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ABSTRACT

Background & Aims: Her-2 proto-oncogene amplification is an important 
marker in Barrett’s esophagus associated esophageal adenocarcinoma (EAC), 
correlating with poor prognosis of EAC patients. However, studies showing the 
sequential genetic events preceding Her-2 amplification in Barrett’s esophagus 
(BE) in the no dysplasia-dysplasia-adenocarcinoma-sequence are lacking. The 
aim was to study sequential chromosomal events that may lead to Her-2 locus 
amplification in BE and EAC. 
Methods: Her-2 locus (17q11.2) and chromosome 17 copy numbers were 
evaluated by DNA fluorescent in situ hybridization (FISH) in 183 brush cytology 
specimens of BE and EAC patients. DNA image analysis was applied to determine 
DNA ploidy status in all cases displaying chromosome 17/Her-2 abnormalities 
(n=37). Analysis of coexisting subclones was performed of all cases with Her-2 
amplification (n=15).
Results: Low and high level of Her-2 locus amplification occur only in high 
grade dysplasia (45%) and EAC (30%), whereas gain of chromosome17 is present 
already in no dysplasia (3.5%) cases, and its frequency increases significantly 
with dysplasia stage and is high in EAC (82%). In most of the cases, the subclonal 
analysis suggested that either selective gain of chromosome 17 or DNA content 
aneuploidy precedes the Her-2 amplifications. Yet, a subset of cases did not show 
any of these preceding genetic abnormalities.
Conclusions: Gains of chromosome 17, either due to selection or as a result of 
overall DNA content aneuploidy, precedes Her-2 amplifications in BE with HGD 
or EAC, however, in certain cases Her-2 amplification may as well occur without 
prior chromosome 17 gains or DNA content aneuploidy. The different evolutionary 
pathways of Her-2 amplification may be related to different behavior of the EAC, 
while the early gains of chromosome 17 in BE might serve as prognostic marker 
in future surveillance programs.
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INTRODUCTION

Patients with Barrett’s esophagus (BE) are at higher risk for developing 
esophageal adenocarcinoma (EAC) than the general population.1, 2 Invasive 
EAC usually is preceded by dysplasia3, but adenocarcinoma develops in only 
a minority of patients with BE.4, 5 Because long-term survival of EAC patients 
is highly dependent on early diagnosis, identification of BE patients with 
an increased risk for the development of EAC is of great importance.6, 7 The 
present endoscopic and histopathological evaluations of BE have been proven 
to be insufficient for effective identification of high risk patients. 8-10 A better 
understanding of the molecular biology of BE may allow improvement of 
cancer risk stratification of BE patients.3, 11

 Abnormalities in the expression of adhesion molecules and growth factor 
ligands or receptors of the epidermal growth factor (EGF) family may occur 
early during cancer development.3 Her-2 (neu/c-erB2) proto-oncogene is a 
member of the EGF receptor family, frequently involved in the pathogenesis 
of various cancers.12 Her-2 is a tyrosine kinase cell membrane receptor, which 
is normally involved in the signal transduction pathways leading to cell 
growth and differentiation.13 Her-2 is frequently amplified and overexpressed 
in human cancers such as breast, lung, and colon cancer.12 Of interest is 
that the Her-2 amplification/overexpression has therapeutic and prognostic 
implications in breast cancer and other carcinomas.14 An antibody-based 
therapeutic approach (transtuzmab/herceptin) targeting the Her-2 protein 
has proved to be an effective adjunctive treatment for breast cancer.15-17 
Importantly, the amplification of the Her-2 gene and its protein overexpression 
have been also found in dysplasia and EAC associated with BE18-20, and some 
data suggest that, as in breast cancer, the Her-2 alterations correlate with poor 
prognosis of EAC patients.21, 22 In general, however, there is limited insight in 
the genetic events that precede Her-2 gene amplification during BE malignant 
progression. Identification of such precursor genetic changes may not only 
provide important insight in the evolutionary pathways leading to Her-2 
amplification, but may also lead to discovery of markers for early detection of 
malignancy in BE. BE is a premalignant lesion that may serve as a unique in 
vivo human model to study clonal evolution of Her-2 amplification. Patients 
with BE are monitored periodically to detect early and late malignant changes 
(dysplasia), and will only be treated in case of progression into high grade 
dysplasia and/or EAC. This provides us the unique opportunity to investigate 
the different sequential genetic events which lead to amplification of the 
Her-2 gene, as these occur in the non dysplasia-dysplasia-adenocarcinoma 
sequence.
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One of the most widely used assays to determine Her-2 gene copy number 
is DNA fluorescent in situ hybridization (FISH). Most DNA-FISH cytogenetic 
studies have been preformed on biopsies or resection specimens of BE and EAC 
patients.18, 20, 21, 23 DNA-FISH is, however, also feasible on BE brush cytology 
specimens.24-26 The advantage of brush cytology includes simplicity, lower cost 
and the potential to sample a larger area of the BE epithelium when compared 
to taking random biopsies. Furthermore, cytology samples are more reliable for 
the enumeration of FISH signals and analysis of subclones within the sample, 
since there is no artifact caused by nuclear truncation, as is the case when using 
tissue sections.27 

The aim of this study was to gain more insights in the sequential chromosomal 
events that may lead to Her-2 amplification in BE and EAC. Hereto, we determined 
the frequencies of chromosome 17 gains and Her-2 locus amplification (17q11.2) 
in the different stages of dysplasia and EAC using FISH on brush cytology 
specimens of 183 BE and EAC cases. We then analyzed co-existing clones in all 
cases with Her-2 and/or chromosome 17 copy number changes with respect to 
overall ploidy status as determined by DNA image analysis. Upon analysis of 
these clones, we propose a model that describes three evolutionary pathways 
that lead to the amplification of the Her-2 locus in BE and EAC. Our results 
gives important inside in the precursor abnormalities as these occur during the 
evolution of Her-2 gene amplification in BE. These abnormalities may be used 
as important clinical tools for further evaluation with respect to the biological 
behavior of BE and EAC and outcome of these patients.

MATERIALS and METHODS

Patients
Barrett’s esophagus (BE) patients and BE associated adenocarcinoma patients 
(EAC), who underwent endoscopy at the Academic Medical Center in 
Amsterdam between 2002 and 2007 were included. Only patients that had 
proven (incomplete) intestinal type of metaplasia in biopsies were enrolled for 
this study. All patients were on long term proton pump inhibition of 40 to 80 
mg daily to prevent reflux esophagitis. During endoscopy, the brush cytology 
specimens were taken prior to biopsy. The brushes of the normal squamous 
epithelium were taken from each patient at least 3 cm above the BE segment, and 
were used for control purposes. Biopsies for routine histological examination 
were taken at least per 2 cm in 4 quadrants, and of all suspected visible lesions 
using the protocol of Reid et al.28 The Ethics Committee of the Academic Medical 
Center approved the study. All patients signed informed consent for the use of 
their biopsy and brush cytology material.
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Brush Cytology 
Cytological brush material was sampled using the Wilson-Cook (Winston-Salem, 
NC) brush type LCB-220-3-1.5-S. Directly before brushing, the mucosal surface was 
sprayed with acetylcysteine (50mg/ml) for dissolving the mucus layer. Separate 
brush samples from BE or adenocarcinoma and normal squamous mucosa were 
taken from each BE patient. After the procedure the brushes were inserted in a 
vial with 20 ml of 5% acetylcysteine in 0.9% of NaCl and mixed gently to obtain 
a homogeneous cell suspension. Subsequently, Cytospin (Shandon Cytospin 4 
Cytocentrifuge, Thermo, Waltham, MA) was used to first generate a single layer 
of the Barrett or adenocarcinoma cells on the top of the glass slide. A second 
cytospin spot of the squamous epithelial cells of the same patient was made on 
the bottom of the same slide. These squamous spots served as internal control for 
FISH and the ploidy analysis procedures. The cytospin procedure was performed 
as described previously.26 The cytospin slides were dried at room temperature, 
and then stored at - 80ºC.

Fluorescent in situ hybridization (FISH)
Dual color probe was used combining the chromosomal centromeric probe (CEP) 
for chromosome 17 SpectrumGreenTM with the locus specific probe (LSI) for Her- 2 
(17q11.2-q12) SpectrumOrangeTM (Vysis, Downers Grove, IL). DNA-FISH was 
performed according to the manufacturer’s instructions provided by Vysis and 
as described previously.26

Scoring of FISH signals
After the FISH procedure, 100 to 200 interphase nuclei of BE or adenocarcinoma  
cells were scored per slide by an experienced scorer (A.M Rygiel) using Olympus 
BX61 fluorescent microscope (Germany). The cases were evaluated without prior 
knowledge of histology findings. Damaged cells and cells with indistinct and blurry 
signals were excluded from the analysis. The categories of Her-2 locus abnormalities 
were determined by calculating the ratio of Her-2 locus signals (orange) to 
chromosome 17 centromeric signals (green) as described previously. 29 The following 
categories were distinguished: ratio <2:1 were considered as having no amplification, 
ratio’s >2 <5:1 were considered as low amplification and ratio ≥ 5:1 was considered 
as high amplification. More then two green signals (CEP 17) accompanied by the 
same number of orange signals (Her-2 locus) was considered to be indicative of 
gain of chromosome 17 (ratio 1:1). Following these criteria the cases were classified 
as displaying a gain of chromosome 17 (cutoff ≥ 3 % of abnormal nuclei) and an 
amplification of Her-2 locus (cutoff ≥ 5 % of abnormal nuclei). The cutoff values were 
obtained from counts in the normal squamous epithelia taken from 20 BE patients 
without dysplasia and calculated as the mean percentage of squamous nuclei with 
signal gain plus 3xSD (standard deviation) as described previously.26 
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Feulgen staning 
The brush cytology samples of BE or EAC patients displaying gain of chromosome 
17 and/or Her-2 amplification were included for Feulgen staining and subsequent 
DNA content analysis. Each brush cytology slide, apart of the cytospin spot with 
BE or adenocarcinoma cells, contained also a separate cytospin spot with normal 
squamous epithelial cells, which served as an internal diploid control. The slides 
were stained with Feulgen dye using ImagePath Blue Feulgen Stain kit (ImagePath 
System, Inc., Edwardsburg, Michigan), according to the manufacturer’s protocol. 
The staining involves treatment with concentrated hydrochloric acid that strips the 
cells of non-nuclear substances, and hydrolyses chromatin. The Feulgen dye then 
stoichiometrically binds to the nucleic acids, imparting a blue color. The intensity 
of the blue color is directly proportional to the amount of DNA content. 

Image cytometry 
After Feulgen staining, DNA ploidy analysis was performed using the Ariol 
system with software version 3.0 (Applied Imaging, New Castle, UK). The analysis 
was performed in a blinded manner with respect to histology and FISH findings. 
For each brush cytology slide, two separate areas of BE or adenocarcinoma and 
squamous cytospin spots were scanned (40 x magnification), digitalized and 
stored in the same file. Subsequently, only the nuclei of interest from BE or the 
adenocarcinoma (cylindrical or/and atypical cells) were marked for analysis and 
then quantified for DNA content and compared with the DNA content of normal 
squamous cells (internal control) from the same slides. The digitalized images of 
nuclei were converted into a series of pixels, which were quantified on the basis 
of the integrated optical density (IOD), reflecting the DNA content. Overlapping 
nuclei, nuclear debris and other artifacts that escaped auto-detection and removal 
by the system were deleted by the operator. At least 200 BE or adenocarcinoma 
cells and 100 control squamous cells of each case were quantified. DNA content 
histograms were automatically plotted in another window using the ploidy 
software. The mean integrated optical density (IOD) of control squamous cells 
was assigned as a DNA index (DI) of 1, which served as an internal diploid (2N) 
standard and reference for DI calculation of the BE cells. The DI values of 0.9- 1.1 
were considered to be within diploid range. Aneuploidy was defined when ≥ 
10% of BE or adenocarcinoma cells had DI main peak ≥ 1.2. The cutoff of less 
then 10% of a coefficient of variation (CV) for diploid and aneuploid peaks was 
applied.

Statistical analysis
Differences in frequencies of abnormalities were tested using a chi-square test 
(2- sided) and statistical significance was set at a P value of <0.05. The statistical 
analyses were conducted using SPSS software (version 12.0; SPSS, Inc, Chicago, IL).
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RESULTS

Patients characteristics 
In this study, a total of 183 BE patients were investigated. The population consisted of 
150 males and 33 females with a median age of 60 (range 26-84), and a median BE length 
of 3 cm (range 1-13 cm). The population included a subset of cases that were earlier 
analyzed for a larger panel of genetic abnormalities in one of our previous DNA-FISH 
studies.26 Our population included 118 patients with ND, 14 patients with IND, 12 
patients with LGD, 22 patients with HGD and 17 patients with EAC as confirmed by 
histopathology. Fourteen out of 17 EAC patients were staged according to the Union 
International Control Center TNM system. The EAC population included 7 patients 
with T1/T2N0M0, 2 patients with T3N0M0 and 5 patients with T3N1M0 stage.

Evaluation of chromosome 17 and Her-2 locus copy number 
Gain of chromosome 17 was detected in 3.5% (4/118) of ND, 21% (3/14) of 
IND, 16% (2/12) of LGD cases, and further increased to 68 % (15/22) and 82% 
(14/17) in HGD and EAC cases, respectively (p<0.0001; Figure 1A). There was no 
amplification of the Her-2 locus in cases with ND, IND and LGD. Amplification, 
however, was detected in 45 % (10/22) and 30% (5/17) of HGD and EAC patients, 
respectively (p=0.34; Figure 1A). Of the 15 cases with Her-2 locus amplification, 5 
cases showed a low level and 10 cases a high level of the amplification (Table 1). 
There was no significant difference between HGD and EAC in the distribution of 
low and high Her-2 amplification levels (p=0.6, Table 1)

Her-2 locus amplification HGD EAC Total No.
Low 4 (40%) 1 (20%) 5 (34%)
High 6 (60 %) 4 (80%) 10 (66%)
Total No.* 10 5 15

Table 1: Distribution of low and high level of Her-2 locus amplification between HGD 
and EAC cases. * The total number of cases with Her-2 locus amplification; HGD- high grade 
dysplasia, EAC- esophageal adenocarcinoma.

DNA ploidy analysis in cases with gain of chromosome 17 and/or Her-2 
amplification
DNA image cytometry measures the entire DNA content of the cells, and in 
this analysis any other formulation of chromosomes then 2N is considered to 
be aneuploid. To determine whether the chromosome 17 gains and/or Her-2 
amplification are related to overall DNA content aneuploidy, we assessed the 
ploidy status in the abnormal cases using DNA image cytometry.  In this analysis, 
the median DNA index (DI) value for control cells and normal BE cells (diploid 
peak) was 1.0 (range 0.9-1.1) with median coefficient of variation (CV) of 4.5 



Chapter 4

74

(range 3.17-6.34) and for abnormal cells (aneuploidy peak) the median DI value 
was 1.8 (range 1.4-2.0) with median CV of 6.3 (range 3.47- 9.5).  

In total, there were 40 BE patients displaying the chromosome 17/Her-2 
abnormalities (Table 2). Of these cases 37 were available for DNA image cytometry 
analysis. None of the 4 cases with ND, and none of the 5 cases with IND/LGD 
displaying gain of chromosome 17 showed DNA content aneuploidy (Figure 1B). 
Aneuploidy was detected in 8 of the 15 cases (53%) of HGD and 8 of the 13 cases 
(61%) of EAC with gain of chromosome 17 and/or Her2 amplification (Figure 1B). 

Figure 1: DNA -FISH and DNA image cytometry analysis in BE/EAC patients.
(A) Frequency of chromosome 17 gain and Her-2 locus amplification in BE/EAC patients (n=183), including 
118 ND (no dysplasia), 25 IND/LGD (indefinite for dysplasia/low grade dysplasia), 22 HGD (high grade 
dysplasia) and 17 EAC (esophageal adenocarcinoma) cases. Gain of chromosome 17 was detected in 
non-dysplasia and increased significantly through IND/LGD to HGD and EAC (p<0.0001). No Her-2 
locus amplification was observed in ND, IND and LGD cases but the amplification was detected in 
comparable frequency in HGD and EAC cases (p=0.34). (B) Frequency of DNA content aneuploidy in 
the cases displaying gain of chromosome 17 and/or Her-2 amplification (n=37). The population included 4 
cases of ND, 5 cases of IND/LGD, 15 cases of HGD and 13 cases of EAC. The DNA content aneuploidy 
was detected in HGD (53%) and EAC (61%) cases.
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Analysis of subclones in the cases with Her-2 locus amplification
In order to gain more insight into the evolution of Her-2 locus amplification, 
we analyzed the 15 cases with Her-2 amplification for the existence of different 
subset of clones. We were specifically interested whether chromosome 17 gain 
and Her-2 amplification is the result of either aneuploidy, or is a ploidy unrelated 
specific biological event. Using FISH results and ploidy status as determined by 
DNA image cytometry, we were finally able to distinguish 4 different categories 
of clones within these 15 cases (Figure 2, Table 2). 

Nine of the 15 cases (60%) displayed the low or high level Her-2 amplification 
in clones with gain of chromosome 17 (> 2 copies of CEP17; Table 2). Image 
cytometry for overall DNA content analysis was performed in 8 of 9 of these 
cases. Of these 8 cases, DNA content analysis showed that only one was diploid 
(Figure 2: category 1; Table 2 case no. 211), while aneuploidy was found in the rest 
of them (Figure 2: category 2). Subclonal analysis showed that in 5 of these 9 cases, 
subclones with gains of chromosome 17 without Her-2 amplification coexisted 
with subclones with gains of chrosmome 17 and low or high Her-2 amplification 
(Table 2: case no. 5, 124, 211, 167, 276).

We found that 6 of the 15 cases (40%) exclusively displayed low or high 
Her2/neu amplification in cells that had two copies of chromosome 17 (normal 

Figure 2: Clonal diversity among the cases with Her-2 amplification. Using FISH results and 
ploidy status as determined by DNA image cytometry, we were able to distinguish 4 different categories of 
clones within 14 cases displaying Her-2 amplification (1 of 15 cases with Her-2 amplification was not available 
for image cytometry analysis). Category 1 and 2 were marked by the presence of Her-2 amplification in the 
clones with gain of chromosome 17 (> 2 copies) and category 3 and 4 by the presence of the amplification 
in the clones with two copies of chromosome 17. Category 1 and 3 showed overall diploid status (white 
graph area) while category 2 and 4 showed overall DNA aneuploidy (shaded graph area). There was 1 case 
(1/14, 7%) in category 1, 5 cases (5/14, 35%) in the category 2, 3 cases (3/14, 22%) in category 3 and 3 cases 
(3/14, 22%) in category 4. There were 2 cases (2/14, 14%) which were included in both categories 2 and 4 
since they displayed Her-2 amplification in clones with two copies of chromosome 17 and in clones with 
gain of chromosome 17 in the same sample. 
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Case No. Histology Her-2 amplification Gain
CEP 17
(>2 copies)

Aneuploidystatus 
DI, % of cells

CEP 17 
2 copies 

Gain  CEP 17
(>2 copies ) 

75 ND - - Gain  (3) -
91 ND - - Gain (4) -
148 ND - - Gain (4) -
237 ND - - Gain (14) -
59 IND - - Gain (6) -
134 IND - - Gain (3) -
273 IND - - Gain (10) -
98 LGD - - Gain (5) -
255 LGD - - Gain  (14) -
3 HGD - - Gain  (30) -
4 HGD High (42) High (50) - 1.4 (47)
5 HGD Low (5)  Low (5) Gain  (71) 1.6 (60)
6 HGD - - Gain (4) 1.4 (30)
124 HGD - High (14) Gain  (5) 1.4 (38)
152 HGD - - Gain (4) -
167 HGD - High (8) Gain  (5) Nd.
170 HGD Low (11) - - -
173 HGD High (50) - Gain (23) 1.9 (19)
193 HGD Low (90) - Gain (6) 1.5 (85)
202 HGD High (75) - Gain (8) 1.5 (76)
211 HGD - High (6) Gain  (5) -
235 HGD - - Gain (15) -
236 HGD Low (20) - Gain (13) -
247 HGD - - Gain  (5) 1.7 (30)
271 HGD - - Gain (20) -
200 EAC High (82) - - -
223 EAC - Low (8) - 1.6 (10)
232 EAC - - Gain (20) 1.5 (60)
233 EAC - - Gain (10) -
246 EAC - High (76) - 1.4 (78)
250 EAC - - Gain (20) Nd.
251 EAC - - Gain  (12) 1.8 (30)
254 EAC - - Gain (20) -
262 EAC - - Gain (11) 1.9 (43)
264 EAC - - Gain (13) Nd.
265 EAC - - Gain (42) 1.4 (80)
267 EAC - High (20) - 1.8 (10)
270 EAC - - Gain (13) -
274 EAC - - Gain (15) -
276 EAC - High (50) Gain (13) 1.8 (15)

Table 2: Her-2/chromosome 17 and DNA content status in BE patients with the abnormalities. 
(-) indicates absence of certain abnormaity, (low) indicates low level of Her-2 amplification, (high) 
indicates high level of Her-2 amplification, DI >1.1- aneuploidy, Nd.- udetermined, Gain- 3 to 6 signals 
of CEP 17 per cell, ND- no dysplasia, IND- indefinite for dysplasia, LGD- low grade dysplasia, HGD- 
high grade dysplasia
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pattern). When looking at the overall ploidy level of these 6 cases, 3 of these 
were diploid (Figure 2: category 3; Table 2, case no: 170, 236, 200). The other 
three cases despite exhibiting the amplification in cells with two copies of 
chromosome 17, showed DNA-content aneuploidy (Figure 2: category 4; Table 
2 case no:173, 193, 202)

Two of the 15 cases had both types of subclones: Her-2 locus amplifications in 
cells with two copies of chromosome 17 and with gain of chromosome 17, and 
both of the cases showed DNA content aneuploidy (Table 2, case no: 5 and 4). 
Therefore, these were classified into category 2 and 4 (Figure 2). Figure 3 shows 
Her-2 locus amplification displayed in clones with two copies of chromosome 17 
and in clones with gain of chromosome 17.

Figure 3: Examples of different categories of BE clones with chromosome 17/Her-2 locus 
abnormalites.  The images were captured by the CytoVision SPOT AX system (Applied Imaging, New 
Castle, UK).(A) Nuclei that exhibit gain of chromosome 17 (trisomy), including 3 copies of chromosome 
17(green) and 3 copies of the Her-2 locus (17q11.2, orange). (B) Nuclei that exhibit low amplification of 
Her-2 locus in the clone with gain of chromosome 17 (trisomy) – ratio of CEP17 (green) to Her-2 locus 
(orange) copy number 1:3. C) Nuclei that exhibit high amplification of Her-2 locus in the clone with  gain 
of chromosome 17 (pentasomy) - ratio of CEP 17 (green)  to Her-2 locus (orange) copy number 1:≤5 
(signal clusters). (D) Normal nuclei that exhibit two copies of chromosome 17 (green) and two copies of 
Her-2 locus (orange). (E) Nuclei that exhibit low amplification of Her-2 locus in a clone with two copies 
of chromosome 17 - ratio of CEP 17 (green) to Her-2 locus (orange) copy number - 1: 2.5. (F) Nuclei that 
exhibit high amplification of Her-2 locus in the clone with two copies of chromosome 17 - ratio of CEP 17 
(green) to Her-2 locus (orange) copy number- 1: ≤ 5 (signal cluster). For color figure, see page 145
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Figure 4: The pathways leading to evolution of Her-2 locus amplification in a Barrett’s 
esophagus.
The scheme is derived from the analysis of coexisting subclones in 15 BE/EAC cases with Her-2 locus 
amplification using FISH results and ploidy status as determined by DNA image cytometry. Three 
main clonal pathways leading to Her-2 locus amplification can be distinguished: (1) evolution of Her-2 
amplification from clones with overall DNA content aneuploidy (2) evolution of Her-2 amplification 
from clones with selective gain of chromosome 17 with overall DNA content diploid (3) Her-2 locus 
amplification in diploid clones. The dotted arrow indicates that in time clones with selective gain of 
chromosome 17 may acquire overall aneuploidy. 
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DISCUSSION

The amplification of the proto-oncogene Her-2 is known to play a critical role in 
tumor progression30, therefore the understanding of sequential genetic events 
leading to this phenomenon is of major clinical importance. Here, we have evaluated 
sequential chromosomal events preceding Her-2 locus amplification in BE and EAC. 
We propose three evolutionary pathways that may lead to this amplification in 
BE/EAC. In two of these pathways, acquisition of Her-2 amplification is associated 
with precursor chromosomal abnormalities, i.e., aneuploidy or selective gains of 
chromosome 17, while in the third pathway the amplification may develop without 
any of these preceding chromosomal changes (Figure 4).

First important observation was that Her-2 locus amplification is absent in 
ND, IND/LGD cases but is detectable in comparable frequency in HGD (45%) 
and EAC cases (30%, p=0.34), which is in agreement with former DNA-FISH 
studies.20, 21 Further, low and high levels of Her-2 locus amplification were found 
in both HGD and EAC cases with the high-level amplification slightly more 
frequent in EAC cases. Previously, Walch et al. noted the heterogeneity of the 
Her-2 locus copy numbers, yet this was demonstrated only in EAC samples.29 
Thus, our study confirmed that Her-2 locus amplification may be considered 
as a late marker in malignant progression of BE. However, we were mostly 
interested in the sequential chromosomal events that precede low and high level 
of Her-2 locus amplification and subsequent malignant progression in BE. In this 
sequence, gains of chromosome 17 seem to be an early event leading to Her-2 
amplifications in BE. This is indicated by the fact that gains of chromosome 17 
occur already in ND, increase significantly with dysplasia stage and have high 
frequency in EAC cases as shown here and in previous studies.25, 26 Interestingly, 
in this study we demonstrated that all cases of ND and IND/LGD displaying the 
gains of chromosome 17 were overall diploid by DNA image cytometry, and that 
these gains were also not associated with aneuploidy in 47 % of HGD and 39% 
of EAC cases. This result in few cases could be explained by lower sensitivity of 
DNA image cytometry to detect small populations of aneuploid cells (less than 
10%). In most cases, however, the chromosome 17 gain was found in relatively 
large fraction of cells, indicating that gain of single chromosome can not be detect 
by DNA image cytometry. Indeed, previously it has been suggested that gains of 
single chromosomes results in too small DNA content change for detection by 
image cytometry. 31 Thus, our results indicate that in the early stages of BE and 
in certain cases of HGD/EAC, gains of chromosome 17 can be an independent, 
selective genetic event rather than a random event related to aneuploidy and 
genetic instability. One, however, could still argue that in some cases these gains 
could be random events which balance against chromosomal losses in order to 
result in a net diploid score.
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We further questioned whether the selective gain of chromosome 17 or DNA 
content aneuploidy are the precursor abnormalities of Her-2 locus amplification. 
Hereto, we analyzed the coexistence of different subclones in the cases with 
Her-2 amplification. From this clonal diversity, we propose three pathways that 
may have led to the Her-2 amplification in BE (Figure 4). The most frequent 
pathway of Her-2 amplification, as seen in 9 of 15 cases, is marked by clones 
with gain of chromosome 17 plus low or high amplification of the Her-2 locus, 
including 5 cases with co-existing subclones with gain of chromosome 17 alone. 
Most of these cases were proved to be aneuploid, thus suggesting that here the 
chromosome 17 gains was a random event caused by genetic instability, and that 
the Her-2 locus amplification evolved from an aneuploid background. (Figure 4, 
pathway 1). Unfortunately, the methodologies used did not allow measurement 
of the DNA content in exactly the same cells with the 17 gains and/or Her-2 
amplifications. Therefore, it could also possible that the aneuploidy was present 
in distinct clones and even occurred after the chromosome 17 gains and/or Her-2 
amplifications. Since we also detected some cases displaying Her-2 amplification 
in clones with two copies of chromosome 17 but with DNA content aneuploidy, 
we cannot rule out there were indeed coexisting aneuploid populations of 
cells without chromosome17 and/or Her-2 abnormalities. On the other hand, 
the DNA content aneuploidy detected in cases with disomy of chromosome 
17 may also be due to gains of other chromosomes, or aneuploidy followed 
by loss of extra copies of the chromosome 17 or its centromeres and retention 
of the Her- 2 locus amplification.32 Aneuploidy is known to be associated with 
genomic instability.33- 35 Interestingly, Maley at al demonstrated that expansion of 
clones with genetic instability, presented as aneuploid populations of cells, was 
a predictor for developing EAC.36 The authors suggested that genetic instability 
may increase the rate of generation of genetic variants (clonal diversity) and 
subsequent selection of clones with increased predisposition to cancer, which fits 
well with the first pathway showing that the Her-2 locus amplification evolves 
on the background of DNA content aneuploidy. However, we were able to 
distinguish two more pathways leading to Her-2 locus amplification that seem not 
to be related to overall aneuploidy. The second pathway is illustrated in one case 
of EAC displaying the Her-2 amplification in a clone with gains of chromosome 
17 and with a DNA-content that is diploid, suggesting that in this case the 
amplification has evolved from a selective gain of chromosome 17 (Figure 4, 
pathway 2). This observation and the fact that we found gains of chromosome 17 
in several cases of ND and IND/LGD without aneuploidy, suggest that selective 
gains of chromosome 17 may be followed by low and high Her-2 amplifications 
during BE progression. The third pathway is represented by the cases displaying 
low or high levels of Her-2 locus amplification in clones with only two copies 
of chromosome 17 and with diploid DNA content status. Thus, here the Her-2 
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locus amplification was neither preceded by gains of chromosome 17 nor DNA 
content aneuploidy (Figure 4, pathway 3). In these cases, however, as well as in 
the case representative for pathway 2, the presence of genetic instability due to 
translocations, inactivating mutations, methylations or loss of heterozygosity of 
genes maintaining the genome stability can not be rule out.37

 The clonal evolution of Her-2 locus amplification is certainly very complex 
one. In this study, most of the clones with Her-2 amplification show either DNA-
content aneuploidy or gains of chromosome 17 (Figure 2), suggesting that these 
abnormalities are precursor changes leading to Her-2 locus amplification in BE. It 
is important to realize, however, that in a subset of cases the Her-2 amplification 
may not be preceded by any of these chromosomal abnormalities. The mechanisms 
underlying the structural chromosomal changes are complex and still poorly 
understood.38 It is, however, known that amplifications of proto-oncogenes, 
similarly to deletions and translocations, result frequently from breakage-fusion-
bride (BFB) cycles involving the specific breakage of genomic DNA at fragile sites 
(FSs), leading to the intrachromosomal structural abnormalities.38-40 Interestingly, 
it was suggested, that aneuploid genomes, especially unbalanced aneuploidy 
(unpaired chromosomes), may be more vulnerable to chromosome breakage at 
FSs.33 Thus, we can speculate that clones with gains of chromosome 17, with or 
without background of overall aneuploidy, might be more susceptible for DNA 
breakage at FSc, which may trigger BFB cycles leading to the intrachromosomal 
amplifications. This hypothesis may be partly supported by a metaphase analysis 
of the breast cancer cell lines and primary cultures showing no extrachomosomal 
but only intrachromosomal localization of Her-2 locus amplification within 
chromosome 17 or other chromosomes as a result of translocation.41 

In summary, we identified three distinct evolutionary pathways that may lead 
to Her-2 amplifications in BE and EAC. Two of these pathways are associated with 
precursor chromosomal abnormalities, i.e., aneuploidy or selective chromosome 
17 gains, while in the third pathway the amplification may develop without any 
of these preceding chromosomal changes. Future studies will show whether 
these three evolutionary subtypes may be associated with aggressiveness or 
different biological behavior of EAC. With respect to the chromosome 17 gains 
as seen in early stages of BE progression, future prospectively follow studies will 
demonstrate whether or not this abnormality can be used as an early marker 
and truly predict later Her-2 locus amplification and subsequent malignant 
progression of BE. 
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