5.05 47.70 1.52 

2n>4n 9.41 9.28  2.85 0.06 8.06 7.87 3.09 2.33 

4n 7.84 4.38  88.59 0.19 8.17 4.67 44.33 4.02 

>4n 0.61 0.34  6.41 0.95 0.56 0.35 4.55 2.58 

Total 100 20.36  100 1.29 100 17.98 100 10.45 

184B-GSE22      

<2n 0.38 0.08  2.88 0.32 0.44 0.03 1.27 0.20 

2n 63.99 7.27  3.41 0.32 64.22 6.54 27.13 7.65 

2n>4n 13.46 12.80  4.35 0.44 14.03 13.27 15.03 12.92 

4n 19.02 8.91  7.95 0.49 17.45 7.26 41.13 9.01 

>4n 3.16 2.04  81.40 26.19 3.86 2.22 15.44 8.63 

Total 100 31.11  100 27.76 100 29.31 100 38.42 
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Table 2. Labeling Index (LI) of 184B-Babe and 184B-GSE22 at different passage levels 

 

 24 hr LI 4 hr LI 

Passage Number    184B-Babe 184B-GSE22      184B-Babe  184B-GSE22 

 8 93 93 39 42 

 12 40 76 6.9 30 

 13 17 70 3.2 20 

 14 16 44 3.7 19 

 15 (2 weeks) 15 43 2.3 16 

15 (2 months) 5.6 25 1.9 15 
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Figure 1. Transduction with GSE22 abrogates p53 function in post-selection 184 HMEC. 184B HMEC 

infected with GSE22-containing or control (Babe) vectors at passage 5 were analyzed by FACS analysis 

at passage 9 for DNA content in response to (A) 50 ng/ml colcemid and (B) 10 Gy of ionizing radiation. 

 

Figure 2. (A-F) Transduction of GSE22 leads to a crisis-like morphology rather than a mostly viable 

arrest in post-selection 184 HMEC. 184B HMEC infected with GSE22-containing or control (Babe) vectors at 

passage 5 were visually observed and photographed at subsequent passages. 184B-Babe (A) and 184B-GSE22 (C) 

at passage 7 show active growth of small cells with a cobblestone morphology. (B) 184B-Babe at 

agonescence, 2 months after plating at passage 15, contains mostly larger, flat cells with some 

vacuolization; the cell population can retain this morphology and viability for over a year. (D) 184-

GSE22, two weeks after plating at passage 15, shows areas of small proliferating cells and many very 

large flat cells. (E) 184B-GSE22, two months after plating at passage 15, shows many large multi-

nucleated vacuolated cells, cell debris, and some smaller cells. (F) 184B-GSE22, four months after plating 

at passage 15, shows mostly large multi-nucleated, vacuolated cells and abundant cell debris. The bar 

represents 200 microns. All photographs are at the same magnification. (G) Growth of 184B-Babe and 

184B-GSE22 following transduction at passage 5 (arrow). (H) Post-selection 184B-GSE22 in crisis at 

passage 15 is SA-β-Gal(+). 

 

Figure 3. DNA damage responses in post-selection 184B and 48RS HMEC. (A) Representative 

fluorescent images of growing and agonescent post-selection HMEC, as well as x-ray irradiated HMEC, 

stained for p53 Ser15 (red), 53BP1 (red), phospho-histone H2AX (Ser 139) (green), and DNA (blue).  

Co-localization of the 53BP1 and phospho-H2AX signals is shown in yellow. (B)(C) Percentages of cells 

displaying 0-1, 2-3, or greater than 3 of the 53BP1 foci were calculated.  For each cell population, at least 

five randomly selected fields were scored. 
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Figure 4. (A) Transduction of GSE22 in post-selection 184 HMEC does not produce significant, sustained 

reactivation of telomerase activity. 184B HMEC were transduced at passage 5 (5p) or 14 (14p) with 

GSE22 or control (Babe) vector, and assayed at the indicated passages for telomerase activity. (B). Mean 

TRF length of 184B-GSE22 at crisis is shorter than184B-Babe at agonescence. Genomic DNA was 

isolated from 184B-Babe HMEC at agonescence (14p) or from 184B-GSE22 HMEC during crisis (14p, 

15p). Numbers on the right indicate the sizes of DNA molecular weight standards. 

 

Figure 5. Transduction of GSE22 into pre-stasis 184F HMEC does not overcome stasis. 184F HMEC 

were transduced at passage 2 (2p) or 3 (3p) with GSE22 or control (Babe) vector, and proliferative 

potential determined.  (A) All populations showed cessation of most growth by passage 5, however rare 

colonies appeared in the GSE22-transduced cultures that maintained growth until either a crisis-like arrest 

(184F-GSE22 3p) or emergence of an immortal line (184F-GSE22 2p). (B) 184F-GSE22 cells at passage 

5 with a senescent morphology are p16(+) and (C) SA-β-Gal(+). (D) 184F-GSE22 (3p) shows weak 

staining for p16 at 9p.  

 

Figure 6. Molecularly defined model for senescence barriers in cultured HMEC. This model postulates at 

least two mechanistically distinct barriers to indefinite proliferation in cultured HMEC. The non telomere-

length dependent stasis barrier is enforced by the CKI p16. In other cell types, p53-dependent p21 

expression may also enforce Rb-mediated stasis. p53-inducing stresses cells could produce distinct 

phenotypes from what is seen in the cultured HMEC at stasis. HMEC in vivo, or in response to DNA-

damaging stresses in vitro such as radiation, might also employ p53-dependent p21 to enforce stasis. 

Multiple types of errors that can inactivate a stress-induced Rb-mediated barrier can overcome stasis. 

Many such errors (e.g., p16 silencing/mutation, RB and p53 mutations/inactivation, cyclin D1 or cdk4 

overexpression) are found in early stage human carcinoma development, and could give rise to clonal 

hyperplastic outgrowths. The phenotype of the telomere dysfunction barrier depends upon whether or not 

p53 is functional. We have postulated that overcoming the telomere dysfunction barrier is an extremely 
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rare event because it requires multiple errors to reactivate telomerase.2 HMEC nearing arrest from 

telomere dysfunction have some properties similar to pre-malignant lesions such as DCIS, e.g., very short 

telomeres and genomic instability; reactivation of telomerase activity can also be detected in DCIS 

tissues. The phenotype of HMEC subjected to OIS is distinct from both stasis and agonescence, e.g., 

unlike some other cell types, there is no requirement for either p16 or p53 function for OIS in HMEC, 

arrest is at all phases of the cell cycle, and telomeres are not critically shortened.7  
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Table 1.  BrdU incorporation of 184B-Babe and 184B-GSE22 after exposure to irradiation or colcemid at 
passage 9. 
 
 
Cell Control   Colcemid 96 hr Control   X-ray 48 hr 

 % total % BrdU+  % total % BrdU+ % total % BrdU+  % total % BrdU+

184B-Babe      

<2n 0.48 0.03  0.32 0.02 0.51 0.05  0.32 0.00

2n 81.66 6.33  1.82 0.07 82.70 5.05  47.70 1.52

2n>4n 9.41 9.28  2.85 0.06 8.06 7.87  3.09 2.33

4n 7.84 4.38  88.59 0.19 8.17 4.67  44.33 4.02

>4n 0.61 0.34  6.41 0.95 0.56 0.35  4.55 2.58

Total 100 20.36  100 1.29 100 17.98  100 10.45

184B-GSE22      

<2n 0.38 0.08  2.88 0.32 0.44 0.03  1.27 0.20

2n 63.99 7.27  3.41 0.32 64.22 6.54  27.13 7.65

2n>4n 13.46 12.80  4.35 0.44 14.03 13.27  15.03 12.92

4n 19.02 8.91  7.95 0.49 17.45 7.26  41.13 9.01

>4n 3.16 2.04  81.40 26.19 3.86 2.22  15.44 8.63

Total 100 31.11  100 27.76 100 29.31  100 38.42

 
 



Table 2. Labeling Index (LI) of 184B-Babe and 184B-GSE22 at different passage levels 
 
 24 hr LI 4 hr LI 
Passage Number    184B-Babe 184B-GSE22      184B-Babe  184B-GSE22 
 8 93 93 39 42 
 12 40 76 6.9 30 
 13 17 70 3.2 20 
 14 16 44 3.7 19 
 15 (2 weeks) 15 43 2.3 16 
15 (2 months) 5.6 25 1.9 15 
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