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Abstract
BACKGROUND: Peripheral blood lymphocytes of patients with hematological malignancies or solid tumors, such
as renal cell carcinoma or prostate cancer, display epigenetic aberrations (loss of synchronous replication of allelic
counterparts) and genetic changes (aneuploidy) characteristic of the cancerous phenotype. This study sought to
determine whether such alterations could differentiate breast cancer patients from cancer-free subjects.METHODS:
The HER2 locus—an oncogene assigned to chromosome 17 whose amplification is associated with breast cancer
(BCA)—and the pericentromeric satellite sequence of chromosome 17 (CEN17) were used for replication timing
assessments. Aneuploidy was monitored by enumerating the copy numbers of chromosome 17. Replication timing
and aneuploidy were detected cytogenetically using fluorescence in situ hybridization technology applied to phyto-
hemagglutinin-stimulated lymphocytes of 20 women with BCA and 10 control subjects. RESULTS: We showed that
both the HER2 and CEN17 loci in the stimulated BCA lymphocytes altered their characteristic pattern of synchronous
replication and exhibited asynchronicity. In addition, there was an increase in chromosome 17 aneuploidy. The fre-
quency of cells displaying asynchronous replication in the patients’ samples was significantly higher (P < 10−12

for HER2 and P < 10−6 for CEN17) than the corresponding values in the control samples. Similarly, aneuploidy in
patients’ cells was significantly higher (P < 10−9) than that in the controls. CONCLUSIONS: The HER2 and CEN17
aberrant replication differentiated clearly between BCA patients and control subjects. Thus, monitoring the replication
of these genes offers potential blood markers for the detection and monitoring of breast cancer.
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Introduction
A dominant aspect of the epigenetic profile of a DNA segment is the
timing of its synthesis during the S-phase of cell division [1–3]. Usually,
active loci replicate earlier than silent ones [1–4]. An archetypal exam-
ple of the close correlation between replication timing and epigenetic
activity, first recognized nearly 50 years ago, is the delayed replication
of the inactive X chromosomes in mammalian female cells when com-
pared with their active X counterparts [5,6]. A similar correlation is
seen in the allelic counterparts of monoallelically expressed genes,
which replicate asynchronously, whereas the allelic counterparts of bi-
allelically expressed genes replicate synchronously [7–9].

A simple method for evaluating the temporal order of allelic replica-
tion uses the fluorescent in situ hybridization (FISH) assay [10,11].
Using FISH, it has been demonstrated that the expressed counterpart
of a monoallelic gene usually replicates earlier than the inactive coun-
terpart [11–15]. Of major importance for this work is the fact that the
temporal order of replication of two allelic counterparts (either syn-
chronous or asynchronous) is preserved even in cells in which these
alleles are not expressed [16]. Therefore, the order of replication can
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be used as an epigenetic marker indicating whether a particular gene
is programmed to express biallelically or monoallelically [16–19].
Because replication markers are displayed even in tissues where the

gene itself is not expressed, researchers have been able to study repli-
cation patterns of a large repertoire of genes in peripheral blood lym-
phocytes after application (in vitro) of phytohemagglutinin (PHA),
a stimulator of T-lymphocyte division. Investigators have thereby es-
tablished the asynchronous allelic replication of various human mono-
allelically expressed genes, such as those subjected to X inactivation
[20,21], as well as numerous imprinted genes [12–15,22–24]. In ad-
dition, PHA-stimulated lymphocytes have revealed the synchronous
replication of various biallelically expressed genes involved in generat-
ing or limiting malignant growth (the so-called “cancer genes”), includ-
ing tumor suppressor genes TP53 and RB1 and oncogenes C-MYC
and HER2 [22–26].
Yet, in the peripheral blood lymphocytes of patients with hemato-

logical malignancies [26] or solid tumors—such as renal cell carcinoma
[22] or prostate cancer [23,24]—genes that normally replicate syn-
chronously (as exemplified by the above-noted “cancer genes”) lose
their synchronous mode and replicate asynchronously.
Moreover, certain chromosome-specific sequences (pericentromeric,

unexpressed DNA arrays), which normally display synchronous repli-
cation of their homologous counterparts, can also exhibit asynchronic-
ity in lymphocytes of patients with various types of cancer, including
ovarian [27], hematological [26], and prostate [23,24] malignan-
cies. The aberrant replication patterns of the pericentromeric arrays
seem to be associated with chromosomal malsegregation, which en-
genders increased levels of sporadic aneuploidy in the patients’ blood
cells [23,26,27].
Our present study aimed to determine whether replication markers

in peripheral blood lymphocytes can differentiate between breast cancer
patients (BCA) and healthy controls.
We show here that in PHA-stimulated lymphocytes of BCA patients,

theHER2 oncogene locus, assigned to the long arm of chromosome 17
(17q11.2-12) [28], fails to maintain its characteristic synchronous
mode of allelic replication and replicates asynchronously. In addition,
the pericentromeric array of chromosome 17 (CEN17 ), which nor-
mally exhibits a synchronous mode of allelic replication, reveals a loss
of synchrony accompanied by chromosome 17 aneuploidy.
Materials and Methods

Samples
Peripheral blood samples were obtained from 20 consenting women

diagnosed with breast cancer (BCA) and from 10 consenting cancer-
free control (CON) women. Nine of the 20 BCA patients donated
samples “at diagnosis” (before any therapeutic modality) and 11 donated
samples during the course of chemotherapy (“at treatment”). The 20BCA
patients ranged in age from 40 to 79 years, with a mean ± SD of 55 ±
12 years. The two subgroups of BCA patients did not differ significantly
in age (P > .70): the first, which donated at diagnosis, ranged from 29 to
79 years; and the second, which donated at treatment, ranged from 42 to
73 years (means ± SDs of 56 ± 15 and 54 ± 9 years, respectively). The ages
of CON subjects ranged from 20 to 66 years, with a mean ± SD of 43 ±
16 years. The age differences between the BCA and CON groups were
insignificant (P > .05).
Two of the 30 women in the study carried a mutated BRCA1 gene.

These mutation carriers belonged to the BCA group—one to the
patients analyzed “at diagnosis” and the other to the group sampled
“at treatment.”

Cultures
Each sample (0.2 ml of whole blood after heparinization) was trans-

ferred, for short-term culturing, into 5 ml of F10 medium supple-
mented with 20% fetal calf serum, 3% PHA, 0.2% heparin, and 1%
penicillin/streptomycin (Biologic Industries, Beit-Haemek, Israel).
Cultures were incubated at 37°C for 72 hours; colchicine (Sigma,
St Louis, MO) was added to a final concentration of 0.1 μg/ml for
1 hour, followed by hypotonic treatment (0.075 M KCl at 37°C for
15 minutes) and four washes, each with a fresh, cold (−20°C) 3:1
methanol-acetic acid solution. The cell suspensions were stored at
−20°C until use for FISH.

Probes
Two directly labeled commercial probes were used, each identify-

ing a specific region of chromosome 17: HER2 for 17q11.2-q12
(32-190001; Vysis, Chicago, IL) and the α-satellite probe specific for
centromere 17 (CEN17; 32-130017; Vysis). The oncogene HER2
probes is a member of the epidermal growth factor receptor or HER
(erb) gene family, whose amplification and/or overexpression are highly
associated with human breast cancer [28]. The CEN17 probe, usually
used for the enumeration of chromosome 17, identifies a specific non-
coding repetitive pericentromeric array, whose asynchronous replication
has been implicated in the appearance of aneuploidy [27].

Fluorescence In Situ Hybridization
Slide preparation, in situ hybridization, post washing, and detection

were all performed in accordance with the previously described pro-
tocol [23], with slight modifications. The two probes were diluted
to 1:100 (HER2) in catalog no. D003 or to 1:200 (CEN17) in catalog
no. D001 (Ingen’s DenHyb hybridization solutions; Insitus Biotechnol-
ogies, Albuquerque, NM). These replaced the hybridization solution
supplied with the probes. Five microliters of probe solution was placed
on the target area of the sample slides, which was covered with a 12-mm
round silanized coverslip (Insitus Biotechnologies) and sealed with rub-
ber cement. The slides were placed in a microheating system (True
Temp; Robbins Scientific, Sunnyvale, CA) at 76°C and denatured for
6 minutes at that temperature. The True Temp was turned off, and
the slides were allowed to hybridize overnight in the instrument.

Cytogenetic Evaluation
Slides were analyzed blindly using an Olympus BH2 fluorescent

microscope (Olympus, Hamburg, Germany) with a triple band-pass
filter (Chroma Technology, Brattleboro, VT). For replication analyses,
at least 100 cells exhibiting two distinct, well-defined fluorescence
signals were scored from each sample and for each tested probe. Signals
were divided into two categories: a single dot (singlet; S) representing a
nonreplicated DNA sequence and a double dot (doublet; D) indicating
a replicated sequence. Thus, cells exhibited patterns signaling synchro-
nicity (SS cells or DD cells; Figure 1, A–D) or those signaling asynchro-
nicity (SD cells; Figure 1, E and F ). Accordingly, a high frequency of
SD cells is indicative of asynchronous replication, whereas a low fre-
quency of SD points to synchronous replication [9]. Similarly, a high
frequency of SS cells reveals late replication of the locus in question, and
a high frequency of DD cells shows an early replication [8]. For each
sample and for each probe, the frequencies of SD, SS, and DD cells in
the total population of cells were recorded.












