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Telomere length assessment in leukocytes presents potential
diagnostic value in patients with breast cancer
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Abstract. Telomere shortening is associated with cancer
development, primarily through the induction of genomic
instability. The majority of studies have indicated that indi-
viduals with shorter blood telomeres may be at a higher risk
of developing various types of cancer. There is increasing
evidence that the study of the alterations in telomere length
may improve cancer prognosis. The aim of the present study
was to verify the use of telomere length parameters in the diag-
nostics of breast cancer stage. Telomere length was analyzed
in the blood leukocytes of 52 patients with breast cancer
relative to 47 control subjects using quantitative polymerase
chain reaction. The effects of stage, grade, estrogen receptor,
progesterone receptor and human epidermal growth factor 2
(HER?2) status were assessed. The current study demonstrated
that the average telomeric sequence length was significantly
shorter in leukocytes from individuals diagnosed with a more
severe stage of breast cancer (T2N1MO) than in leukocytes in
the early stages of the disease (TINOMO) (P=0.0207). Further-
more, the data indicated that telomeres in leukocytes derived
from patients with HER2" breast cancer were significantly
longer compared with those with the HER2" type (P=0.0347).
These results suggest that the assessment of telomeres in blood
leukocytes may, at least partially, correspond with breast
cancer staging and HER?2 receptor status.
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Introduction

One of the key characteristics of cancer cells is the upregu-
lated telomerase activity. This enzyme is active in ~80-90%
of all cases of cancer (1,2). A lack of telomerase activity in the
majority of normal cells (or a significantly lower activity level)
is associated with the end replication problem, resulting from
the inability of DNA polymerase to complete replication of
the terminal end of the chromosome. Thus, chromosomes in
normal cells lose 50-100 base pairs at the 5' end during each
cell division (3). This mechanism functions as a biological
clock, eliminating cells that have lived for too long or long
enough to accumulate aberrations or mutations (4,5). The
unlimited number of cell divisions may lead to the loss of
genetic information; therefore, telomere shortening is a signal
for the induction of cell death by apoptosis or p53-dependent
aging (6). Consequently, it prevents the transformation of cells.
In several types of eukaryotic cells, including cancer cells,
telomeres are rebuilt using telomerase (6,7).

Telomerase regulation and its association with carcinogen-
esis is a complex process. However, it is suspected that changes
in the human body, even on a local scale (initiation of neoplasia
in a single cell), may be reflected at the molecular level in the
whole organism (for example, leukocytes), and vice versa (8,9).
Thus, changes in telomerase activity and/or consequent telo-
mere length alterations in peripheral blood cells, including
leukocytes and migrating cancer cells, are perceived as
potentially promising prediction markers of the carcinogenic
process (10). It is understood that cancer cells first go through
numerous divisions, resulting in significant telomere short-
ening and telomerase activity subsequently being restored (11).
Consequently, cancer cells typically have short telomeres. It
is believed that the shortening of telomeres in cancer cells is
also associated with characteristics and prognosis of cancer.
Recently, telomere length has been reported to be associated
with tumor size, lymph node metastasis, histological grade
and specific breast tumor subtypes (12,13). Shorter telomeres
in tumor tissue have been associated with more aggressive
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subtypes, including luminal B, human epidermal growth
factor 2 (HER2") and triple-negative tumors (14). Although
it is not yet fully understood, these processes may also be
reflected in telomere length alteration in peripheral blood
leukocytes (15). Therefore, the present study investigated
whether telomere length in peripheral blood leukocytes serves
as a useful parameter in breast cancer diagnostics.

Materials and methods

Patients and controls. The study group consisted of 52 women
(mean age, 58+12 years; BMI, 25.9+3.53) with histologi-
cally diagnosed breast cancer at various stages, based on the
World Health Organization criteria. The histopathological
classification of breast carcinoma is based on the diversity of
the morphological features of the tumor. It includes 20 major
tumor types and 18 minor subtypes. A major drawback of
this classification is that 70%—80% of the all breast cancer
cases will eventually belong to one of the two major histo-
pathological classes, namely invasive ductal carcinomas not
otherwise specified or invasive lobular carcinoma (10). All of
the patients were recruited from the Department of Oncolog-
ical Surgery, Poznan University of Medical Sciences (Poznan,
Poland). The control group comprised of 47 healthy volun-
teers and blood donors (all female; mean age, 55+16 years;
BMI, 25.1+4.54). The patients and controls were Caucasians
from the same region of Poland (Poznan). The study protocol
was approved by the Ethics Committee of Poznan University
of Medical Sciences (146/11) and written consent was provided
by the participating individuals. Tumors were characterized
according to histological grade, tumor size, metastasis, lymph
node and receptor status [including the estrogen receptor (ER),
progesterone receptor (PgR) and HER?2] (Table I).

DNA isolation. DNA was extracted from peripheral blood
leukocytes as previously described (16), using a Blood Mini
DNA Isolation kit (A&A Biotechnology, Gdynia, Poland) and
was stored at -20°C. A high concentration sample of genomic
DNA was prepared in decimal concentrations that were used
to run as a standard curve.

Quantitative polymerase chain reaction (gqPCR). Telomere
length was assessed using two pairs of primers, consisting
of telomere-specific and single copy gene-specific (albumin)
primers (17,18). Primers were selected (Table II) that had
previously been demonstrated to work specifically (17), with
conditions providing efficiency close to 100% (2.5 mM MgCl,;
0.5 uM primers). Albumin primers were designed using
Universal ProbeLibrary (Roche Diagnostics, Indianapolis,
IN, USA). Initial denaturation and polymerase activation
(hot start) was performed at 95°C for 10 min, followed by
two cycles of 94°C for 15 sec and 49°C for 15 sec without
fluorescence acquisition. The signal was detected during a
further 40 cycles (94°C for 10 sec, 66°C for 10 sec and 72°C
for 10 sec). Melting analysis (range, 65-95°C; resolution, 0.2°C)
was performed subsequent to qPCR to verify the specificity
of the product, and indicated that the melting temperature
(Tm) was 81.7°C. The efficiency of the reaction was no lower
than 97.8%. Notably, this result was repeated for all the
samples that were analyzed (in serial dilutions). Similarly, the
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Table I. Study group characteristics.

Group data

Feature n %
Total patients studied 52 100.0
Tumor size

Tl 31 59.6

T2 17 32.7

T3 4 7.7
Metastasis

MO 43 82.7

Ml 1 19

Mx 8 154
Lymph nodes

NO 13 250

NI 30 57.7

N2 0 0.0

N3 1 19

Nx 8 154
Histological grade

Gl 13 25.0

G2 23 442

G3 13 25.0

Gx 3 5.8
ER status

ER* 45 86.5

ER 7 13.5
PgR status

PgR* 39 75.0

PgR 13 25.0
HER?2 status

HER2* 26 50.0

HER2 26 50.0

Tumors were characterized according to histological grade, tumor
size, lymph node and receptor status (ER, PgR and HER2). ER,
estrogen receptor; PgR, progesterone receptor; HER2, human
epidermal growth factor 2.

reaction conditions for albumin were as follows: Denaturation
at 95°C for 10 min (hot start); followed by 45 cycles at 94°C
for 10 sec, 61°C for 10 sec and 72°C for 10 sec. The Tm of the
products (analysis performed as aforementioned) was 80.7°C
and the efficiency was 99.6%. The primers and MgCl, were
utilized at 0.5 uM and 2.5 mM, respectively. Telomere length
was assessed using the LightCycler® 2.0 Instrument and the
LightCycler® FastStart DNA Master SYBR Green I kit (Roche
Diagnostics).

Southern blot analysis. Telomere length assessment obtained
using qPCR was verified by Southern blot (19), with certain
modifications as previously described (20). Briefly, 1.5 ug
DNA obtained from two samples was digested with the
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Table II. Sequence of primers used in quantitative polymerase chain reaction assays to assess relative telomere length.

Primer Sequence Reference no.
Telg ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT (12)

Telc TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA (12)
ALBF TTTGCAGATGTCAGTGAAAGAGA

ALBR TGGGGAGGCTATAGAAAATAAGG

Telg, telomere forward; Telc, telomere reverse; ALBF, albumin forward; ALBR, albumin reverse.

restriction enzymes Hinfl and Rsal (Roche Diagnostics);
following this, the DNA fragments were separated by gel
electrophoresis (Sigma-Aldrich, St. Louis, MO, USA), which
was run at 5 V/ecm in 1X Tris-acetate-ethylenediaminetet-
raacetic acid buffer (TeloTAGGG Telomere Length assay kit;
Roche Diagnostics), and transferred to a nylon membrane
(Roche Diagnostics), according to the manufacturer's
protocols. Subsequently, a digoxigenin (DIG)-labeled probe
(TeloTAGGG Telomere Length assay kit; Roche Diagnos-
tics) specific to the telomeric sequence was applied and
detected using anti-DIG antibody conjugated to horseradish
peroxidase (TeloTAGGG Telomere Length assay kit; Roche
Diagnostics). Chemiluminesce visualization of telomeric
DNA was conducted using the ChemiDoc XRS+ system
(BioRad Laboratories, Inc., Hercules, CA, USA) and was
analyzed using Imagel] (www.imagej.nih.gov/ij/), which
evaluated the mean length of the telomeres for each studied
sample (terTRF).

Statistical analysis. Statistical analysis was performed using
the Mann-Whitney U test and Student's t-test calculated via
Graph Pad Prism 5 (GraphPad Software, Inc., La Jolla, CA,
USA). P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Telomere length. The average telomere lengths in the study
and control groups were analyzed and no significant statistical
difference was observed (P=0.9358; Fig. 1A). Additionally,
the association between the telomere lengths in leukocytes
and the tumor stage [according to the tumor node metastasis
(TNM) classification] was investigated (10). As presented in
Fig. 1B, it was demonstrated that the average length of the
telomeric sequences was significantly shorter (P=0.0207) in
leukocytes derived from individuals with breast cancer of a
higher stage (T2N1MO) than in leukocytes from patients in the
early stages of the disease (TINOMO). The correlation of ER,
PgR and HER status with telomere length was also assessed.
As demonstrated in samples derived from HER2* patients,
telomeres were significantly longer compared with samples
from HER?2" patients (Fig. 1C; P=0.0347). Telomere length
was not significantly different between patients that were posi-
tive and patients that were negative for ER or PgR (P=0.1312
and P=0.1145, respectively; Fig. 1D and E). Also, no associa-
tion was identified between the histological cancer grade and
alterations of telomere length in the peripheral blood cells (Gl

vs. G2, P=0.7381; G1 vs. G3, P=0.3232; G2 vs. G3, P=0.1878;
Fig. 1F).

Discussion

In terms of telomerase and telomeres as suitable markers to aid
cancer therapy and diagnostics, further research is required.
Telomerase activity is recognized as a unique feature of cancer
cells; however, the specificity of this marker has been ques-
tioned, as the activity of this enzyme was previously observed
in stem cells, and in certain somatic cells (21-24). Despite this,
telomerase activity continues to be recognized as a potential
therapeutic target for cancer, primarily due to the likely low
number of side effects observed to be associated with such
treatment. It is established, however, that the success of any
therapy is predominantly reliant on an early and accurate
diagnosis. Telomerase activity and telomere length assessment
remain to be the most promising factors in early diagnostics.
The detection of increased telomerase activity and shortening
of telomeres are hypothesized to serve as specific signals of
carcinogenesis. According to a number of studies (25-27),
the detection of telomerase activity or telomere length
alterations may be observed either in migrating cancer cells
or in peripheral blood leukocytes. Such results may provide an
opportunity to distinguish or qualify patients with differential
cancer stages or grades.

In terms of telomere length as a diagnostic factor, certain
studies have demonstrated that changes in telomere length
are linked to the risk of cancer (28-31). Identification of telo-
mere length is considered to be useful as a prognostic factor,
particularly when considering assays based on telomere length
analysis in blood cells. Such tests should be efficient and
non-invasive.

In the present study, no significant difference in average
telomere length between the control subjects and patients with
breast cancer was observed. However, significant differences
were identified between the telomere length in cells derived
from patients with different TNM stages of breast cancer and
varying HER statuses. A number of studies observed no asso-
ciation between telomere length and breast cancer risk (32),
whilst studies of small telomere length variation (TLV; defined
as the coefficient variation of telomere lengths among exam-
ined cells) in normal epithelial cells adjacent to the tumor
demonstrated that TLV was significantly associated with a
5-fold (95% confidence interval = 1.2-22.2) increased risk of
breast cancer local recurrence (33). Meta-analyses conducted
on bladder, esophageal, gastric, head and neck, ovarian, renal
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Figure 1. Quantitative analysis of telomere length in peripheral leukocytes from patients with breast cancer (study group) and control subjects, and the
correlation with clinical parameters. Relative telomere length was assessed according to protocol previously described by Cawthon (with modifications) (12)
using quantitative polymerase chain reaction. Telomere length was presented relative to a single copy gene albumin. Relative length of telomeres, comparing the
(A) study and control groups; (B) tumor stage (according to the TNM classification as follows: TINOMO, small primary tumor and no lymph node involvement
or distant metastases; TINIMO, small primary tumor, sentinel node metastasis with no distant metastases; T2N1MO, larger primary tumor, sentinel node
metastasis with no distant metastases); (C) HER status; (D) PgR status; (E) ER status; and (F) tumor grade. "P<0.05, comparison shown by brackets. T, tumor;
N, node; M, metastasis; HER2, human epidermal growth factor receptor 2; PgR, progesterone receptor; ER, estrogen receptor; G1/2/3, grades 1/2/3.

and overall cancer identified significant associations between
short telomeres and the aforementioned types of cancer
(assessed in surrogate and cancer tissues) (34).

The results of the present study are noteworthy, particularly
since HER2 overexpression is considered to be an important
biological marker of poor prognosis and increased disease
aggressiveness, in addition to being a useful indicator of
response to anti-HER?2 therapy in breast cancer (35). Previous
studies have demonstrated that HER2 amplification is associ-
ated with increased telomerase reverse transcriptase (hTERT)
expression and telomerase activity in cancer cells (36). Simi-
larly, Vageli ef al (37) indicated that the mechanism of hTERT
transcriptional activation may involve HER2-ERS] interac-
tions; and possible connections between pathways that regulate
the expression of HER2 and hTERT provide an explanation
for telomere lengthening as a result of increased telomerase
activity. By contrast, Sugishita et al (38) demonstrated that the
telomeres in cases of HER2" thyroid cancer are shorter than

those of HER2" cases, and suggested that short telomeres in
cancer tissues may serve as a further negative prognostic indi-
cator. However, Shen et al (39) observed increased telomere
length among cases of HER2" breast cancer, and a significant
association between longer telomeres and all-cause mortality
among HER?2 cases. Such results suggest that simultaneous
monitoring of HER?2 status and telomere length may provide
important information regarding breast cancer development,
malignancy and prognosis.

In conclusion, the analysis of telomere length by qPCR
may serve as a diagnostic tool reflecting changes in telomere
length in leukocytes. This may subsequently result from the
genome instability, driving the mechanisms that eventually
lead to carcinogenesis. However, it should be noted that,
despite the evidence that malignant transformation contributes
to telomere length alterations, there are additional factors
influencing this parameter, including varying age, gender,
xenobiotics/hormones exposition, genetic profile and telomere
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length at birth. As telomere length in breast cancer patients
demonstrates a level of prognostic value, future studies
should be conducted in larger groups of patients. If this trend
is confirmed, measurement of telomere length may enable a
quick and noninvasive assessment of potential risk associated
with advanced cancer.
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