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Transition through telomere crisis is thought to be a crucial
event in the development of most breast carcinomas. Our goal
in this study was to determine where this occurs in the context
of histologically defined breast cancer progression. To this end,
we assessed genome instability (using fluorescence in situ
hybridization) and other features associated with telomere
crisis in normal ductal epithelium, usual ductal hyperplasia,
ductal carcinoma in situ and invasive cancer. We modeled this
process in vitro by measuring these same features in human
mammary epithelial cell cultures during ZNF217-mediated
transition through telomere crisis and immortalization. Taken

together, the data suggest that transition through telomere
crisis and immortalization in breast cancer occurs during
progression from usual ductal hyperplasia to ductal
carcinoma in situ.

The molecular events that enable normal epithelial cells to progress to
invasive, metastatic disease are increasingly well understood1,2. Dereg-
ulation of the TP53 and RB1 pathways in most cancers enables
extended proliferation. In breast cancer, deregulation of RB1 through
inactivation of cyclin-dependent kinase inhibitor 2A (CDKN2A, also
called p16 and INK4a) seems to be an early event3. Most epithelial cells

Figure 1 2D confocal YO-PRO-1 images and

bivariate copy-number histograms of chromosome
1cen and 20q13.2 signals in 3D images. Open

bars indicate the numbers of cells with copy

numbers specified on the x and y axes. Filled

bars indicate the number of cells with two copies

each of 1cen and 20q13.2. (a) A 2D confocal

YO-PRO-1 image of normal ductal epithelium

taken midway through a 30-mm-thick tissue

section. The white squares (100 mm�100 mm)

indicate regions for which 3D confocal images

were acquired for copy-number analysis. (b) A

bivariate copy-number frequency histogram of the

number of copies of 1cen and 20q13.2 in the

regions indicated in a. More than 90% of nuclei

had two copies of 1cen and 20q13.2. Statistical

analysis of measurements on 537 nuclei from

several normal specimens indicated that 93 7
4% of genuine FISH signals were detected and

that there was a 4 7 4% chance that a detected

signal was spurious (Supplementary Table 1

online). (c) A 2D confocal YO-PRO-1 image of a

UDH. (d) A bivariate frequency histogram of 1cen and 20q13.2 copy numbers measured for the regions indicated in c. Most cells had two copies of

20q13.2, but 22% of cells had only one copy of 1cen. (e) A 2D confocal YO-PRO-1 image of a DCIS showing an expanded duct filled with heterogeneous

tumor cells. (f) A bivariate frequency histogram of 1cen and 20q13.2 copy numbers measured for the regions indicated in e showing substantial genomic

instability. DNA content was associated with genome copy number measured using FISH in this sample (correlation coefficient ¼ 0.83; 89 data pairs).
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lack active telomerase, and so extended proliferation leads to telomere
erosion and, eventually, loss of telomere function4. These cells become
genomically unstable5 and are almost always eliminated by damage-
surveillance mechanisms5–7. Rarely, however, one or a few cells escape
this protective mechanism by reactivating telomerase7 and develop
additional cancer hallmarks2 through accumulation of multiple geno-
mic and epigenomic aberrations8. Thus, telomere crisis, defined in this
paper as the events that occur when cells lose telomere function as a
result of extended proliferation in the absence of telomerase, is a
critical rate-limiting and promoting event1.

Several features of breast cancer suggest that telomere crisis occurs
in breast cancer during transition from usual ductal hyperplasia
(UDH) to ductal carcinoma in situ (DCIS). First, the total number
of aberrations typically is much higher in DCIS than in UDH9.
This increase is reminiscent of the increase in genome aberrations in
tumors that arise in late-generation telomerase-knockout mice1.
Second, progressive shortening of telomeres10 and reactivation
of telomerase occurs during transition from UDH to DCIS11. If
transition through telomere crisis does occur during transition from

UDH to DCIS, genome instability should increase substantially during
this transition. We assessed this possibility by measuring genome
instability (using fluorescence in situ hybridization, FISH), DNA
content and telomere length at several histologically distinct stages
of breast cancer progression. We compared these features with those
observed in cultured human mammary epithelial cells (HMECs)
during transition through ZNF217-mediated telomere crisis and
immortalization12.

We assessed instability by three-dimensional (3D) confocal micro-
scopic analysis of B30-mm-thick tissue sections stained for copy
number using dual-color FISH13 with probes for the centromere of
chromosome 1 (1cen) and chromosome 20q13.2 and with the DNA-
specific dye YO-PRO-1. We analyzed three-color (DNA stain and two
FISH probe labels), 3D images generated using confocal microscopy in
regions of histological interest to determine the boundaries and
volumes of intact nuclei and to enumerate dual-color FISH signals
therein (Supplementary Fig. 1 online). We used the standard devia-
tion of the number of the FISH signals (sCN) as a quantitative
measure of genome instability. We obtained histological information
from YO-PRO-1 images and confirmed it in some cases by micro-
scopic analysis of adjacent thin sections stained with hematoxylin and
eosin (Supplementary Fig. 2 online).

We measured genome instability and DNA content in normal
human skin, normal breast epithelium and stroma, three UDH
specimens, three DCIS specimens and four invasive cancer specimens
(Figs. 1–3). One sample of normal epithelium had low instability
(sCN ¼B0.5; Fig. 1a,b), as did one UDH specimen (sCN ¼B0.6–
0.7; Fig. 1c,d). Most cells had two copies of 20q13.2, but a significant
fraction (22%, P o 0.001) had only one copy of 1cen. Spatial
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Figure 2 A 2D YO-PRO-1 image and bivariate copy number histograms of

chromosome 1cen and 20q13.2 signals from an invasive cancer. Open and

filled bars are as defined in Figure 1. (a) A 2D YO-PRO-1 image showing

tumor cells invading the stroma beyond the basement membrane. The white

squares indicate regions for which 3D images were acquired and analyzed

for copy number. (b–d) Bivariate frequency histograms of 1cen and 20q13.2

copy numbers measured for the regions indicated in a. Some regions had

near-normal copy numbers (b), but others had high copy-number variability

(c,d). DNA content and nuclear volume were nearly normal for the cells in b

and increased for the cells in c and d.
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Figure 3 Genomic events measured in vivo and

in immortalized HMECs using dual-color FISH

and array CGH. (a) Standard deviations of 1cen

and 20q13.2 copy numbers measured in normal

epithelium, UDH, DCIS and invasive cancer (IC).

Instability was highest in DCIS and high in

invasive cancer, but somewhat lower than in

DCIS. (b) Genome copy-number distributions

measured using array CGH in ZNF217-

immortalized HMECs12. log2 relative copy

number (y axis) is plotted as a function of

distance along the genome (x axis; 1pter on the

left and chromosomes 22qter and X to the right).

Vertical lines indicate chromosome boundaries.
Telomerase activity and telomere lengths

measured in earlier studies12 are indicated to the

right of the array CGH profiles. (c) Standard

deviations of 1cen and 20q13.2 copy numbers

measured using FISH for several passages of

ZNF217-immortalized HMECs. Similar data was

obtained for chromosomes 2p24 and 2q36

(data not shown).
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statistical analyses showed that the nuclei with one and two copies of
1cen were randomly mixed. The nuclear volumes in all regions of
UDH were similar to those measured for normal epithelial cells. One
DCIS specimen had significantly higher instability (sCN ¼ B1–1.5;
P o 0.01, Wilcoxon rank test; Fig. 1e,f). Cells in this sample varied
substantially in genome composition and DNA content, and the
number of copies of 1cen plus 20q13.2 was strongly correlated with
DNA content (correlation coefficient ¼ 0.83), indicating that the
increase in DNA content was contemporaneous with the increase in
genome instability. Spatial analyses of this and another specimen
showed that cells with widely different chromosomal compositions
were randomly mixed, indicating that most copy-number variation
was due to high instability rather than clonal evolution. A third DCIS
specimen had a near-normal level of instability, suggesting that it
might be less far along in transition through telomere crisis. Increased
20q13.2 copy number was the dominant feature; instability was
low and the nuclear volume was near normal. One invasive cancer
sample had high instability, but lower than that of the DCIS specimens
(sCN ¼B0.67–1.28; Fig. 2), although the difference was not sig-
nificant (P o 0.38, Wilcoxon rank test). Some areas (Fig. 2b) showed
near-normal copy number and volume, whereas others (Fig. 2c,d)
were highly variable in copy number and DNA content. Cells with
widely different chromosomal composition were randomly mixed in
most invasive cancers, although some diploid cells were spatially
segregated from cells with genomic abnormalities.

We scored mitoses and anaphase bridges in thin sections stained
with hematoxylin and eosin in UDH and DCIS cases adjacent to
sections that were analyzed using thick-section FISH and in an
additional 8 UDH cases, 12 atypical ductal hyperplasias and 11
DCIS specimens. Anaphase bridges, considered a hallmark of telomere
crisis7, were present in two atypical ductal hyperplasias and two DCIS
specimens (Fig. 4a).

We assessed telomere length using FISH as described10, except that
we used dual-color FISH with probes to the centromeres and
telomeres so that telomere length could be normalized to the
centromeric hybridization intensity. The average telomere length was
significantly shorter in the DCIS lesions than in normal tissue (P o
0.03; Fig. 5a), as expected, and was significantly shorter in invasive
cancers than in DCIS (P o 0.01), even though telomerase had been
reactivated. This is probably because telomere-length control acts in
cis at each individual chromosome end, so that the critically short
telomeres are stabilized but the others continue to erode4.

We compared the genomic events that occurred during progression
from UDH to invasive cancer with those that occurred in cultures of
HMECs before, during and after ZNF217-mediated immortaliza-
tion12. In this model, ZNF217 transduction of HMECs with a finite
lifespan allowed one or a few cells in each culture to activate
telomerase, stabilize telomere length and develop resistance to trans-
forming growth factor-b. These cells were effectively immortal and
could be propagated indefinitely. In one culture, passage through
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Figure 4 Anaphase bridges in human breast tumor specimens and nuclear bridges in ZNF217-immortalized HMECs. (a) Anaphase bridges in an atypical

ductal hyperplasia specimen. Scale bar, 10 mm. (b) Left, nuclear bridges in DAPI-stained preparations of ZNF217-immortalized HMECs. Right, uneven
partitioning at p22 of loci on chromosome 2 as indicated by FISH with probes to MYCN (2p24; green) and INDPP5D (2q36; red). Scale bars, 2.5 mm.

(c) Nuclear bridge frequencies scored in 300 nuclei at several passages of ZNF217-immortalized HMECs.
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Figure 5 Relative lengths of telomeres in vivo and in vitro were assessed using dual-color FISH. (a) Relative lengths of telomeres in histologically defined

stages of breast cancer progression: three samples of normal epithelium (NE), three samples of UDH, one sample of atypical ductal hyperplasia (ADH), five

samples of DCIS and three samples of invasive cancer (IC). Error bars indicate the standard deviation of all images in each histological type. (b) Left,

telomere length comparisons in three different passages in HMECs (prestasis finite lifespan 184, p5; post-selection finite lifespan 184, p12; and the p53-

immortal line 184AA2, p24) determined using FISH (y axis) and the telomere restriction fragment (TRF) Southern-blot analysis (x axis) as described

previously26. Right, telomere restriction fragment assays for telomere length in these cultures.
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telomere crisis occurred at passage 22 (p22; Fig. 3b,c), as documented
by maximal nuclear bridge frequency and reactivation of telomerase
(Fig. 4). Instability was low before p22 (sCN ¼ B0.6), maximal at
p22 (sCN ¼ B1.5) and significantly lower thereafter (sCN ¼ B0.75;
P o 0.04, Wilcoxon rank test; Fig. 3c). Genomic aberrations detected
by array CGH were not apparent before p22, increased substantially by
p28 and changed slowly thereafter (Fig. 3b). Telomere length
decreased during and after transition through telomere crisis, as
observed in vivo (Fig. 5b). We obtained similar results for other
cultures, but the time of passage through telomere crisis and the
spectrum of genomic aberrations detected using comparative genomic
hybridization (CGH) differed (data not shown).

The genomic events associated with transition through telomere
crisis in ZNF217-transfected HMECs were remarkably similar to those
observed in breast cancer during transition from UDH to DCIS
(Fig. 6). Telomere length decreased steadily during and after transition
through telomere crisis, as observed during progression from UDH to
invasive cancer. Genome instability and the frequency of anaphase
bridges were low before telomere crisis, as found for UDH; highest
during crisis, as found for DCIS; and somewhat reduced thereafter, as
found for invasive cancer. Few genome aberrations were apparent
before transition, as observed in UDH; the number increased sharply
shortly after telomere crisis, as found in DCIS; and the number
changed slowly thereafter, as found for invasive cancer9,14,15. Many
of the aberrations detected in post-crisis HMECs involved regions that
are recurrently aberrant in primary tumors16, suggesting that these
result from active selection. Analyses of HMEC transitions though
telomere crisis show that the probability of successful transition is
extremely low12. This may explain why the risk of developing invasive
cancer in individuals with UDH is only modestly increased17.

The low probability of transition through telomere crisis also
suggests that the DCIS lesions that do form arise from single cells
in which telomerase is reactivated and that carry aberrations that
enable further progression toward malignancy1. This post-transition
immortal cell and its progeny would have the features ascribed to
tumor stem cells18: active telomerase and the ability to propagate
indefinitely. In vitro and xenograft experiments (data not shown),
however, suggest that the post-transition immortal cells remain some-
what unstable and so produce the aberrant progeny detected using
FISH in invasive cancers. The fact that genomically unstable cell

cultures, xenografts and invasive cancers evolve slowly, as measured
using CGH, suggests that the aberrant progeny are at a proliferative
disadvantage relative to cells that divide normally (Supplementary
Fig. 3 online). This may explain why most apparently unstable
primary and metastatic tumors evolve relatively few new genomic
aberrations that can be detected using CGH.

Positioning of immortalization and telomere crisis between UDH
and DCIS in breast cancer has important clinical implications. For
example, assays that measure telomerase activity, genome instability
and the presence of recurrent aberrations will identify lesions that have
transitioned through this checkpoint and are at increased risk of
further progression. In addition, agents that enhance damage surveil-
lance19, inhibit reactivation of telomerase20 or poison cells with active
telomerase21 may be effective in preventing the rare UDH-to-DCIS
transition and hence may be useful preventive agents.

METHODS
Tissues and sections. We cut frozen sections from three UDH cases, three

DCIS specimens, four invasive cancers and two normal breast tissues, stained

them with hematoxylin and eosin and examined them to identify regions of

histological interest. We cut adjacent B30-mm-thick sections attached to tape

(Instrumedics), placed them on coated glass slides and attached them by

polymerization through exposure to 380 nm ultraviolet irradiation for 60 s. We

stored slides at –80 1C until needed.

FISH to thick tissue sections. We carried out FISH to thick sections as des-

cribed previously13 and in Supplementary Methods online. We mounted

sections on slides, fixed them in acetone, digested them with pepsin, fixed them

again in a methanol-acetone solution, air-dried them, denatured them and

hybridized them for 2–3 d to denatured probes (a Cy3-labeled alpha-satellite

probe (pUC1.77) for 1cen and an Alexa 568–labeled B250-kb BAC/P1 contig

containing ZNF217 at 20q13.2) plus excess salmon sperm DNA and Cot-1 DNA.

We counterstained hybridized slides with YO-PRO-1 and DAPI in antifade.

3D image acquisition. We acquired images of thick tissue sections using a laser

scanning confocal microscope (Model LSM410, Carl Zeiss) equipped with a

63� , 1.3 NA plan-apo objective lens as described22. YO-PRO-1, Alexa568 and

CY5 were excited at 488 nm, 568 nm and 633 nm, respectively, and emitted

light was collected at 515–565 nm, 575–640 nm and 4665 nm, respectively. We

selected regions for 3D image acquisition based on histological assessment of

two-dimensional (2D) YO-PRO-1 images. 3D images were typically 512 �
512 � 100 voxels and had x, y, z voxel dimensions of 0.2 mm, 0.2 mm and

0.3 mm, respectively.

Nuclear segmentation. We segmented the 3D images of YO-PRO-1–stained

nuclei as described22. The 3D images were automatically divided into high

(nuclear) and low (background) intensity regions and visually assessed to

detect clusters of nuclei and to discard incomplete nuclei and debris. Clusters

were automatically subdivided and reassessed visually. We summed the voxels

comprising each segmented nucleus as an estimate of nuclear volume, which

we used as an estimate of total DNA content in subsequent analyses.

Detection of FISH signals. We detected FISH signals in each segmented

nucleus by applying a modified morphological top-hat method to detect high

intensity, punctate signals smaller than a predefined size. We added gray-scale

reconstruction to exclude signals smaller than expected for true hybridization

signals and used an automatic gray-weighted threshold to select only high-

intensity signals. We used Gaussian filtering before thresholding to merge

closely spaced doublet signals. We used the numbers of Alexa 568 and Cy5

signals in each 3D nuclear volume as measures of the numbers of copies of 1cen

and 20q13.2 in that nucleus.

Telomere length measurements. We used FISH with Cy3-labeled pan-telo-

meric and fluorescein isothiocyanate–labeled pan-centromeric peptide nuclei

acid probes (Applied Biosystems) to label centromeres and telomeres in 5-mm-

thick sections of formalin-fixed paraffin-embedded tissues. We treated deparaffi-
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Figure 6 A schematic representation of genomic events associated

with breast cancer progression. These events are generalizations from

published studies and the present work describing total genomic

aberrations9,27–29, telomerase activity11,30, telomere length10 and genome

instability. Individual tumors and lesions may vary substantially from this

evolutionary pattern.
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nized tissues in 1M sodium thiocyanate at 80 1C for 8 min and denatured them

in 70% formamide at 73 1C for 5 min. We then washed sections, stained them

with DAPI and mounted them using anti-fade buffer. We acquired Cy3, fluore-

scein isothiocyanate and DAPI images using a scanning confocal microscope

(Zeiss LSM510). See Supplementary Methods online for additional details.

We used custom software to segment nuclei in regions of histological interest

and to measure average centromere and telomere FISH intensities per nucleus.

We estimated relative telomere length as the ratio of the total telomere signal

intensity to the total centromere intensity. We analyzed at least 500 nuclei

per section.

Error assessment. We assessed the accuracy of the copy number enumeration

by fitting univariate copy number frequency histograms with the function

Probðx jm; p; nÞ ¼
Xn

i¼maxðn�x;0Þ

n
i

� �
� ð1 � pÞi � pðn�iÞ � e

�m �mðx+ i�nÞ

ðx + i� nÞ! ;

where Prob (x | m,p,n) is the probability of detecting x signals in a nucleus,

assuming that spurious spots were Poisson-distributed with mean m, that the

probability of a true genomic target being detected was p, and that there were n

genuine genomic targets per nucleus.

Correlation of copy number with nuclear volume. We used linear regression

analysis to assess correlations between the number of copies of 1cen and the

number of copies of 20q13.2, and between the sum of the number of copies of

1cen and 20q13.2 and nuclear volume.

Anaphase bridge analysis. We scored anaphase bridges and mitoses in ten

high-power fields (40�NeoFluar, Model Axioplan2, Carl Zeiss). We scored

nuclear bridges in 300 nuclei of ZNF217-immortalized HMECs stained with

DAPI as surrogates for anaphase bridges.

CGH and FISH analyses of HMECs. We grew ZNF217-transduced HMECs as

previously described12 and collected them at several passages for genomic

analyses. We analyzed genome copy-number changes using array CGH as

described previously23. We labeled DNAs from HMECs and normal cells with

Cy3 and Cy5, respectively, and hybridized them for 2 d along with excess Cot-1

DNA to microarrays carrying BAC DNA targets distributed at B1-Mb intervals

along the genome. We stained arrays with DAPI after hybridization. We

acquired DAPI, Cy3 and Cy5 images using a CCD camera system and analyzed

them as described24 to obtain relative copy number for each target. We

plotted log2 Cy3:Cy5 mean intensity ratios according to location along the

genome (University of California Santa Cruz human genome assembly, June

2002 freeze).

We carried out dual-color FISH analyses of HMECs using probe combina-

tions of 1cen/20q13.2 or 2p24/2q36 as described25. Probes in each pair were

labeled with Alexa 488 and Cy3, respectively. We scored 200 nuclei for

each analysis.

Note: Supplementary information is available on the Nature Genetics website.
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