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Abstract
Diffuse gastric cancer (DGC) is one of the two primary types of stomach cancer. Carriers of germline mutations in the gene
encoding E-cadherin are predisposed to DGC. The primary aim of the present study was to determine if genomic instability is an
early event in DGC and how it may lead to disease progression. Chromosomal aberrations in early intramucosal hereditary
diffuse gastric cancer (eHDGC) were assessed using array comparative genomic hybridization (array CGH). Notably, no aneu-
ploidy or other large-scale chromosomal rearrangements were detected. Instead, all aberrations affected small regions (< 4.8 Mb)
and were predominantly deletions. Analysis of DNA sequence patterns revealed that essentially all aberrations possessed the
characteristics of common fragile sites. These results and the results of subsequent immunohistochemical examinations demon-
strated that unlike advanced DGC, eHDGCs is characterized by low levels of genomic instability at fragile sites. Furthermore,
they express an active DNA damage response, providing a molecular basis for the observed indolence of eHDGC. This finding is
an important step to understanding the pathology underlying natural history of DGC and supports a revision of the current
definition of eHDGC as a malignant disease.

Keywords Genomic instability . Diffuse gastric cancer . Array CGH . DNA fragility

Introduction

Gastric cancer is the fourth most common cancer [1], and the
second most common cause of cancer associated death world-
wide after lung cancer [2]. This cancer has two main histolog-
ical subtypes: intestinal and diffuse [3]. One third of the diag-
nosed cases are diffuse [4]. While the incidence of intestinal
gastric cancer has gradually declined in the last decades the

incidence of diffuse gastric cancer (DGC) has remained steady
or may even be on the rise [5]. DGC has the poor diagnosis
(early stages can’t be detected by gastroscopy) and prognosis
(two third of cases are diagnosed with the unrespectable dis-
ease with 5–10% five-year survival [6]). Also, the biology of
diffuse type of gastric cancer is largely unknown. One percent
of all DGC cases are hereditary [7]. Hereditary diffuse gastric
cancer (HDGC) is the autosomal dominant susceptibility for
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DGC, largely associated with germline mutations in E-
cadherin gene or CDH1 which is a key cell-cell adhesion
molecule and was first found in a NZ Maori family with the
high rate of DGC [8]. Somatic mutations of CDH1 are present
in 50% of sporadic DGC cases and promoter methylation in
40–80%. Therefore the aetiology of HDGC seems to be com-
prehensively similar to many sporadic cases [9–11]. In New
Zealand, CDH1 germline mutation carriers are recommended
to undergo prophylactic gastrectomy to prevent symptomatic
disease [12]. Microscopic inspection of resected stomachs re-
veals multiple minutes, occult cancer foci (stage T1) which are
predominantly composed of signet ring cells (SRCs) which
are mitotically inactive and indolent. Also further bellow there
are poorly differentiated cells (PDCs) which are the cells that
invade muscularis mucosa and deeper layers in more
advanced stages [13].

We have had access to the world largest collection of pro-
phylactically removed stomachs with early HDGC. Our set of
early HDGC samples were from patients all from aMaori tribe
residing in Bay of Plenty, New Zealand, all diagnosed with an
exactly same germline mutation in their CDH1.

The mechanism underlying the progression of indolent ear-
ly (e) HDGC to invasive disease is unknown. Since E-
cadherin loss is the defining feature of eHDGC foci [13] and
lack of this protein can lead to disruption of the attachment,
positioning, and segregation ofmitotic chromosomes [13–16],
we hypothesize that genomic instability is the driving force
that shifts early stage foci to invasive disease.

Materials and Methods

Subjects

FFPE (formalin- fixed paraffin embedded) specimens from 12
members of one HDGC kindred were used in this study. All
patients were carriers of the CDH1 1008G > T germline mu-
tation and had undergone total gastrectomy following the en-
doscopic detection of DGC. Ethical approval was obtained
from the Multi-Region Ethics Committee (reference number:
MEC/06/05/053).

Section Preparation and Staining

4 μm section is prepared from a FFPE block. To be able to
microdissect the pure SRC and PDC components of our
eHDGC lesions, it was first necessary to select and optimize
the staining conditions with consideration of not only cell
morphology but also downstream applications. In the first
set of experiments, different histological stains were evaluated
for their suitability to identify SRCs and PDCs in eHDGC
sections for laser capture microdissection (LCM). Toluidine
Blue (TB), a popular nuclear stain used for LCM, readily

marked nuclei within the gastric mucosa, however it did not
provide a clear distinction between SRCs and PDCs. On the
other hand, PAS (Periodic Acid Schiff, a mucin-binding stain),
strongly stained mucin-rich SRCs, but was not as helpful in
discriminating PDCs (little mucin, prominent nuclei) from
other, non-neoplastic stromal cells. Cresyl Violet (CV), anoth-
er nuclear stain, was superior to TB and it clearly marked both
nuclei and (sub) cellular borders. We thus combined CV with
PAS to visualise the prominent nuclei of neoplastic cells and
their various degrees of mucin content (high in SRCs, low in
PDCs).

Laser Capture Microdisection, DNA Extraction,
and Multiplex PCR

SRCs and PDCs were carefully laser capture microdissected
using Arcturus LM200 LCM microscope (Applied
Biosystems,Foster City, California, United States) 7.5 μm la-
ser beam was used to achieve maximum precision in micro-
dissection of individual cells following re-examination of mi-
crodissected regions and material collected on cap (>90%
neoplastic cells, and uncontaminated normal-appearing epi-
thelia), DNAwas extracted and subsequently were subjected
to the multiplex PCR quality control exactly as it is defined in
Nasri et al. [17]. As the DNAyield for one eHDGC focus was
far below the recommended amount required for array com-
parative genomic hybridization (array CGH), we had to pool
DNA from multiple foci. As a result, for each patient, consec-
utive FFPE sections from four eHDGC foci were microdis-
sected and pooled to collect 30,000 SRCs and an equal num-
ber of cells from PDCs and adjacent, normal appearing gastric
epithelium.

Agilent Oligonucleotide Array CGH

In our previous study [17] we showed Agilent oligonucleotide
array CGH platform generates reliable genomic results on
FFPE material. Agilent 44 K array CGH was used for geno-
mic profiling of our HDGC DNA samples. Three array anal-
yses were performed per patient; one for SRCs, one for PDCs
and one for normal epithelial cells. Microarrays were scanned
using Agilent SureScan high-resolution scanner (Agilent
Technologies, Santa Clara, California, USA). Scanned images
were analyzed using Feature Extraction 10.5 image analysis
software (Agilent Technologies, Santa Clara, California,
USA) without applying any background correction.
QCmetrics were satisfactory. LOWESS or locally weighted
scatter plot smoothing normalization [18] was used to adjust
dye effect on each array. Subsequently data were log trans-
formed to meet the requirements of the normality for
ANOVA. Log 10 base values were converted into copy num-
bers. Regions of copy number variation were found using
genomic segmentation method in Partek software (Partek
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Incorporated, St. Louis, Missouri, USA). In genomic segmen-
tation we kept the 10 markers default but increased the strin-
gency by using 0.7 signal to noise and 0.0005 segmentation
Copy number between 1.7–2.3 are considered normal, above
that amplification and below that deletion.

Multiplex Ligation-Dependent Probe Amplification

MLPA oligonucleotide probes were designed according to the
‘Designing synthetic MLPA probes’ protocol v.10 (MRC-
Holland, Amsterdam, Netherlands) (Table S1). We ensured
there were no overlaps between the hybridizing sequences of
different probes. Probes were designed to be from 88 to 168-
nucleotide in length. There was a minimum 4 bp size differ-
ence between the probes. Our probes also met the MLPA
recommendation of a maximum of 2 G/C in the final 5 bases
at the 3′ end and a maximum of 3 G/C directly adjacent to the
primer recognition sequence. The thermodynamic melt-
ing point (Tm) of each hybridization sequence was separately
calculated using the ‘RAW’ program (http://www.mrcholland.
com/WebForms/) to make sure all Tm values were above
70 °C as recommended by MRC-Holland. Our synthetic
probes were manufactured by Invitrogen (Carlsbad, US) and
supplied to us in a desalted purified form.

MLPA was performed as recommended by the manufac-
turers using SALSA MLPA P200-A1 kits (MRC-Holland,
Amsterdam, Netherlands) and PCR product separated by cap-
illary electrophoresis on an ABI 3730 Genetic Analyzer
(Applied Biosystems, Foster City, California).

DNA Flexibility Study

TwistFlex software (http://margalit.huji.ac.il/TwistFlex/index.
html), developed by the Life Sciences Institute of the Hebrew
University of Jerusalem, was used to estimate the DNA
fragility in our aberrant regions. In this study, the minimal
number of peaks in a cluster was set to three and maximal
distance between peaks in a cluster to 5000 bp. We also
determined the A/T and AT-dinucleotide percentages of these
regions.

Immunohistochemistry

We examined by immunohistochemistry the activation
state of H2AX, ATM, ATR, CHK2 and CHK1 in eHDGC.
Serial sections (5 μm) fromHDGC-FFPE blocks were mounted
on slides coated with aminopropyltriethoxysilone. Sections
were stained using EnVision™ system (DakoCytomotion,
Glostrup, Denmark) before being treated with 3.3′-diaminoben-
zidine (DAB) chromogen (Vector Laboratories, Burlingame,
US). To each tissue section, 250 μl of normal goat serum
(NGS) blocking solution (5% NGS in 0.02 M PBS containing
1% BSA) was added and spread evenly over the section. The

following rabbit monoclonal antibodies were used for
immunohistochemistry: ATM-pS1981 (no.YE070901R;
Epitomics, Burlingame, US; diluted at 1:100), H2A.x-pS139
(no.YE080802r; Epitomics, Burlingame, US; diluted at
1:100), P-Chk2-T68 (no.2197P; Cell Signalling Technology
Inc., Danvers, US; diluted at 1:200), ATR (C-20) (no.sc-
21,848; Santa Cruz Biotechnology Inc., Santa Cruz, US; di-
luted at 1:200) and Chk1-pS345 (no.ab47318; Abcam,
Cambridge, UK; diluted at 1:100). Then, 250 μl of anti-
rabbit secondary antibodies conjugated to the labeled
polymer-HRP were added to the sections followed by incuba-
tion in a moist chamber for 30 min. The antibody-antigen
reaction was visualised using the DAB substrate kit (Vector
Laboratories, Burlingame, US). Slides were rinsed in PBS to
remove unbound secondary antibodies. The DAB substrate
solution was prepared bymixing the supplied reagents accord-
ing to the manufacturer’s instructions. Slides were immersed
in fresh haematoxylin (Sigma-Aldrich, St Louis, US) for 3–
4 min and then washed thoroughly in water until the water ran
clear.

Results

Using the CV-PAS double stain, SRCs were easily identifi-
able, whilst identification of PDCs became possible when
considerable care was exercised. As a result, CV-PAS was
the standard staining used in all LCM experiments. The black
box on the bottom left is the magnified picture of the
part of the lesion shown in a smaller box further up on
the left. The black arrows indicate SRCs and red arrows
show PDCs. SRCs are big and round indolent cells with
cytoplasm full of mucin (mucin is stained strong purple
by PAS) (Fig. 1).

All 36 samples produced the 100–300 bp fragment set in
multiplex PCR quality control [17] and thus were of sufficient
quality for array CGH. All the 36 arrays generated acceptable
QC plots. The capacity of the Agilent platform to reliably
detect genomic copy numbers from archived tissue has previ-
ously been validated by comparison with genomic profiles
from fresh-frozen tissue [17].

A total of 78 different chromosomal aberrations were de-
tected in SRCs and PDCs (Fig. 2). The size of aberrations
ranged from 0.12–4.72 Mb and from 0.088–4.74 Mb in
SRCs and PDCs, respectively. Using the same segmentation
criteria as for the neoplastic cells, no aberrations were ob-
served in neighbouring, normal appearing epithelia. Except
for three amplifications in SRCs (11q23.3, 19q13.33,
20q11.22) and one in PDCs (12q13.3), the detected aberra-
tions were all deletions.

Importantly, no aneuploidy, changes affecting whole chro-
mosomal arms, or other macroscopic rearrangements were
found. Deletion in 19q13.41 region, which was seen in five
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out of twelve patients (~ 42% frequency), has been the most
common aberration across the patients. The chromosomal re-
gion 9q21.32 was imbalanced in four patients (~ 33%

frequency) and 16p12.3 in only three (25% frequency), which
made them second and third most frequent aberration. Both of
the latter two aberrations were also deletions. These three

1 2 3 4 5 9 11

15 16 17 19 20 21

Fig. 2 Genomic imbalances
detected by array CGH

Fig. 1 Early HDGC lesions from a prophylactically removed stomach. a
A medium size early HDGC lesion, encompassed by a dotted line. 4 μm
section is prepared from a FFPE block subsequently double stained with
PAS (Periodic Acid Schiff) and CV (Cresyl Violet). CV is a blue nuclear
stain that gives a good cellular morphology visibility. The black box on
the bottom left is the magnified picture of the part of the lesion shown in a

smaller box further up on the left. The black arrows indicate
Signet Ring Cells (SRCs) and red arrows show Poorly Differentiated
Cells (PDCs). SRCs are big and round indolent cells with
cytoplasm full of mucin (mucin is stained strong purple by
PAS). b Lesion before microdissection. c Lesion after microdissection
of cancer cells (SRCs and PDCs)

S. Nasri et al.



aberrations were simultaneously present in only one eHDGC
sample. To confirm the presence of detected chromosomal
aberrations in eHDGC, MLPA was performed on DNA ex-
tracted from SRCs and PDCs.

Aberrations in 1p36, 4p16, 5q23, 9q21, 16p12, 17p12 and
17p13 each were detected in at least two patients by array
CGH. Two genes representing each of these chromosomal
regions were selected for MLPA validation.

The overall concordance rate between the MLPA and CGH
results was 71.5% for SRCs and 72% for PDCs. Six out of
thirteen discordant cases involved alterations that were detect-
ed by MLPA and not by CGH, probably due to a combination
of lower resolution of CGH and occasionally false positive
MLPA results.

Tables 1 (SRCs) and 2 (PDCs) show the gene changes as
detected by MLPA and array CGH in each patient. In
general, the MLPA results were in satisfactory agreement
[19] with the CGH results, and the majority of the aberrations
(33 out of 40) detected by array CGHwas validated byMLPA
(Table S2 and S3).

Next, aberrations observed in SRCs were compared with
those detected in PDCs to determine whether any changes
exist that are common across patients and discriminate SRCs
from PDCs. Aberrations in chromosome 7 and 12 were only
seen in PDCs and aberrations in chromosomes 11 only in
SRCs. Aberrations in 12 chromosomes (1–5, 9, 15–17, 19–
21) were seen in both cancer cell types. Fascinatingly, there
was an extensive overall similarity between chromosomal im-
balances observed in SRCs and PDCs. Only 10 out of 41 total
aberrations seen in PDCs were not seen in SRCs, which
means approximately 76% of all aberrations seen in
PDCs were also seen in SRCs. Chromosomal aberra-
tions that were present in PDCs but not SRCs and vice versa
were uncommon and mostly specific for a given patient.
Together with the above results, these findings are consistent
with early stages of chromosomal instability where selection
pressure is small.

Given the lack of a significant overlap of the detected ab-
errations across patients or between eHDGCs and sporadic
DGC, the chromosomal aberrations were further analysed
for loci that might point to commonalities among the aberrant
regions. The three most frequent aberrations are home to 39
genes as shown in Table 4 (http://pubmatrix.grc.nia.nih.gov/).
Of these genes, 22 were zinc finger proteins however this is
mainly because the family of these proteins is clustered in
19q13.41 (Table 3).

To assess relationships and common themes among
the 39 genes, ‘Gene Ontology’ and ‘KEGG (Kyoto
Encyclopedia of Genes and Genomes) Pathway’ analy-
ses (gather.genome.duke.edu) were performed (Table 4).
These tools use a collection of online databases on ge-
nomic data, enzymatic pathways and signalling cascades
to reveal molecular interactions within cells.

Aberrations in these regions cannot be justified by the func-
tion of the genes they cover. However majority of the aberrant
regions we found have been reported in later stages of DGC
but it is hard to relate them to the disease initiation. Rendering
further investigation on the aberrant regions we noticed
around 40% of these regions are in cytobands were common
fragile sites were reported before. We thus investigated the
fragility features of the aberrant regions detected in eHDGC.

We explored the fragility of these regions based on their
nucleic acid composition using TwistFlex software (this soft-
ware estimates the DNA fragility based on the DNA confor-
mational free energy concept) [20]. This assessment showed
almost all aberrant regions we found have the characteristics
of regions with high fragility meaning high number of flexi-
bility peaks more than one per 100 kb that is seen in non-
fragile sites of genome) and high A/T (> 61 ± 3.6%) and AT-
dinucleotide (> 8 ± 1%) content [21]. Apart from Mishmar’s
definition of non-fragile region we randomly chose a region in
chromosome 1 where no fragile site was reported before.
From 43,831,597 to 44,041,570 a region with 209,947 bp size
2 flexibility peaks were found by TwistFlex and A/T content
was 51.14% and AT-dinucleotide content was 5.53% which
matches the criteria of non-fragile DNA defined by Mishmar
et al [21]. It does not seem to be any over-presentation of the
fragile sites in chromosomal aberrations detected in previous
studies on advanced DGC studies.

The fact that almost all aberrant regions detected in
eHDGC had characteristics of fragile sites, indicates that
eHDGC does not display chromosomal instability typi-
cally found in advanced disease, but may rather repre-
sent a precancerous and premalignant stage. The occur-
rence of DNA breaks at fragile sites, as any other
break, will lead to the induction of classic DNA damage
response pathways.

Sections for immunostaining were available for five of the
12 patients investigated in this study. In five out of the five
samples (D, E, G, H, J), phosphorylated γ-H2AX, pS1981-
ATM and pT68-CHK2 could be detected in eHDGC foci
(Fig. 3). No activated H2AX, ATM and CHK2 were observed
in adjacent, normal appearing epithelia, consistent with the
lack of chromosomal aberrations in these regions.
Further immunohistochemistry using antibodies against
activated ATR and CHK1 did not reveal any positive
signals in either eHDGC or adjacent epithelia. These
results indicate that the DNA damage response is pres-
ent and activated in the eHDGC foci of CDH1 mutation
carriers. Together with the finding of chromosomal in-
stability specifically at sites with positive fragility fea-
tures, the outcome of this project strongly suggests that
eHDGC (i.e. hereditary T1a signet ring cell carcinoma)
does not represent a malignancy as currently defined but
rather is a precancerous stage with the potential to progress to
invasive disease.
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Discussion

The discovery that CDH1 germline mutations predispose to
DGC has led to the description of HDGC. The introduction of

prophylactic gastrectomy for CDH1 mutation carriers -
their only curative treatment - has made available tissue
from asymptomatic individuals prone to malignancy.
Histopathological mapping of HDGC gastrectomies revealed

Table 1 Aberrations seen in SRCs and their flexibility characteristics

Chr Cytoband Start End del/amp Sample Number of flexibility
peaks/b

% A/T % AT- dn

chr1 1q21.1 - 1q21.2 144,744,997 148,125,625 del F 123/3380628 75.70% 21.10%

chr1 1q21.3 - 1q22 153,200,208 153,319,557 del I 13/119349 73.30% 19.00%

chr1 1p36.21 12,680,848 13,958,751 del T 23/1277903 76.30% 22.30%

chr1 1q32.3 210,332,477 211,082,844 del T 24/750367 76.60% 20.90%

chr1 1p36.21 12,680,848 13,958,751 del W 23/1277903 76.30% 22.30%

chr1 1p22.3 - 1p22.2 87,329,427 88,817,562 del W 47/1488135 76.70% 20.80%

chr2 2p14 - 2p13.3 70,041,244 70,952,581 del I 29/911337 78.00% 20.90%

chr2 2p13.2 - 2p13.1 73,669,167 74,215,838 del I 25/546671 80.10% 22.00%

chr2 2q14.3 - 2q21.1 128,833,713 130,725,074 del T 59/1891361 75.90% 20.80%

chr2 2q33.1 - 2q33.2 203,260,314 203,886,203 del T 20/625889 77.80% 21.00%

chr3 3q12.2 - 3q12.3 101,896,745 103,104,467 del U 101/1207722 77.90% 21.70%

chr4 4p16.2 3,477,841 4,705,645 del I 44/1227804 74.10% 21.30%

chr4 4p16.2 3,391,816 5,055,344 del U 47/1663528 72.60% 20.80%

chr5 5q23.1 118,621,955 119,379,366 del C 22/757411 75.60% 20.60%

chr5 5q23.1 118,621,955 119,379,366 del U 22/757411 75.60% 20.60%

chr5 5q35.2 - 5q35.3 176,450,099 177,620,215 del U 21/1170116 79.60% 23.50%

chr9 9q21.32 85,210,768 85,742,449 del D 46/531681 76.60% 20.20%

chr9 9q21.32 85,210,768 85,742,449 del F 46/531681 76.60% 20.20%

chr9 9q21.32 85,210,768 85,899,327 del I 55/688559 76.30% 20.40%

chr11 11p13 31,913,126 32,821,625 del T 38/908499 80.20% 25.00%

chr11 11q23.3 117,036,039 117,471,941 amp T 12/435902 66.20% 16.00%

chr15 15q21.2 - 15q21.3 49,469,125 52,475,758 del G 120/3006633 77.50% 21.10%

chr15 15q11.2 21,545,984 23,044,681 del W 58/1498697 77.80% 21.90%

chr16 16q22.1 - 16q22.2 69,396,085 69,781,363 del C 14/385278 76.30% 20.30%

chr16 16p12.3 17,181,622 18,968,830 del E 73/1787208 77.80% 23.00%

chr16 16q22.1 - 16q22.3 68,363,971 69,925,944 del J 36/1561973 75.70% 20.20%

chr16 16p13.12 - 16p12.3 14,254,275 18,968,830 del R 162/4714555 78.10% 22.70%

chr16 16p12.3 17,181,622 18,873,757 del U 73/1692135 77.80% 23.00%

chr17 17p13.1 6,856,942 7,115,875 del I 3/258933 77.60% 20.30%

chr17 17p12 - 17p11.2 15,407,602 16,274,854 del T 33/867252 76.40% 21.50%

chr17 17q25.1 71,177,114 71,398,190 del T 1/221076 70.70% 17.30%

chr17 17p13.1 6,856,942 7,115,875 del U 3/258933 77.60% 20.30%

chr17 17p12 - 17p11.2 15,407,602 16,819,916 del W 46/1412314 76.70% 21.50%

chr19 19q13.33 54,496,739 54,949,356 amp G 20/452617 75.90% 21.70%

chr19 19q13.32 50,094,762 50,216,724 del I 2/121962 86.50% 26.80%

chr19 19q13.41 57,884,708 58,278,309 del I 5/393601 74.30% 20.00%

chr19 19q13.41 57,731,842 58,474,028 del J 13/742186 74.20% 21.40%

chr19 19q13.2 46,529,305 46,800,603 del R 13/271298 75.10% 20.40%

chr19 19q13.41 57,765,384 58,724,670 del T 19/959286 74.80% 21.30%

chr19 19q13.41 57,779,207 58,236,018 del U 7/456811 76.60% 23.40%

chr20 20q11.22 33,204,027 33,372,584 amp F 3/168557 76.40% 20.60%

chr21 21q22.11 - 21q22.12 32,410,102 36,478,834 del I 176/4068732 75.80% 22.60%
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the identity of the earliest apparent manifestations of
DGC prior to the onset of advanced disease, pathologi-
cally defined as TNM stage T1a intramucosal signet
ring cell carcinoma (SRCC, referred to as eHDGC).
Thus, the study of the initial stages of DGC has become
possible.

In parallel, new functions of the E-cadherin protein
encoded by CDH1 have been described. Whilst initially being
regarded as the key epithelial cell-cell adhesion molecule, it is
now accepted that E-cadherin and the resulting intercellular
adhesion not only confer simple mechanical stability to epi-
thelial sheets, but also have profound effects on the polarity,

Table 2 Aberrant regions detected in PDCs by CGH and their flexibility peaks

Chr Cytoband Start End del/amp Sample Number of flexibility
peaks/bp

% A/T % AT-dn

chr1 1q32.3 210,398,606 210,900,598 del J 14/501992 77.90% 21.60%

chr1 1p35.1 32,912,340 33,151,711 del R 10/239371 83.20% 23.90%

chr1 1p13.2 114,829,869 115,060,945 del R 6/231076 75.00% 19.80%

chr1 1p36.21 12,680,848 13,958,751 del T 23/1277903 76.30% 22.30%

chr1 1q32.3 210,332,477 211,218,800 del T 24/886323 76.60% 20.90%

chr1 1p36.22 - 1p36.21 12,171,598 13,858,752 del W 24/1687154 72.80% 21.90%

chr2 2p14 - 2p13.3 70,041,244 70,545,009 del C 13/503765 75.20% 19.90%

chr2 2p14 - 2p13.3 70,041,244 70,545,009 del H 13/503765 75.20% 19.90%

chr2 2p13.2 - 2p13.1 73,669,167 74,215,838 del I 25/546671 80.10% 22.00%

chr2 2q14.3 - 2q21.1 128,833,713 130,725,074 del T 59/1891361 75.90% 20.80%

chr3 3q12.2 - 3q12.3 101,896,745 103,104,467 del U 101/1207722 77.90% 21.70%

chr4 4p16.2 3,477,841 4,866,124 del I 57/1388283 75.00% 21.20%

chr5 5q23.1 118,621,955 119,379,366 del C 22/757411 75.60% 20.60%

chr5 5q35.2 - 5q35.3 176,450,099 177,301,881 del I 18/851782 81.20% 24.20%

chr5 5q15 94,889,694 95,398,231 del J 22/508537 73.20% 18.30%

chr5 5q23.1 118,621,955 119,379,366 del U 22/757411 75.60% 20.60%

chr5 5q35.2 - 5q35.3 176,450,099 177,669,329 del U 22/1219230 79.20% 23.50%

chr7 7p13 - 7p12.3 45,966,501 48,954,613 del W 154/2988112 75.80% 21.80%

chr9 9q31.1 104,439,232 106,328,898 del G 165/1889666 78.90% 23.10%

chr9 9q21.32 85,210,768 85,792,652 del I 52/581884 76.40% 20.40%

chr9 9q21.32 85,210,768 85,742,449 del U 46/531681 76.60% 20.20%

chr12 12q13.3 56,099,262 56,187,394 amp C 1/88132 73.30% 20.80%

chr15 15q21.2 - 15q21.3 49,469,125 52,656,037 del G 126/3186912 77.50% 21.10%

chr15 15q15.3 - 15q21.1 42,393,924 43,152,796 del I 18/758872 75.30% 20.60%

chr15 15q22.31 62,245,393 63,416,814 del I 40/1171421 77.40% 21.50%

chr16 16q22.1 - 16q22.2 69,396,085 69,781,363 del C 14/385278 76.30% 20.30%

chr16 16p13.12 - 16p12.3 14,254,275 18,990,655 del H 162/4736380 78.10% 22.70%

chr16 16q22.1 - 16q22.3 69,396,085 69,820,355 del J 17/424270 76.60% 20.50%

chr16 16p13.3 2,521,420 3,014,419 del U 4/492999 79.10% 24.60%

chr16 16q12.2 - 16q13 54,418,154 55,854,746 del W 54/1436592 75.80% 20.80%

chr17 17q21.31 - 17q21.32 40,810,446 42,325,613 del I 33/1515167 77% 22.40%

chr17 17q25.1 71,120,626 71,398,190 del T 3/277564 71.80% 19.50%

chr17 17p13.3 1,823,378 2,342,397 del U 11/519019 71.20% 18.40%

chr17 17p13.3 1,823,378 2,342,397 del W 11/519019 71.20% 18.40%

chr19 19p13.11 16,629,864 16,958,575 del G 5/328711 76.60% 24.40%

chr19 19q13.41 57,765,384 58,458,191 del G 11/692807 75% 21.70%

chr19 19q13.2 46,543,183 46,800,603 del H 13/257420 75.10% 20.40%

chr19 19q13.41 57,884,708 58,297,126 del I 5/412418 74.30% 20%

chr19 19q13.41 57,840,595 58,474,028 del J 10/633433 73.60% 19.40%

chr19 19q13.2 46,543,183 46,800,603 del R 13/257420 75.10% 20.40%
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orientation, and integrity of individual cells. Of particular in-
terest is the role E-cadherin has in the proper orientation of
mitotic spindles to allow for a faithful segregation of sister
chromatids into dividing cells of similar or divergent fate. If
E-cadherin is lost or reduced in cells, misorientation of mitotic
spindles occurs and can affect the differentiation program of
the progeny [14].

Since in DGC, disease onset is triggered by downregula-
tion of E-cadherin [22, 23], we hypothesised that a misalign-
ment between mitotic spindles and the daughter-mother cell
axis might exert some sort of mechanical tension on the chro-
mosomes. Such stress in turn could immediately impact on
chromosomal structure leading to aneuploidy or larger chro-
mosomal aberrations [24]. Alternatively, damage might be
subtler and manifest itself during subsequent replication,
when the single strands of DNA are exposed. We therefore
decided to perform a genome-wide analysis of eHDGC foci to
assess the level and nature of genomic instability present in the
earliest known stages of DGC.

In this study we used laser captured FFPE tissue material as
the source of genomic DNA. As a result we had to deal with
both low quantity and low quality of the DNA samples. We
were also comparing three different cell types (two different
cancer types and normal epithelium) in early HDGC lesions
thus precision in mining out these cells was also important. To
facilitate this procedure, we developed a staining method to
distinguish these cells during LCM whilst concurrently
optimising our tissue preparation, LCM method and DNA
extractionmethod to increase the DNAyield. Numerous, array
studies have been conducted in which FFPE derived DNA

was used but the problem of DNA quality has never been
carefully addressed [25, 26]. Likewise, several other array
studies used whole genome amplification without assessing
the faithfulness of the approach [27]. However, this study is
the first of its kind where laser captured material from FFPE
tissue was used as a source of genomic DNAwith reasonable
quality and quantity without the need for whole genome am-
plification prior to array analysis.

In this study, genomic profiles of SRCs, PDCs and normal
epithelial cells from laser capture microdissected tissue of T1a
HDGC lesions, were generated using Agilent 4 × 44 K array
CGH and validated by MLPA. It was initially planned to use
real-time qPCR to validate our genomic data at the expression
level. However, RNA extracted from our samples was highly
degraded and resulted in highly inconsistent amplification pat-
terns. Real-time qPCR could also have been used to probe
genomic copy numbers, but we opted for MLPA because it
appears to have the most developed multiplexing capacities.
In our hands, MLPA was a reliable, fast, cost effective and
convenient validation method. It allowed for the simultaneous
detection of multiple targets requiring as little as 50 ng of
DNA, a great advantage when using FFPE tissue. In recent
years the application of MLPA as a method of microarray data
validation has grown in numbers [28–30]. This also includes
use of MLPA kits in diagnostic laboratories [31, 32], which
are traditionally very selective about their testing methods.
Considering the limitations of startingmaterial we were facing
in this study, MLPA was the most sensible choice for the
validation of the array CGH results. Chromosomal imbalances
found in SRCs and PDCs, were extensively similar and there

Table 4 ‘Gene Ontology’ and
‘KEGG Pathway’ analysis result
of the most commonly aberrant
genes

Gene Ontology Genes P value

Transcription, transcriptional regulation,
nucleic acid metabolism

ZNF134, ZNF154, ZNF17, ZNF211, ZNF419,
ZNF530, ZNF547, ZNF548, ZNF549,
ZNF550, ZNF551, ARL6IP, SMG1

0.0001

Lipid phosphorylation and phosphoinositide
phosphorylation, mRNA catabolism and
nonsense-mediated decay

SMG1 0.0005

KEGG pathway

Chondroitin / Heparan sulfate glycoprotein
biosynthesis

XYLT1 0.0003

Table 3 Most common
aberrations seen across patients
and the genes they harbour

Aberrant chromosomal region Genes

19q13.41 ZNF547, ZNF548, ZNF17, ZNF749, VN1R1, VN1R107P, ZNF17,
ZNF749, VN1R107P, ZNF772, ZNF419, ZNF773, MIR1274B, ZNF549,
ZNF549, ZNF550, ZNF416, ZIK1, ZNF530, ZNF134, ZNF211, 2SCAN4,
ZNF551, ZNF154, ZNF671, ZNF671, ZNF776

9q21.32 RASEF

16p12.3 XYLT1, RPL7P47, PKD1P4, PKD1P5, MIR3180–3, MIR3179–3, MOM02,
ABCC6P1, RPSI5A, ARL6IP1, SMG1
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was no evidence of consistent acquisition of extra aberration
among PDCs that could be related to disease progression.
These imbalances were in the form of multiple small aberra-
tions (mainly deletions) in the regions with high DNA fragil-
ity. No significant carcinogenesis related pathway was identi-
fied in the aberrant regions, which indicates how these regions
are possibly selected based on their nucleic acid content rather
than the functional importance of the genes they contain.

DNA damage usually activates cell cycle checkpoints.
Checkpoint activation stops the cell cycle and gives the cell
time to repair the damage before continuing to divide [33].

DNA damage checkpoints occur at the G1/S, G2/M bound-
aries and sometimes intra-S. ATM and ATR kinases are two
major controllers of Checkpoint activation. ATM predomi-
nantly responds to DSBs while ATR is known to respond to
SSBs such as stalled replication forks [34]. Phosphorylation of
downstream targets in a signal transduction cascade by these
kinases, ultimately lead to cell cycle arrest. Considering the
fact that E-cadherin depletion can impede the replication ma-
chinery, together with the observation of multiple chromo-
somal imbalances in genomic regions with high fragility, has
made us hypothesise that these aberrations are resulted from

c

a

b

Fig. 3 Activation of DNA
damage response in early HDGC
lesions. IHC using (a) ATM
phosphoS1981, b γH2AX and c
CHK2 phosphoThr68 antibodies
showed expression of these
proteins in a number of cancer
cells. Black arrows are pointing to
the positively stained cells and
blue arrows are pointing to the
negatively stained normal cells
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the stalling of replication fork at these sites [35, 36]. To test
this hypothesis we immunohistochemically examined
eHDGC lesions for the evidence of DNA damage response
(DDR). Our initial assumption was supported when we ob-
served the DDR protein expression in eHDGC lesions how-
ever the family of the proteins we expected to see was not
activated at all. As it was mention earlier stalled replication
fork initially leads to DNA single strand breaks (SSBs), which
primarily activates ATR family of DDR proteins. Surprisingly,
our IHC examination showed no evidence of ATR family
activation, while a clear expression of ATM family of DDR
proteins, known to be activated in response to double strand
breaks (DSBs) [37], was observed. Although it is seems that
activation of ATM family protein is not the primary reaction to
SSBs but it is widely accepted that if SSBs are left unrepaired,
they could convert into DSBs and trigger ATM response [38].
It has previously been shown that E-cadherin is necessary for
an appropriate and efficient DDR. It is possible that due to E-
cadherin exhaustion in early HDGC cells the ATR dependent
pathway either was not activated or its activation was limited
and insufficient which was unable to successfully repair pri-
mary SSBs. Either way, the eHDGC cancer cells would be left
with DSBs which activates the ATM-DDR pathway. Thus, the
neoplastic cells could have had an initial phase of replication
stress and correspondingly DNA damage in the form of SSBs,
but we have captured them when they have already passed
that phase. Alternatively, the loss of mitotic spindle appropri-
ate orientation, caused by E-cadherin depletion [14, 15], might
have exerted a specific tension or mechanical stress on chro-
matids, leading to direct DSBs of genomic segments with high
fragility. These results also provide strong evidence for
eHDGC being a precursor lesion rather than an invasive car-
cinoma, which is in contradiction with the current pathologi-
cal definition of an eHDGC and the wide-held view of SRCC
being highly malignant in general.

E-cadherin depletion in the proliferative mucous neck re-
gion possibly including committed progenitors and stem cells
(located in the upper isthmus) hinders spindle orientation and
thereby smooth chromosomal segregation during cell division
and results in some level of genomic instability. The less dif-
ferentiated cells in these lesions did not seem to have acquired
further genomic instability (GIN), at least not to a detectable
extent, through other mechanisms up to this level. Indeed the
proliferative cells in these lesions will continue to select for the
aberrations useful for disease progression as well as acquiring
new aberrations helpful to the process of EMTand invasion. To
explore these extra aberrations that might facilitate EMT and
invasion, we suggest a similar comparative genomic study on
dedifferentiated mesenchymal cells in later T1a and early T1b
lesions. However extensive dissimilarities of PDCs and SRCs
at protein level [13] might indicate a considerable difference in
epigenetic level, as it has been shown that the epigenetic mod-
ifications, in accordance with tumour microenvironment,

continue alongside with genetic changes in the process of car-
cinogenesis [39]. Studying eHDGC lesions in expression level
is necessary to unravel such epigenetic mechanisms.

Conclusion

The availability of archived tissue from prophylactic gastrec-
tomies of a large HDGC family provided us with a unique
model to explore early stage genomic alterations in a back-
ground of rare homogeneity. Having a sample set from pa-
tients that are closely related, follow a similar life style, live
in the same geographic area, and all harbour the identical
CDH1 germline mutation, is exceptional and motivated us to
embark on this technically challenging and laborious project.
Although it was not possible to successfully analyse all as-
pects that we aimed at (i.e. the genomic differences between
SRCs and PDCs), the findings of this study have revealed
novel and important insights into the genesis of diffuse gastric
cancer.

The results of this project add new evidence that, together
with existing knowledge, will help to establish eHDGC as a
classic precursor lesion. Chromosomal aberrations strongly
enriched at fragile sites, together with an intact and activated
DNA damage response, are now considered as typical features
of precancerous lesions before the acquisition of an invasive
phenotype. We consistently observed both the instability at
fragile sites and an active DNA damage response in all muta-
tion carriers examined. No aberrations were observed that
were common to the majority of patients, however, almost
all aberrations were quite small deletions. These findings con-
cur with what one would expect from very early neoplastic
changes, namely an unselected state (i.e. random occurrence,
little selection pressure) resulting from a common mechanism
(i.e. breakage at fragile sites leading to small deletions).
Certainly these observations do not provide a definite proof,
but together with our previous findings, they strongly argue
for eHDGC being a precursor to advanced HDGC.
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