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Normal human mammary epithelial
cells spontaneously escape
senescence and acquire

genomic changes
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+ Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

Senescence and genomic integrity are thought to be important
barriers in the development of malignant lesions'. Human fibro-
blasts undergo a limited number of cell divisions before entering
an irreversible arrest, called senescence’. Here we show that
human mammary epithelial cells (HMECs) do not conform to
this paradigm of senescence. In contrast to fibroblasts, HMECs
exhibit an initial growth phase that is followed by a transient
growth plateau (termed selection or MO; refs 3-5), from which
proliferative cells emerge to undergo further population
doublings (~20-70), before entering a second growth plateau
(previously termed senescence or M1; refs 4—6). We find that the
first growth plateau exhibits characteristics of senescence but is
not an insurmountable barrier to further growth. HMECs emerge
from senescence, exhibit eroding telomeric sequences and ulti-
mately enter telomere-based crisis to generate the types of
chromosomal abnormalities seen in the earliest lesions of breast
cancer. Growth past senescent barriers may be a pivotal event in
the earliest steps of carcinogenesis, providing many genetic
changes that predicate oncogenic evolution. The differences
between epithelial cells and fibroblasts provide new insights
into the mechanistic basis of neoplastic transformation.

To analyse cell-specific differences in growth and senescence, we
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characterized the in vitro proliferation barriers in isogenic HMECs
and human mammary fibroblasts (HMFs) from healthy
individuals®”®, Similar to previous studies in human skin
fibroblasts' and HMECs*?, both the epithelial and fibroblast cell
populations underwent a limited number of population doublings
before entering a plateau (Fig. 1, HMF phase b, HMEC phase b).
This plateau in fibroblasts has been variously termed the Hayflick
limit?, irreversible replicative senescence, and mortality stage 1
(M1)"). The cells enlarged in size, flattened in shape, became
vacuolated (Fig. 1), and expressed senescence-associated B-
galactosidase'® (SA-B-gal; data not shown).

Low incorporation of bromodeoxyuridine (BrdU) and minimal
presence of MCM2 protein, a DNA replication licensing factor?,
indicated a low proliferative index. In addition, Annexin-V staining
indicated a low death index (data not shown). Further character-
ization showed that human foreskin fibroblasts, pre-selection
HMECs and HMFs each (1) maintained genomic integrity (Fig.
2; ref. 8); (2) maintained intact cell-cycle checkpoint control (data
not shown); (3) exhibited a 2N to 4N DNA content ratio of = 4 at
phase b (Table 1); and (4) had mean telomere restriction fragment
(TRF) lengths that were similar at senescence (Fig. 3). By the
morphological, behavioural and molecular criteria described
above, HMFs and HMEC:s senesce in a manner similar to human
skin fibroblasts’. ‘M0’ of HMECs thus corresponds to ‘M1’ of
fibroblasts.

The ability of HMECs and HMFs to spontaneously overcome
senescence differs by several orders of magnitude. In skin fibro-
blasts, senescence can last for years (at least 3 yr; T.D.T., unpublished
data), cells remain viable if fed routinely'', and the frequency of
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Figure 1 HVIF and HMEC growth curves and cell morphologies in vitro. Tissue was
dissociated with collagenase and hyaluronidase, and plated in parallel cultures: one in
medium (DMEM) that supported the growth of fibroblasts and the other in medium
(MEGM) that supported the growth of epithelial cells. The growth curve and microscopic
morphology of both mammary fibroblast and epithelial cells from donor 48 during the first
phase of logarithmic growth (phase a), and the first growth plateau (phase b) are shown for
each population. The second epithelial phase of proliferation (phase c) and the second
epithelial growth plateau (phase d) are also shown. Scale bar, 100 pm.
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spontaneous emergence is < 107° (data not shown; and ref. 12).
Similarly, HMFs failed to produce proliferating cells from senescent
populations even after 5months in continuous culture in either
serum-containing or serum-free media (<6x107; data not
shown). In contrast to fibroblasts and consistent with previous
reports®, HMECs maintained at the first plateau in serum-free
media sporadically emerge at a high frequency and generate
clusters of small, refractile cells (Fig. 1, HMEC phase ¢; 1.43 *
0.04x 10™* (donor 48, mean * s.d., n = 4) and 1 = 1x 107>(donor
184, n = 4)). Pre- and post-selection HMECs showed typical
heterogeneous expression of cytokeratins when examined by
immuno-cytochemistry (data not shown; and ref. 13). As reported
previously, HMECs that emerge from the first plateau (phase b in
Fig. 1) lose expression of the pl6 protein (see Supplementary
Information; and refs 5, 9, 14).

After a second period of exponential growth (Fig. 1, HMEC phase
¢), HMECs entered a second growth plateau (Fig. 1, HMEC phase
d). Unexpectedly, this plateau was critically different from the
senescent, arrested state despite the fact that they both showed
SA-B-gal staining (data not shown). The cells at the second plateau
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displayed many hallmarks of cell crisis. HMECs at this stage were
heterogeneous in size and morphology (Fig. 1, HMEC phase d).
More importantly, they continued to incorporate BrdU (16.3 =
1.1%, 4-h pulse, n = 2) and retained high levels of MCM2 protein
(> 50% of nuclei strongly staining for MCM2; data not shown). On
FACS analysis, the 2N to 4N DNA ratio was roughly 1 (data not
shown), typical of a population of cells in crisis”. This high
proliferative index was counterbalanced by an increase in cell
death. A significant fraction (~20%) of epithelial cells at the
second plateau stained with Annexin-V, an indicator of cell death.
In contrast, < 1% of isogenic senescent HMFs or HMECs at the first
plateau were Annexin-V positive. Although DNA fragmentation
characteristic of apoptosis was not detectable by TUNEL (terminal
deoxyribonucleotide transferase (TdT)-mediated dUTP nick end
labelling) assay, we did observe significant fragmentation of nuclei
(micronucleation) in these cells as documented by DNA staining of
interphase nuclei (data not shown). Thus, HMECs at the second
plateau were fundamentally different from HMECs at the first
plateau or fibroblast cells at senescence. They exhibited many of
the characteristics of viral oncoprotein-induced crisis, with an

b
L _ ."l 'T .‘ o & -
2 X & % = '
va 2% ; , i = %
1 2% 3 4 5
1 e 7 &
g+ i e~ 2l EBm M
6 7 8 9 10 11 12
13 14 15 16 17 1
- ,"
19 20 21 22 XX
46,XX,tas(2:6)(q37;927),tas(19;22)(q13.4;q13.3)
d

\I 100%

20% ,20%
40% 40%

Total Total TS

Struct.Abn. o Struct.Abn. 09
tas tas %
Polypoidy Polypoidy e
Aneuploidy 5 2 55 14 3 ppL Aneuploidy 5 ; 14 4  pPDL
34 10 — HMEG 48 remaining 24 11 — HMEG {84 remaining
HMF 48 HMEC 48 post-selection HMF 184 HMEC 184 post-selection

pre-selection

Figure 2 Spontaneous genomic instability in human mammary epithelial cells. a, Kinetics
of accumulation of karyotypic abnormalities. The percentages of metaphase spreads with
structural chromosomal abnormalities were determined as a function of the number of
population doublings (PD) before final growth plateaus (0 PD). HMF populations: 48 (open
triangles) and 184 (open squares). Human skin fibroblasts (open inverted triangles).
HMEC populations: 48 (filled triangles), 184 spiral K (filled squares), 184 birdie (‘+’),
4678-2 ('x’), 1001-3 (filled circles) and 4144-1 (filled diamonds). b, Representative
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abnormal karyotype from HMEC 48. ¢, d, Types of chromosomal abnormalities observed
in HMEC 48 and 184, respectively. Definitions: Total, all structural abnormalities and
telomeric associations, not including numerical abnormalities; Struct. Abn., deletions,
duplications, rings, marker chromosomes, chromatid exchanges and translocations; tas,
telomeric associations; polyploidy, multiples of a diploid chromosome complement;
aneuploidy, additions or deletions of whole chromosomes.
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important exception that no immortalized variants have yet been
detected.

Cytogenetic analysis of post-selection HMECs at selected pas-
sages (Fig. 1, HMEC phase ¢) showed that gross chromosomal
abnormalities appeared in virtually every metaphase spread as the
cells approached the second growth plateau (Fig. 2). In all cases,
including several HMEC populations obtained commercially, the
abnormalities accumulated rapidly, beginning between 10 and 20
population doublings before the final passage of cells (Fig. 2a), and
coincided with slowing of the proliferation rates. In these cells, both
the per cent of abnormal metaphases and the number of abnorm-
alities per metaphase increased. The abnormalities included trans-
locations, deletions, other rearrangements, telomeric associations,
polyploidy and aneuploidy (Fig. 2b—d). Substantial polyploidy
(~25%) was detected by flow analysis at final passages of post-
senescent HMECs (data not shown). Microscopy revealed anaphase
bridges and failed cytokineses (data not shown). The accumulation
of chromosomal abnormalities was independent of donor age
(range 16-50yr) and total proliferative potential of epithelial
populations (range 30—60 population doublings).

The timing and spectrum of chromosomal abnormalities, espe-
cially the numerous telomeric associations, suggested that late-
passage HMECs had entered a state similar to telomere-based
crisis'’. Therefore, various aspects of telomere metabolism were
assessed in serial subcultures of HMECs and HMFs. Both cell
populations lacked telomerase activity (data not shown; and ref.
17) and exhibited a similar rate of telomere erosion (about 30 base
pairs (bp) per population doubling; data not shown). As mentioned
above, mean TRF lengths in isogenic HMECs at the first growth
plateau and HMF at senescence were equivalent and similar to that
in the earliest available passage of post-selection HMECs. Further
proliferation of the post-selection HMECs was accompanied by
continued shortening of the telomeres (Fig. 3a) down to a broad
range of mean TRF lengths (~3.5 kb) at the second plateau. Length
distribution of telomeres at each plateau was also assessed by
quantitative analysis of fluorescence in situ hybridization (Q-FISH)
of telomeric repeats” (Fig. 3b—d). Consistent with the above
determination of mean TRF lengths, mean fluorescence intensity
at individual telomeres was diminished significantly (>55%) in
HMEC:s at the second plateau as compared with those at the first
plateau (Fig. 3¢, d). In addition, the average number of telomeres
with no signal per metaphase spread was ~4 and ~2 in senescent
fibroblasts and epithelial cells at the first plateau, respectively, and
increased to ~18 in epithelial cells at the second plateau. Thus, the
HMECs that emerged from senescence ultimately entered a telo-
mere-based crisis-like state.

There are striking parallels between late-generation telomerase-
deficient p53 mutant mice and late-passage post-selection HMECs.

letters to nature

In wild-type mice, the activation of p53 mediates response to
telomere dysfunction'®, leading to p21 induction and cell-cycle
arrest'®”, Cells from the p53-mutant mice, like the post-selection
HMECs, lack telomerase activity, and lack the p53-dependent arrest
induced by critically shortened or dysfunctional telomeres. In both
cell populations, these conditions generate similar types of chro-
mosomal abnormalities. However, HMECs only attain this state on
silencing p16 and emerging from senescence.

We assessed p53, its modulator p14**" and a downstream
effector, p21, in serial subcultures of HMFs and HMECs (see
Supplementary Information). Consistent with previous reports of
these proteins in human skin fibroblasts®*, as HMFs grew to
senescence they exhibited minimal changes in total p53 protein
levels, a modest increase followed by a slight decrease of p21 protein
expression, and an increase in p16 protein levels. Similar expression
was seen in HMECs at the first growth plateau. c-Myc protein did
not change during epithelial cell culture.

Contrary to expectations, we observed an increase in total p53
protein levels in HMECs on their emergence from senescence but
not on induction of senescence (phase b) or at the second plateau
(phase d). An increase in p14**" and p21, and a decrease in p16
accompanied this upregulation of p53. Both p53 and p21 proteins
showed nuclear localization in post-selection cells (data not shown).
Although most post-selection HMEC populations retained a con-
stant level of p53 protein through the second plateau, only one
sample (donor 48) showed further elevation of p53 protein that
was not accompanied by further increases in p14*** or p21 (see
Supplementary Information). These data suggest that, as HMECs
emerge from senescence, unidentified signals activate the p53
pathway but fail to explain why these post-selection cells can
proliferate in the presence of elevated p53 and p21.

These studies have several important ramifications. First, they
challenge traditional views of how and when cells acquire genomic
changes in cancer by providing a cell-intrinsic mechanism that,
early in the neoplastic process, generates several simultaneous
genetic changes without obligatory exposure to physical, viral or
chemical mutagenic agents. Second, although post-selection
HMECs have commonly been regarded as normal*®, the present
observations refute this assumption. These cells do not express p16,
they lack proper checkpoint control’ and they do not maintain
genomic integrity (Fig. 2). Third, these findings redefine a high
frequency spontaneous event that occurs in HMECs and show that
‘MO’, and not ‘M1, is actually senescence. HMECs spontaneously
emerge from senescence, whereas isogenic fibroblasts do not.
Should these cells arise in vivo (a proposal consistent with pre-
liminary observations), they would provide generative material for
human carcinogenesis. Therefore, our observations that HMEC
proliferation beyond senescence leads to telomeric dysfunction,

Table 1 St y of human cell characteristics at different growth plateaux
Fibroblasts Mammary epithelial cells
Characteristic Senescence Crisis* 1st plateau 2nd plateau Crisis*
Lack of increase in cell number + + + + +
SA-B-gal staining + + + + +
BrdU incorporation - + - + +
Cell death - + - + +
Genomic instability - + — + +
2N/4N ratio >4 ~1 >4 ~1 ?
Polyploidy low high low high ?
MCM2 expresion low high low high ?
Population expansion beyond growth plateau - + + ? +
Existing nomenclature Hayflick limit, Crisis, Selection, Senescence, Crisis
Senescence, Irreversible Apparent, proliferative arrest Senescence, Replicative senescence
replicative senescence Terminal arrest
M1 M2 MO M1 M2
Proposed nomenclature Senescence Crisis Selection Agonescence Crisis
*These properties describe viral oncoprotein-induced crisis.
I See ref. 28.
NATURE |VOL 409 |1 FEBRUARY 2001 | www.nature.com #2 © 2001 Macmillan Magazines Ltd 635
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Figure 3 Post-selection HMECs continue to shorten telomeres beyond the length detected
in senescent HMFs and HMECs at the first growth plateau. a, TRF analysis of HMF 48
(75PD), senescent HVIF 48 (42 PD), pre-selection HMEC 48 at first growth plateau

(12 PD), and post-selection HMEC 48 at 20 PD, 65 PD and at second growth plateau
(75PD). b—d, Quantitative FISH analysis of telomeric repeats in senescent HVMF 48

coupled with observations that telomeric dysfunction leads to
carcinogenesis in mice'>*’, might explain the early steps in carcino-
genesis.

Finally, these observations identify clinical opportunities. They
provide potential markers for assessing susceptibility to neoplastic
transformation in individuals as well as potential targets for pre-
vention and therapy. Several markers (Table 1; and Supplementary
Information) clearly identify the different cellular states and may
allow the identification of these cells in vivo. Remarkably, the earliest
lesions in breast cancer, hyperplasias, show abnormally controlled
proliferation but relatively few chromosomal structural
abnormalities”—a phenotype similar to early passage post-selec-
tion HMECs. The more progressed lesions in breast cancer, DCIS
(ductal carcinoma in situ), also show the types of chromosomal
aberrations observed in late-passage HMECs?. We propose that these
properties of HMEC:s in vitro are critically relevant to their transfor-
mation processes in vivo. Agents that minimize HMEC transition past
the growth plateaux should decrease the incidence of breast cancer.
Given that irreversible senescence and tight control of genomic
stability are believed to be important barriers for the development
of cancerous lesions, our observations also suggest that there is a
much higher risk of neoplastic transformation originating in mam-
mary epithelial tissue than in mesenchymal tissue, a prediction
consistent with extensive epidemiological studies™. O
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(b), HMEC 48 cells at first growth plateau (¢) and HMEC 48 cells at second growth plateau
(d). Shown are representative images of in situ hybridization of Cy3-(C3TAy)3 PNA probe
(red) to metaphase chromosomes (blue) and histograms of distribution of integrated
fluorescence intensities of > 1,000 individual telomeres. Red and green bars indicate the
position of mean and median values, respectively, for each data set.

Methods
Cells and cell culture

Isolation of isogenic sets of human breast epithelial cells and fibroblasts (that is, from the
same gland) has been described’. Briefly, tissue from reduction mammoplasty was
digested to epithelial organoids and the accompanying fibroblasts. Cells from donors 48
and 184 were obtained from a 16-year-old and a 21-year-old woman, respectively, and
showed no pathologic epithelial cells. We grew and subcultured epithelial cells using two
different media: MM, which contains 0.5% fetal bovine serum and several growth factors,
and MEGM, a serum-free medium containing growth factors and bovine pituitary extract
(BioWittaker, USA). Cell doubling times were 18—24 h in either medium. Three additional
populations of human breast epithelial cells, all derived from reduction mammoplasty
(1001-3, 4144-2 and 4678-2) were purchased from BioWhittaker. Fibroblasts were grown
in DMEM with 10% fetal calf serum. Cells were grown at 37 °C in 5% CO,. For routine
culture, cells were counted and plated at 2x 10° cells per 75-cm? flask. Attachment
efficiency was determined by counting attached cells 15 h after plating. The number of
accumulated populations doublings (PD) per passage was determined using the equation,
PD =log[A/(BC)]/log2, where A is the number of collected cells, B is the number of plated
cells, and C is the attachment efficiency.

Chromosomal analysis

Metaphase spreads were prepared from cells treated with Colcemid (KaryoMAX, Gib-
coBRL, 100 ng ml™" for 6 h). We performed standard G-banding karyotypic analysis on at
least 50 metaphase spreads for each population. Metaphase spreads were classified as
abnormal if they contained any complement of chromosomes besides 46 XX with normal
banding patterns.

Cell-cycle analysis

Cells were plated at an initial density of 5 x 10* cells per 25-cm” flask. Cells were
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metabolically labelled with BrdU (10 uM, 4 h), trypsinized, and fixed with 70% ethanol.
Nuclei were isolated and stained with propidium iodide and FITC-conjugated anti-BrdU
antibodies (Becton Dickinson, USA), as described’. Flow cytometry was performed on a
FACS Sorter (Becton Dickinson). All analysed events were gated to remove debris and
aggregates.

Cell death assays

TUNEL assay for DNA fragmentation was done using an In Situ Cell Death Detection kit
(BMB), according to manufacturer’s protocol. Alternatively, cells were stained with
Annexin-V-FLUOR (BMB) and propidium iodide, and analysed by fluorescence
microscopy.

Telomere length assay

Genomic DNA (10 p.g), isolated from cultured cells, was digested with restriction enzymes
Rsal and Hinfl and then separated in a 0.5% agarose gel. DNA was transferred to Hybond-
N* membrane (Amersham, UK). Blots were probed with 5’-end-labelled oligonucleotide
(TTAGGG)s and exposed to a Phospholmager plate to detect the telomeric ends. An
average telomere length was determined using ImageQuant software (Molecular
Dynamics, USA).

Quantitative in situ hybridization with telomeric probe

In situ hybridization of telomere-specific peptide nucleic acid probe (Telomere PNA FISH
Kit/Cy3, DAKO) to metaphase chromosome spreads was performed according to the
manufacturer’s protocol. Images were captured by a CCD camera attached to a Nikon
TE300 microscope and analysed using IPLab Spectrum (Scanalytics Inc.). Background was
subtracted and fluorescence signal was integrated in segments corresponding to individual
telomeres".

Senescence-associated 3-galactosidase assay

Senescence-associated B-galactosidase was detected in fixed cells using a described
protocol". When staining was fully developed, the cells were washed with PBS and
incubated with propidium iodide (1 pgml™ in PBS) and with DNase-free RNase A
(5pgml™). Both phase-contrast and fluorescent microscopy were performed to identify
senescent cells and their nuclei.

Western analysis

Whole-cell extracts were fractionated in gradient (4-20%) polyacrylamide gels (FMC)
and transferred to Hybond-P (Amersham) membrane. The following antibodies were
used: mouse monoclonal anti-human p16i"k4“(NeoMarkers, AB-1), mouse anti-p53
(Santa Cruz, DO-1), mouse anti-p21(WAF1) (Calbiochem, Ab-1), rabbit anti—p14ARF
(NeoMarkers, Ab-1) and mouse anti-a-actin (Sigma); HRP-conjugated goat-anti-mouse
antibody (GibcoBRL) and goat anti-rabbit antibody (Calbiochem). Staining was
developed using ECL-detection protocol.
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The transfer of DNA across membranes and between cells is a
central biological process; however, its molecular mechanism
remains unknown. In prokaryotes, trans-membrane passage by
bacterial conjugation, is the main route for horizontal gene
transfer. It is the means for rapid acquisition of new genetic
information, including antibiotic resistance by pathogens. Trans-
kingdom gene transfer from bacteria to plants' or fungi’ and even
bacterial sporulation’ are special cases of conjugation. An integral
membrane DNA-binding protein, called TrwB in the Escherichia
coli R388 conjugative system, is essential for the conjugation
process. This large multimeric protein is responsible for recruit-
ing the relaxosome DNA—-protein complex, and participates in the
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