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Telomeres are nucleoprotein structures that protect chromosome ends from degradation and recombination.

Cancers often have critically shortened telomeres, contributing to genomic instability. Many of these tumors

activate telomerase to stabilize telomeric ends and achieve a capacity for unlimited replication. Telomere

shortening has been reported in in situ and invasive carcinomas, including breast, and has been associated

with disease recurrence after surgical resection. However, previous studies have not evaluated breast cancer

subtypes. The objective of this study was to evaluate telomere lengths in different subtypes of breast cancer.

Breast carcinomas (n¼ 103) identified between 2001 and 2010 from patients seen at the Johns Hopkins Hospital

were categorized into luminal A (n¼ 18), luminal B (n¼ 28), HER-2-positive (n¼ 20) and triple-negative

carcinomas (n¼ 37) based on tumor characteristics. Telomere lengths were assessed directly at the single cell

level by fluorescence in situ hybridization, and patient groups were compared using Fisher’s exact tests. ER-

negative status (P¼ 0.022), PR-negative status (P¼ 0.008), HER-2-positive status (P¼ 0.023) and p53-positive

status (P¼ 0.022) were associated with shorter telomere length. A larger proportion of luminal A cancers had

normal or long telomere lengths as compared with luminal B cases (P¼ 0.002), HER-2-positive cases (P¼ 0.011)

or triple-negative cases (P¼ 0.0003). Luminal B, HER-2-positive and triple-negative cases did not differ

significantly. Telomere length was shorter in more aggressive subtypes, such as luminal B, HER-2-positive and

triple-negative tumors, suggesting that tumor telomere length may have utility as a prognostic and/or risk

marker for breast cancer.
Modern Pathology (2011) 24, 194–200; doi:10.1038/modpathol.2010.198; published online 5 November 2010

Keywords: breast cancer; HER-2; luminal A; luminal B; subtype; telomere; triple-negative

Telomeres, specialized nucleoprotein structures,
function to protect and stabilize the ends of
eukaryotic chromosomes by preventing chromo-
some fusions, exonucleolytic degradation and mask-
ing telomere-induced double-strand DNA break
damage signals. However, telomeres can become
critically shortened, and dysfunctional, by several
mechanisms including incomplete replication,
wherein they are shortened during each cycle of
chromosome replication.1 In normal cells, telomere
shortening induces tumor-suppressive checkpoint

pathways, such as cellular senescence or apoptosis,
which halts cell-cycle progression before telomeres
become destabilized.2,3 However, abrogation of these
checkpoints leads to continued cell division. Con-
sequently, there is a limit to the number of doublings
somatic cells can undergo before triggering succes-
sive rounds of chromosome breakage–fusion–bridge
cycles, thus driving chromosome amplification and
loss of structural rearrangements.4

It is well established that telomere shortening is
present in the majority of in situ and invasive
carcinomas,5 including breast.6,7 Thus, telomere
shortening is an early event in malignant trans-
formation. In addition to tumor initiation, short
dysfunctional telomeres may also affect disease
progression. Previous studies have shown reduced
telomere length in grade III tumors,8 and reduced
telomere DNA content, a surrogate for telomere
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length, correlates with aneuploidy and lymph node
metastasis,9 and shorter telomeres were associated
with higher stage and histological grade.10 A retro-
spective study (n¼ 77) showed that short telomeres
were associated with tumor size, nodal involve-
ment, TNM stage and was an independent predictor
of 5-year overall survival and 5-year breast cancer-
free survival.11 A larger population-based prospec-
tive study (n¼ 530) showed that short telomeres
conferred a relative hazard of breast cancer recur-
rence of 2.88, after adjusting for prognostic factors
and adjuvant therapies.12 However, none of these
studies took into consideration specific breast
cancer subtypes that are now used to help guide
treatment decisions.

Four main molecular classes of breast cancer were
first identified by gene expression profiling.13 On
further validation, these subtypes correlate well
with the clinical characterization of ER, PR and
HER-2 protein expression status.14,15 These groups
are luminal A carcinomas (ER and PR positive,
HER-2 negative), luminal B carcinomas (ER or PR
positive, HER-2 positive), HER-2 carcinomas (ER
and PR negative, HER-2 positive) and triple-negative
carcinomas (ER/PR/HER-2 negative). Important for
clinical care, these subtypes predict prognosis
and therapeutic response.16–18 Luminal A tumors
respond well to selective estrogen receptor modula-
tors, such as tamoxifen.19 Luminal B tumors tend to
be less sensitive to hormonal therapies and thus
carry a worse prognosis than do luminal A tumors.
HER-2-positive cancers tend to be high grade,
aggressive and carry a poor prognosis; however,
they respond well to trastuzumab, an anti-HER-2
monoclonal antibody. Conversely, triple-negative
carcinomas are extremely aggressive and currently
do not respond to any hormonal or antibody-based
targeted therapy.20

The objective of this study was to evaluate
telomere lengths in subtypes of breast carcinoma.
This was accomplished using a fluorescence in situ
hybridization (FISH) assay that allows telomere
length assessments in formalin-fixed, paraffin-em-
bedded archival material, while providing single-
cell resolution and keeping the tissue architecture
intact. We evaluated telomere length in 103 cases of
invasive breast cancer and correlated telomere
length with established molecular markers.

Materials and methods

Case Selection

All of the 103 cases evaluated in this study were
incident breast carcinomas that were surgically
resected at the Johns Hopkins Hospital from 2001
to 2010. At the time of resection, specimens were
freshly sectioned, fixed overnight in 10% neutral
buffered formalin and uniformly processed. Women
treated with neoadjuvant chemotherapy were not
included in this study. Clinical characteristics, such

as age at diagnosis, weight, ethnicity, parity status
and menopausal status were obtained from patient’s
medical records. Pathological characteristics,
such as Elston grade and TNM stage, were obtained
from patient’s pathology records. This study was
approved by the Institutional Review Board of the
Johns Hopkins School of Medicine.

Tissue Microarray Construction

For the majority of cases (n¼ 72), tissue microarrays
were constructed as described previously.21,22 In
brief, each tissue microarray consisted of 99 tissue
cores, each 1.4mm in diameter. These cores were
arranged in 9 rows and 11 columns. Column 6
consisted of various unrelated control tissues,
leaving 90 cores on the array for breast carcinoma
samples. For each carcinoma case, 5 areas were
identified on the hematoxylin and eosin slides,
punched from the corresponding donor blocks and
placed on the array. Among the five samples of each
case, we attempted to include the normal tissue and
carcinoma in situ in one sample if possible, leaving
four to five cores of invasive ductal carcinoma per
case. Any case that displayed a processing artifact
was excluded. In addition, as not to exhaust the
tissue, small-size (o1 cm) cases were excluded. For
an additional 31 cases, whole sections from surgical
specimen blocks were used.

Immunohistochemistry

All immunohistochemistry was performed as de-
scribed previously.21,22 The slides were reviewed
by two pathologists (APS and PA) to confirm the
interpretation of results. Immunohistochemistry for
ER (monoclonal, 1:1 dilution, Ventana) and PR
(monoclonal, 1:60 dilution, Dako) were performed
on all cases as part of a routine panel. Cases
demonstrating weak, moderate or strong nuclear
labeling for ER or PR in 41% of cells were
considered ER positive or PR positive, respectively.
Immunohistochemistry for HER-2 was performed on
all cases as part of a routine panel using the Dako
Herceptest kit and following the manufacturer’s
guidelines. Cases were scored using established
criteria as 0 or 1þ (negative), 2þ (equivocal) and
3þ (positive). FISH analysis for HER-2 amplifica-
tion was performed on all cases with 2þ (equivocal)
immunohistochemistry results using the Path
Vysion kit (Vysis-Abbott Molecular). Cases with
either a 3þ (strong positive) immunohistochemistry
score or a HER-2 FISH amplification ratio 44 were
considered HER-2-positive. Cases with low-level
amplification (ratios 2.2–4.0) were excluded from
this study because of their uncertain clinical
significance. To determine the basal subtype, CK 5/
6 (monoclonal, Dako) and EGFR (monoclonal, 1:50
dilution, Zymed) immunohistochemistry was per-
formed on whole sections from a subset of cases (29
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of 37), which were negative for ER, PR and HER-2.
For CK 5/6, cases were scored on the basis of
the percentage of positive cells: 1þ (1–25%), 2þ
(26–50%), 3þ (51–75%) and 4þ (76–100%).
Cases with membranous or cytoplasmic labeling in
425% of neoplastic cells were considered positive.
For EGFR, cases were scored on the basis of the
percentage of positive cells: 1þ (1–25%), 2þ
(26–50%), 3þ (51–75%) and 4þ (76–100%). Any
strong membranous staining for EGFR was consid-
ered positive, generally labeling 10–50% of neoplas-
tic cells. p53 (monoclonal, Ventana) and Ki-67
(monoclonal, Ventana) immunohistochemistry were
also performed and only nuclear labeling was
scored. For p53, labeling of 430% of nuclei was
considered aberrant overexpression, and labeling
of o30% of nuclei was considered negative for
aberrant overexpression; 30% labeling of nuclei was
considered equivocal. For Ki-67, the labeling of
Z20% of nuclei was considered high and the
labeling of o20% of nuclei was considered low.

Telomere FISH

Telomere lengths were assessed by fluorescence
staining for telomeric DNA as described pre-
viously.6,23 In brief, deparaffinized slides were
hydrated through a graded ethanol series, placed
in deionized water, followed by deionized water
plus 0.1% Tween-20. Slides were then placed in
citrate buffer (catalog no. H-3300; Vector Labora-
tories), steamed for 14min (Black and Decker Handy
Steamer Plus; Black and Decker), removed and
allowed to cool at room temperature for 5min.
Slides were then placed in PBS with Tween (catalog
no. P-3563; Sigma Chemical Co.) for 5min. Slides
were thoroughly rinsed with deionized water,
followed by 95% ethanol for 5min and then air
dried. In all 25 ml of Cy3-labeled telomere-specific
peptide nucleic acid (0.3 mg/ml peptide nucleic
acid in 70% formamide, 10mmol/l Tris, pH 7.5,
0.5% B/M Blocking reagent (catalog no. 1814-320;
Boehringer-Mannheim)) was applied to the sample,
which was then coverslipped, and denaturation was
performed by incubation for 4min at 831C. Slides
were then transferred to a dark, closed container for
hybridization at room temperature for 2 h. Cover-
slips were then carefully removed and slides were
washed twice in peptide nucleic acid wash solution
(70% formamide, 10mmol/l Tris, pH 7.5, 0.1%
albumin (from 30% albumin solution, catalog no.
A-7284; Sigma Chemical Co.)) for 15min each, and
then rinsed in PBS with Tween and thoroughly
rinsed in deionized water. Slides were drained and
counterstained with 40-6-diamidino-2-phenylindole
(DAPI) (500 ng/ml in deionized water, Sigma Che-
mical Co. catalog no. D-8417) for 5min at room
temperature, mounted with Prolong anti-fade
mounting medium (catalog no. P-7481; Molecular
Probes) and then imaged. The peptide nucleic acid

probe complementary to the mammalian telomere
repeat sequence was obtained from Applied Bio-
systems, and has the sequence (N terminus to
C terminus) CCCTAACCCTAACCCTAA with an
N-terminal covalently linked Cy3 fluorescent dye.
As a positive control for hybridization efficiency, an
FITC-labeled peptide nucleic acid probe having the
sequence ATTCGTTGGAAACGGGAwith specificity
for human centromeric DNA repeats (CENP-B-bind-
ing sequence) was also included in the hybridiza-
tion solution.24

Microscopy and Telomere Length Assessment

Slides were imaged using a Nikon 50i epifluores-
cence microscope equipped with X-Cite series
120 illuminator (EXFO Photonics Solutions Inc.,
Ontario, Canada). Fluorescence excitation/emission
filters were as follows: Cy3 excitation, 546nm/
10nm BP; emission, 578nm LP (Carl Zeiss Inc.);
DAPI excitation, 330nm; emission, 400nm using an
XF02 fluorescence set (Omega Optical, Brattleboro,
VT, USA); Alexa Fluor 488 excitation, 475nm;
emission, 535nm by a combination of 475RDF40
and 535RDF45 filters (Omega Optical). Gray scale
images of representative regions were captured for
presentation using Nikon NIS-Elements software
and an attached Photometrics CoolsnapEZ digital
camera, pseudo-colored and merged. Integration
times typically ranged from 500 to 800ms for Cy3
(telomere) and FITC (centromere) signal capture,
and 50–100ms for the DAPI counterstain. Telomere
lengths were qualitatively scored by direct visual
assessment of stained slides, comparing telomere
signals from tumor cells with telomere signals from
benign cells (stromal cells and/or myoepithelial
cells) from the same case. In all cases, signals from
benign cells were considered 3þ . Telomeres in
tumor cells of different cases ranged from short (0þ ,
1þ , or 2þ ) to normal (3þ ) to long (4þ , 5þ ).

Statistical Analysis

For all analyses, normal and long telomere groups
were combined and compared with the short
telomere group. Results were compared using two-
sided Fisher’s exact tests. P-values o0.05 were
considered to be significant. SAS 9.2 and JMP�

statistical packages (SAS Institute, Cary, NC, USA)
were used for all analyses.

Results

Clinical and Pathological Characteristics

Table 1 lists the clinical and pathological character-
istics of the study population. Of the 103 subjects
included in this study, the mean age at diagnosis for
all patients was 56 years (range: 30–94 years).
Patients were predominantly Caucasian (57%) or
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African American (31%). Elston grading of tumors
showed that 4% were grade I, 23% were grade II and
73% were grade III. According to the established
criteria of the American Joint Committee on Cancer
(AJCC 2007), 21% were stage I, 59% were stage II,
18% were stage III and 1% were stage IV. Interest-
ingly, the short telomere length group tended to be
younger and contained a greater proportion of
African-American women when compared with
the normal/long group; however, these differences
did not reach statistical significance.

Telomere-FISH in Breast Tumors

Telomere length was qualitatively scored and
grouped into short (n¼ 88), normal (n¼ 13) or long
(n¼ 2) categories. Figure 1a shows a representative
example of breast cancer with short telomeres as
indicated by diminished telomere signals in cancer
cells when compared with either stromal cells or
myoepithelial cells in an adjacent terminal ductal
lobular unit. As shown in Figure 1b, cancer cells
from this breast cancer show comparable telomere
intensities to that observed in the surrounding

benign stroma. Figure 1c, shows an example of a
breast tumor with increased telomere signals in
cancer cells when compared with the surrounding
benign stromal cells. Table 1 shows the clinical and
pathological characteristics for the subset of patients
with short telomeres (n¼ 88) and the subset of
patients with either normal or long telomeres
(n¼ 15).

Hormone Receptor Expression Characteristics

Table 2 shows tumor characteristics including ER
status, PR status, HER-2, p53 and Ki-67 stratified by
telomere length. ER-negative (P¼ 0.022), PR-nega-
tive (P¼ 0.008) and HER-2-positive (P¼ 0.023)
tumors were significantly more likely to have a
greater fraction of short telomeres when compared
with the normal/long telomere group. In addition,
there was a significant increase in the proportion of
p53-positive tumors in the short telomere category
(P¼ 0.022). Shorter telomere length was also more
prevalent in tumors with an increased Ki-67 index
(Z20% of cells positive), but it did not reach
statistical significance.

Table 1 Clinical and pathological characteristics for all patients and stratified by telomere length

Characteristics All subjects (n¼103) Telomere lengtha

Short (n¼ 88) Normal/long (n¼ 15)

Age at diagnosis (years)
Mean (range) 56 (30–94) 55 (30–92) 61 (34–94)

Weight (kg)b

Mean (range) 79.1 (44.0–163.5) 79.9 (46.8–163.5) 73.8 (44.0–97.7)

Ethnicity
Caucasian 59 46 13
African American 32 30 2
Other 12 12 0

Parity status
Yes 82 73 9
No 20 14 6
Missing 1 1 0

Menopausal status
Pre-menopausal 41 35 6
Post-menopausal 60 52 8
Missing/uncertain 2 1 1

Elston grade
1 4 1 3
2 24 20 4
3 75 67 8

TNM stage
I 22 22 0
II 61 52 9
III 19 13 6
IV 1 1 0

a
There are no statistically significant differences in any of the clinical or pathological characteristics between the telomere length groups.

b
In all, 18 women are missing weight data.
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Subtype Characterization and Telomere Length
Assessment

Cases were categorized into one of four groups;
luminal A, luminal B, HER-2-positive or triple-
negative. In all, 18 cases were ER/PR positive/
HER-2 negative, and were considered luminal
A cases. There were 28 luminal B cases that were
HER-2-positive and ER and/or PR positive. A total of
20 tumors were HER-2-positive and negative for ER
and PR, respectively, and were considered HER-2-
positive cases. In addition, there were 37 triple-
negative carcinoma cases which were negative for
ER, PR and HER-2. For 29 of the triple-negative

cases, immunohistochemical data on CK 5/6 and
EGFR expression were available, allowing assess-
ment of the basal phenotype. In all, 18 of these cases
showed staining for CK 5/6 and/or EGFR (basal) and
11 cases were CK 5/6 and EGFR negative (non-
basal). Within this triple-negative group, there was
no difference in the proportion of cases with short
telomeres between the subset of cases determined to
be basal (94%) and non-basal (91%) phenotypes.
As shown in Figure 2, luminal B cancers (93%),
HER-2 cancers (90%) and triple-negative cancers
(95%) had an increased proportion of cases with
short telomeres when compared with luminal A
cancers (50%); these were all statistically significant
differences (P¼ 0.002, P¼ 0.011 and P¼ 0.0003,
respectively).

Discussion

The first principal conclusion emerging from this
study is the observation that telomere shortening is

Figure 1 Telomere length analysis by FISH in breast adenocarcinomas. Three representative examples of cases showing short, normal or
long telomere lengths in cancer cells are shown. (a) This case shows strikingly diminished telomere signals in tumor cells as compared to
the surrounding benign stroma and in an adjacent terminal ductal lobular unit with myoepithelial (*) and luminal (**) cells. (b) This case
displays comparable telomere intensities in tumor cells with those observed in the surrounding benign stroma. (c) In this case, cancer
cells show extremely bright telomere signals in cancer cells when compared with the surrounding benign stroma. In all the images, the
DNA is stained with DAPI (blue) and telomere DNA is stained with the Cy3-labeled telomere-specific peptide nucleic acid probe (red). It
is noteworthy that the centromere DNA, stained with the FITC-labeled centromere-specific peptide nucleic acid probe, has been omitted
from the image to emphasize the differences in telomere lengths. In all panels, the arrows point to cancer cells and the arrowheads point
to benign stromal cells. Original magnification, � 400.

Table 2 Association between ER, PR, HER-2, p53 and Ki-67
expression characteristics stratified by telomere length

Characteristics Telomere length P-value

Short Normal/long

ER status
Positive 34 11
Negative 54 4 0.022

PR status
Positive 30 11
Negative 58 4 0.008

HER-2
Positive 53 4
Negative 35 11 0.023

p53a

Positive 40 2
Negative 46 13 0.022

Ki-67b

High (Z20%) 70 8
Low (o20%) 17 6 0.082

a
Two patients with equivocal p53 staining were not included in the
analysis.
b
Two patients are missing Ki-67 data.

Figure 2 Proportion of cases with short telomeres among different
subtypes of breast cancer. P-values were determined using two-
sided Fisher’s exact tests.
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associated with other established breast cancer
prognostic factors. It is well established that breast
cancer patients with tumors that are ER and/or PR
negative have an increased risk of mortality.25–27 We
observed an increased proportion of tumors in the
short telomere group that were negative for ER and
PR. Although temporality cannot be determined,
these results suggest that telomere shortening
may contribute to the selection of cells capable of
growing in the absence of hormone receptors.
Another molecular marker associated with poor
breast cancer prognosis is the presence of mutations
in the p53 gene, predominantly missense mutations
leading to conformational alterations of the protein
and accumulation in the tumor cell nuclei.28–30 We
observed an increased proportion of tumors in the
short telomere group that were p53 positive,
suggesting that less-aggressive tumors are character-
ized by normal length telomeres and no mutations
in the p53 gene. Conversely, short, dysfunctional
telomeres may provide a strong selective pressure
for abrogation of the p53 pathway. Normally, critical
telomere shortening leads to p53-dependent tumor-
suppressive cellular responses, such as cellular
senescence and apoptosis.2 However, if this check-
point is abrogated and the telomeres are partially
stabilized by upregulation of telomerase, then
further proliferation occurs and genomic instability
may accumulate.31,32

The second principal conclusion emerging from
this study is that telomere shortening occurs in the
vast majority of luminal B, HER-2 and triple-
negative tumors, but in a smaller fraction of luminal
A type tumors. A recent large patient cohort
demonstrated that luminal A tumors are associated
with a lower risk of local or regional recurrence
when compared with other molecular subtypes.18 It
has long been recognized that breast adenocarcino-
mas are characterized by genomic instability. The
molecular mechanisms leading to genomic instabil-
ity are not fully elucidated; however, one potential
initiator of genomic instability is telomere dysfunc-
tion due to critical telomere shortening.4,33 Thus,
telomere shortening may be reflective of the degree
of underlying genomic instability, a feature shared
by higher-grade HER-2 and triple-negative carcino-
mas.34 Another possibility is that telomere short-
ening follows tumor progression as evidenced by the
association with higher stage and histological
grade.8,10,11 It is noteworthy that recent data have
demonstrated that not only can short telomeres lead
to telomere dysfunction but abnormally long telo-
meres may also do so.35,36 In this context, we
previously demonstrated the presence of alternative
lengthening of telomeres, a recombination-based
mechanism that lengthens telomeres, in three cases
of breast carcinoma.21 Interestingly, all three cases
were also HER-2-positive, suggesting a possible
common underlying mechanism. The significance
of long telomeres in cancers lacking evidence of the
alternative lengthening of telomeres phenotype is

currently not clear and would need to be addressed
in future studies.

This study is the first assessment of telomere
lengths in breast cancer subtypes. In addition, we
analyzed telomere lengths directly, at the single cell
level, within breast cancer tissues using a FISH
assay. Previous studies have measured telomeres
using bulk assays such as Southern blot and
terminal restriction fragment analysis,8 quantitative
PCR10 or with a chemiluminescent-based slot blot
assay that measures telomere DNA content, a proxy
of telomere length.9,11,12 These types of measure-
ments do not allow for single cell resolution. Study
limitations include the absence of small tumors
(o1 cm), thus selecting for higher stage and histo-
logical grade cases, and the limited demographic
and lifestyle information, as this was obtained
retrospectively. In addition, the lack of complete
data on follow-up time, because of the fact that part,
but not all, of the patients’ treatment occurred at our
Institution, prevented us from determining an
association between telomere length and outcome.

In conclusion, we have demonstrated that telo-
mere lengths vary among different subtypes of breast
cancer in a manner consistent with their aggressive-
ness. Prospective studies are required to further
evaluate the usefulness of telomere length as a
prognostic and/or predictive marker of disease
progression and treatment response within the
various subtypes and determine temporality.
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