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Abstract
Around 25–40% of cases of hereditary diffuse gastric cancer (HDGC) are caused by
heterozygous E-cadherin (CDH1 ) germline mutations. The mechanisms for loss of the second
allele still remain unclear. The aims of this study were to elucidate mechanisms for somatic
inactivation of the wild-type CDH1 allele and to seek evidence for cadherin switching.
Archival tumour material was analysed from 16 patients with CDH1 germline mutations
and seven patients fulfilling HDGC criteria without CDH1 germline mutations. The 16
CDH1 exons were sequenced. E-cadherin promoter methylation was analysed by bisulphite
sequencing and pyrosequencing and allele specificity was determined using polymorphic loci.
Loss of heterozygosity was analysed using microsatellite markers. Cadherin expression levels
were determined by real-time RT–PCR and immunohistochemistry. Six of 16 individuals
with germline mutations had at least one second hit mechanism. Two exonic mutations
(exon 9 truncating, exon 3 missense) and four intronic mutations which may affect splicing
were identified. Tumours from 4/16 individuals had promoter hypermethylation that was
restricted to the A allele haplotype in three cases. E-cadherin loss (mRNA and protein)
generally correlated with identification of a second hit. In cases without germline E-
cadherin mutations there was no evidence for somatic mutation or significant promoter
methylation. P-cadherin (>25% cells) was expressed in 7/13 (54%) and 4/5 (80%) with and
without germline CDH1 mutations, respectively, independent of complete E-cadherin loss.
Overall, inactivation of the second CDH1 allele occurs by mutation and methylation events.
Methylation is commonly allele-specific and is uncommon without germline mutations. P-
cadherin over-expression commonly occurs in individuals with diffuse type gastric cancer.
Copyright  2008 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
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Introduction

Gastric cancer remains a leading cause of cancer death
worldwide and it has been estimated that up to 10%
of gastric cancer cases have some kind of familial
association [1,2]. Hereditary diffuse gastric cancer
(HDGC) has been defined by the International Gastric
Cancer Linkage Consortium (IGCLC) as: any family
with two documented cases of diffuse gastric cancer
in first- or second-degree relatives with one case under
the age of 50 years or three or more documented cases
of diffuse gastric cancer in first or second degree
relatives at any age [3,4]. These families may also
have an increased frequency of lobular breast cancer
and signet ring cell carcinoma of the colon [5,6].

HDGC cases are caused by germline mutations of
the E-cadherin gene (CDH1 ) in 25–40% cases, with a
penetrance of 67–83% [3,7–11]. Approximately 75%
of the mutations are truncating (including frameshift
and nonsense mutations) and the remaining 25% are
missense mutations which may have functional effects,
through alteration of residues critical to protein struc-
ture or through alternative splicing [12,13]. Knudson’s
two-hit hypothesis predicts that both alleles of the E-
cadherin gene must be inactivated in tumours [14,15].
Identified mechanisms of inactivation of the second
CDH1 allele include promoter methylation, somatic
mutation and intragenic deletion, but only six cases
from three families have been reported so far [16,17].
Loss of heterozygosity, a common mechanism of
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inactivation of the wild-type allele in other hereditary
cancer syndromes, has not been identified [5,6,16,17].

Loss and aberrant E-cadherin protein expression
occurs in many different cancer phenotypes, including
lobular breast, diffuse gastric and pancreatic carcino-
mas [18–20]. E-cadherin loss has been correlated with
an increased expression of neural (N) cadherin which
can alter cellular adhesive function and is known
as cadherin switching [21]. Due to the mesenchymal
nature of N-cadherin expressing cells, up-regulation of
N-cadherin expression in epithelial cells may promote
tumourigenesis and epithelial–mesenchymal transi-
tion (EMT) [22,23]. A switch from E-cadherin to
P-cadherin expression has also been described in ovar-
ian cancer, indicating that cadherin switching does not
exclusively occur between E- and N-cadherin [24]. To
date, although there is some evidence for EMT via
activation of c-Src there have been no reports of cad-
herin switching in HDGC. [25]

In this study, we have performed the most compre-
hensive analysis to date of the second-hit mechanisms
in HDGC patients with an identified CDH1 germline
mutation (16 patients from nine families) and with
no germline mutation identified (seven individuals). In
addition, we have sought evidence for cadherin switch-
ing by immunohistochemistry.

Materials and methods

Patient samples

Formalin-fixed paraffin-embedded tissue (FFPET)
from therapeutic gastrectomies was available from
the Cambridge-based Familial Gastric Cancer Study
(Table 1). Ethical approval was obtained from the
Eastern Multicentre Research Ethics Commmitte (Ref.
97/5/32) for collection and use of the samples. The
code for individual cases is: M or N (M denotes
CDH1 germline mutation and N for no CDH1 muta-
tion identified); a family number; and a letter for each
individual within that family. The germline mutation
status was confirmed in a clinical reference labora-
tory and verified in our hands to be present in the
heterozygous state for each case except M6A and
M9A,B, for whom no blood was available. For the
second-hit analysis, where possible, we used sam-
ples from the gastric tumour; however, in four cases
(M2A, M2B, M2D, M5A) the primary was lobular
breast or colon carcinoma and in three further cases
(M1B, M4A, M4B) FFPET was not available from
the primary site (Table 1). A consultant histopatholo-
gist from the referring hospital determined the origi-
nal diagnosis, which was confirmed by an expert GI
histopathologist (VS), who also determined tumour
cellularity. A normal gastric biopsy specimen was
obtained from a currently unaffected germline muta-
tion carrier who has been undergoing endoscopic
surveillance (patient M2E). Histopathologically veri-
fied normal gastric mucosa from three sporadic can-
cer cases, and three patients undergoing endoscopic

surveillance for Barrett’s oesophagus, served as con-
trols for the expression analyses. Due to the limited
availability of material, it was not possible to con-
duct every analysis on each patient. The numbers of
patients used for each analysis is indicated in each
relevant section of the results.

DNA extraction from FFPET

Five 10 µm sections were deparaffinized with xylene
and washed with ethanol. DNA was incubated in
1 M NaCl, 0.5 M EDTA, 1.5 M Tris–HCl and
10% SDS, pH 8.0, containing 0.5 mg/ml proteinase
K, and incubated for 3 days at 55 ◦C, followed by
phenol/chloroform/isoamyl alcohol extraction (Invit-
rogen, Carlsbad, CA, USA; http://cc.ucsf.edu/people/
waldman/Protocols/index.html). The DNA concentra-
tion was measured using the Nanodrop (Thermo Sci-
entific) and a cut off value of 1.7 was used for the
260 : 280 ratio.

Sequencing of genomic DNA

Exon-specific PCR was carried out using AmpliTaq
Gold (Applied Biosystems) for each of the 16 CDH1
exons from published primer sequences [9,26] or as
listed in Table S1 (see Supporting Information). If PCR
reactions were unsuccessful, BioTaq kit (BioLine,
London, UK) was used, utilizing the same PCR
conditions: 95 ◦C for 10 min, 40 cycles of 95 ◦C for
30 s, 55 ◦C, 58 ◦C or 60 ◦C for 30 s and 72 ◦C for
30 s, and finally 10 min at 72 ◦C. For exons 10 and
13 a touchdown programme was required. [27]

PCR products were purified using the Qiaquick
PCR Purification Kit (Qiagen). Sequencing reac-
tions were performed using the BigDye Termina-
tor v. 3.1 Cycle Sequencing Kit on the ABI3100
genetic analyser, using a 50 cm array and polymer
POP6 (Applied Biosystems). Sequence data was col-
lected using 3100 Data Collection Software v. 2
(Applied Biosystems) and analysed using Seqscape
(version 1). The sequencing reaction itself was either
run by a core service or contracted to Geneser-
vice Ltd (www.geneservice.co.uk). The reference gene
sequence was obtained from the Ensemble Genome
Browser (www.Ensembl.org) and nucleotide position
counted from the start of translation [12]. PCR reac-
tions were repeated to confirm mutations. For tumour
DNA sequence alterations, wherever possible, blood
DNA was also analysed (Table 2).

In silico analysis of identified mutations

Common polymorphisms were identified using the
Ensemble Genome Browser and other published
sources. Sequence conservation was analysed using
the LAGAN Alignment Toolkit [28]. The puta-
tive effects of mutations on splicing were assessed
using RESCUE-ESE and the Alternative Splicing
Database [29,30]. SIFT (sorting intolerant from tol-
erant) analysis was used to determine the likelihood

J Pathol (2008) DOI: 10.1002/path
Copyright  2008 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.



E-cadherin loss in hereditary diffuse gastric cancer

T
ab

le
1.

Su
m

m
ar

y
of

th
e

cl
in

ic
al

de
ta

ils
fo

r
H

D
G

C
pa

tie
nt

s
w

ith
an

d
w

ith
ou

t
id

en
tifi

ed
ge

rm
lin

e
m

ut
at

io
n

P
at

ie
nt

S
ex

A
ge

at
di

ag
no

si
s

E
th

ni
ci

ty
C

o
un

tr
y

o
f

re
si

de
nc

e

T
im

e
to

de
at

h
(m

o
nt

hs
af

te
r

di
ag

no
si

s)
P

ri
m

ar
y

tu
m

o
ur

si
te

H
is

to
pa

th
o

lo
gy

S
ta

ge

O
ri

gi
n

o
f

F
F

P
E

T
us

ed
in

th
e

st
ud

y

M
1A

M
22

A
sia

n
Pa

ki
st

an
7

G
as

tr
ic

Po
or

ly
di

ffe
re

nt
ia

te
d

ad
en

oc
ar

ci
no

m
a

T4
G

as
tr

ic
M

1B
F

40
A

sia
n

Pa
ki

st
an

4
Pr

es
um

ed
ga

st
ric

(m
et

as
ta

tic
to

ov
ar

y)
Po

or
ly

di
ffe

re
nt

ia
te

d
ad

en
oc

ar
ci

no
m

a
M

1
O

va
ry

m
et

as
ta

sis
M

1C
M

38
A

sia
n

Pa
ki

st
an

9
G

as
tr

ic
Po

or
ly

di
ffe

re
nt

ia
te

d
di

ffu
se

ty
pe

N
1M

1
G

as
tr

ic
M

2A
F

80
C

au
ca

sia
n

U
K

71
Br

ea
st

Po
or

ly
di

ffe
re

nt
ia

te
d

lo
bu

la
r

ty
pe

N
/A

Br
ea

st
M

2B
F

74
C

au
ca

sia
n

U
K

5
C

ae
cu

m
M

od
er

at
el

y
di

ffe
re

nt
ia

te
d

ad
en

oc
ar

ci
no

m
a

D
uk

e’
s

C
C

ol
on

M
2C

F
40

C
au

ca
sia

n
U

K
3

G
as

tr
ic

Si
gn

et
rin

g/
di

ffu
se

ty
pe

M
1

G
as

tr
ic

M
2D

M
49

C
au

ca
sia

n
U

K
N

/A
C

ol
on

M
od

er
at

el
y

di
ffe

re
nt

ia
te

d
ad

en
oc

ar
ci

no
m

a
D

uk
e’

s
B

C
ol

on
M

3A
M

32
C

au
ca

sia
n

U
K

1
G

as
tr

ic
Po

or
ly

di
ffe

re
nt

ia
te

d
di

ffu
se

ty
pe

M
1

G
as

tr
ic

M
4A

M
58

C
au

ca
sia

n
U

K
2

G
as

tr
ic

Po
or

ly
di

ffe
re

nt
ia

te
d

ad
en

oc
ar

ci
no

m
a

M
1

Ly
m

ph
no

de
M

4B
F

34
C

au
ca

sia
n

U
K

N
/A

G
as

tr
ic

Po
or

ly
di

ffe
re

nt
ia

te
d

di
ffu

se
ty

pe
M

1
Ly

m
ph

no
de

an
d

om
en

tu
m

M
5A

M
70

N
/A

U
K

N
/A

C
ol

on
W

el
ld

iff
er

en
tia

te
d

ad
en

oc
ar

ci
no

m
a

N
/A

C
ol

on
M

6A
F

42
C

au
ca

sia
n

U
K

3
G

as
tr

ic
Si

gn
et

rin
g/

di
ffu

se
ty

pe
N

/A
G

as
tr

ic
M

7A
F

37
C

au
ca

sia
n

U
K

3
G

as
tr

ic
Si

gn
et

rin
g/

di
ffu

se
ty

pe
M

1
G

as
tr

ic
M

8A
F

27
C

au
ca

sia
n

Th
e

N
et

he
rla

nd
s

N
/A

G
as

tr
ic

M
9A

M
37

C
au

ca
sia

n
U

K
9

G
as

tr
ic

Si
gn

et
rin

g/
di

ffu
se

ty
pe

N
/A

G
as

tr
ic

M
9B

M
11

C
au

ca
sia

n
U

K
13

G
as

tr
ic

Po
or

ly
di

ffe
re

nt
ia

te
d

di
ffu

se
ty

pe
T3

N
0M

0
G

as
tr

ic

—
8M

:8
F

43
.2

—
—

M
ed

ia
n:

4.
5

—
—

—

N
1A

M
45

C
au

ca
sia

n
U

K
2

U
nk

no
w

n
or

ig
in

Po
or

ly
di

ffe
re

nt
ia

te
d

ad
en

oc
ar

ci
no

m
a

N
1

Ly
m

ph
no

de
N

2A
F

59
C

au
ca

sia
n

U
K

4
G

as
tr

ic
Po

or
ly

di
ffe

re
nt

ia
te

d
ad

en
oc

ar
ci

no
m

a
N

1M
1

G
as

tr
ic

N
3A

F
48

C
au

ca
sia

n
U

K
6

G
as

tr
ic

Si
gn

et
ce

ll
ga

st
ric

ad
en

oc
ar

ci
no

m
a

M
1

G
as

tr
ic

N
4A

M
44

C
au

ca
sia

n
U

K
<

6
G

as
tr

ic
Si

gn
et

rin
g/

di
ffu

se
ty

pe
N

1M
1

G
as

tr
ic

N
5A

M
49

C
au

ca
sia

n
U

K
18

G
as

tr
ic

Po
or

ly
di

ffe
re

nt
ia

te
d

ad
en

oc
ar

ci
no

m
a

N
1M

1
G

as
tr

ic
N

6A
M

39
C

au
ca

sia
n

U
K

6
G

as
tr

ic
Po

or
ly

di
ffe

re
nt

ia
te

d
ad

en
oc

ar
ci

no
m

a
M

1
G

as
tr

ic
N

7A
F

44
N

/A
Sp

ai
n

N
/A

G
as

tr
ic

N
/A

T3
G

as
tr

ic

—
4M

:3
F

46
.9

—
—

M
ed

ia
n:

6
—

—
—

ID
co

de
s

ar
e

m
ad

e
up

of
ge

rm
lin

e
m

ut
at

io
n

(M
)

or
no

ge
rm

lin
e

m
ut

at
io

n
(N

)
id

en
tifi

ed
,f

am
ily

(n
um

be
r)

an
d

in
di

vi
du

al
(le

tt
er

)
id

en
tifi

er
s.

FF
PE

T
,f

or
m

al
in

-fi
xe

d
pa

ra
ffi

n-
em

be
dd

ed
tis

su
e;

N
/A

,d
at

a
no

t
av

ai
la

bl
e

an
d

fo
r

m
is

si
ng

pa
rt

s
of

T
,N

,M
da

ta
no

t
sh

ow
n.

N
od

al
st

at
us

is
ca

te
go

ri
ze

d
as

N
0

or
N

1,
as

in
su

ffi
ci

en
t

in
fo

rm
at

io
n

w
as

av
ai

la
bl

e
to

us
e

th
e

of
fic

ia
lg

as
tr

ic
sy

st
em

.

J Pathol (2008) DOI: 10.1002/path
Copyright  2008 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.



M Barber et al

T
ab

le
2.

Su
m

m
ar

y
of

se
qu

en
ce

,m
et

hy
la

tio
n

an
d

ex
pr

es
si

on
fin

di
ng

s
fo

r
H

D
G

C
pa

tie
nt

s
w

ith
an

d
w

ith
ou

t
id

en
tifi

ed
ge

rm
lin

e
m

ut
at

io
n

P
at

ie
nt

G
er

m
lin

e
m

ut
at

io
n

id
en

ti
fi

ed

T
um

o
ur

ce
llu

la
ri

ty
(%

)
B

lo
o

d
av

ai
la

bl
e

T
um

o
ur

D
N

A
se

qu
en

ce
c

L
o

ss
o

f
he

te
ro

zy
go

si
ty

M
et

hy
la

ti
o

n
st

at
us

E
-c

ad
he

ri
n

R
N

A
ex

pr
es

si
o

n

E
-c

ad
he

ri
n

pr
o

te
in

ex
pr

es
si

o
n

(%
)

P
-c

ad
he

ri
n

pr
o

te
in

ex
pr

es
si

o
n

(%
)

M
1A

83
2

G
>

A
60

IV
S5

−
14

C
>

T
(h

t)
IV

S9
−

19
C

>
T

(h
t)

N
D

U
N

D
25

–
50

M
25

–
50

M
1B

95
26

0
G

>
A

R8
7K

(h
t)

IV
S5

−
14

C
>

T
(h

t)
IV

S7
+

43
G

>
A

(h
t)

N
D

M
N

eg
at

iv
e

N
eg

at
iv

e
25

–
50

M
1C

25
Y

es
N

on
e

N
D

U
Re

du
ce

d
>

75
C

/M
N

eg
at

iv
e

M
2A

45
in

sT
60

67
8

C
>

T
A

22
6A

(h
t)

N
D

M
G

re
at

ly
re

du
ce

d
N

eg
at

iv
e

N
D

M
2B

95
12

26
G

>
A

W
40

9S
TO

P
(h

t)
25

20
C

>
T

S8
40

S
(h

t)
N

D
M

G
re

at
ly

re
du

ce
d

N
eg

at
iv

e
>

75

M
2C

70
U

TR
-5

3
G

>
A

(h
t)

N
D

M
N

D
>

75
C

/M
<

25
M

2D
40

Y
es

N
on

e
N

on
e

U
Re

du
ce

d
>

75
,m

ai
nl

y
C

25
–

50
M

3A
14

72
in

sA
60

Y
es

N
on

e
N

D
U

N
D

50
–

75
M

<
25

M
4A

10
64

in
sT

80
N

on
e

N
D

U
G

re
at

ly
re

du
ce

d
N

eg
at

iv
e

N
eg

at
iv

e
M

4B
70

Y
es

N
on

e
N

on
e

U
Re

du
ce

d
>

75
C

/M
N

D
M

5A
15

65
+

1
G

>
T

40
Y

es
N

on
e

N
on

e
U

Re
du

ce
d

>
75

,m
ai

nl
y

C
25

–
50

M
6A

14
66

in
sC

50
56

7
C

>
T

F1
89

F
(h

t)
Po

ss
ib

le
U

N
D

N
D

<
25

M
7A

59
G

>
A

80
N

on
e

N
D

U
N

D
>

75
C

/M
>

75
M

8A
11

34
de

l8
,i

ns
5

70
Y

es
N

on
e

N
on

e
U

Re
du

ce
d

50
–

75
M

<
25

M
9A

17
92

C
>

T
75

N
on

e
N

D
U

St
ro

ng
>

75
C

/M
50

–
75

M
9B

80
N

on
e

N
D

U
Re

du
ce

d
>

75
C

/M
N

D
—

—
6/

16
M

ut
at

ed
(2

5%
)

1/
5

Po
ss

ib
le

4/
16

M
et

hy
la

te
d

10
/1

1
Re

du
ce

d/
4/

15
N

eg
at

iv
e

(2
7%

)
7/

13
>

25
C

el
ls

(5
4%

)
(f

ou
r

lik
el

y
pa

th
og

en
ic

)
(2

5%
)

ne
ga

tiv
e

(9
1%

)
N

1A
—

80
N

on
e

N
D

U
Re

du
ce

d
>

75
M

<
25

N
2A

—
80

N
on

e
N

D
U

Re
du

ce
d

N
D

N
D

N
3A

—
70

N
on

e
N

D
U

N
D

>
75

M
>

75
N

4A
—

50
N

on
e

N
D

U
Re

du
ce

d
25

–
50

M
N

D
N

5A
—

80
N

on
e

N
D

U
Re

du
ce

d
>

75
,m

ai
nl

y
C

50
–

75
N

6A
—

90
N

on
e

N
D

U
N

or
m

al
>

75
,m

ai
nl

y
C

25
–

50
N

7A
—

20
N

D
N

D
U

Re
du

ce
d

N
D

>
75

—
0/

6
M

ut
at

ed
N

D
0/

7
M

et
hy

la
te

d
5/

6
Re

du
ce

d
(8

3%
)

0/
5

ne
ga

tiv
e

4/
5

>
25

ce
lls

(8
0%

)

ID
co

de
s

ar
e

m
ad

e
up

of
ge

rm
lin

e
m

ut
at

io
n

(M
)

or
no

ge
rm

lin
e

m
ut

at
io

n
id

en
tifi

ed
(N

),
fa

m
ily

(n
um

be
r)

an
d

in
di

vi
du

al
(le

tt
er

)
id

en
tifi

er
s.

in
s,

in
se

rt
io

n;
de

l,
de

le
tio

n;
hm

,h
om

oz
yg

ou
s;

ht
,h

et
er

oz
yg

ou
s;

M
,m

em
br

an
ou

s;
C

,c
yt

op
la

sm
ic

;N
D

,n
ot

do
ne

(n
o

m
at

er
ia

la
va

ila
bl

e)

J Pathol (2008) DOI: 10.1002/path
Copyright  2008 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.



E-cadherin loss in hereditary diffuse gastric cancer

of missense mutations being tolerated within the pro-
tein sequence [31]. The effects of mutations on 5′
UTR (untranslated) functional elements and transcrip-
tion factor binding sites were analysed using UTRScan
[32], TF Search version 1.3 and TRANSFAC [33].
Codon usage was obtained from the Codon Usage
database [34].

Microsatellite LOH (loss of heterozygosity)
analysis

PCR reactions were carried out using fluorochrome-
conjugated primers for the microsatellites D16S3025,
D16S496, D16S3067 and D16S3141 (for sequences,
see Supporting Information, Table S2). PCR reactions
used 1 U AmpliTaq Gold (Applied Biosystems),
0.2 mM dNTP mix and 20–25 pmol of both forward
and reverse primer sequences in a total volume of
25 µl with a 55 ◦C annealing temperature. 2 µl PCR
product were added to 0.5 µl GeneScan 500 LIZ Size
Standard and 9.5 µl of Hi-Di Formamide and analysed
using an ABI3100 genetic analyser, using polymer
POP4 (Applied Biosystems). The data were analysed
using GeneMapper v. 3.5 (Applied Biosystems). The
ratio of the peak heights of the two alleles was
calculated for the normal blood and tumour sample
available from the same patient (blood sample from a
sibling was used for patient 6A), using the formula:

change in height = tumour height ratio/

normal height ratio

Bisulphite treatment

The MKN-1 gastric adenosquamous carcinoma cell
line or CpGenome Universal Methylated DNA
(Chemicon International, Temecula, CA, USA) were
used as positive controls [35]. The MKN-45 dif-
fuse gastric carcinoma cell line (a gift from Dr A.
Ristimaki, University of Helsinki, Finland) and two
histopathologically normal gastric samples were anal-
ysed as negative controls. For tissue and cell line mate-
rial, 500 ng DNA was bisulphite-treated using the EZ
Methylation-Gold Kit (Zymo Research, Orange, CA,
USA).

Bisulphite sequencing

PCR primers were specific for CDH1 promoter
regions containing no CpG sites to enable amplifi-
cation of both methylated and unmethylated DNA
[forward, 5′-TAGTAATTTTAGGTTAGAGGG-3′; re-
verse, 5′-ACTAAAATCTAAACTAACTTC-3′); 2 µl
bisulphite-treated DNA, 2.5 mM MgCl2, 10× PCR
mix, 1.25 U AmpliTaq Gold, 0.25 mM dNTP mix
(GE Healthcare) and 0.8 µM primer mix]. A non-
template control was included for each set of reac-
tions. PCR conditions were as described for sequenc-
ing with a 57 ◦C annealing temperature and 35
cycles of amplification. PCR products were cloned

using the TA Cloning Kit with One Shot TOP10
Chemically Competent Escherichia coli (Invitrogen)
and at least five clones were sequenced for each
patient sample. M13 primers were used (forward, 5′-
TTGTAAAACGACGGCCAGTG-3′; reverse, 5′-CA-
GGAAACAGCTATGACCAT-3′) for amplification
and sequencing of the cloned PCR products. The aver-
age percentage of the five clones was used to deter-
mine whether or not the allele was methylated.

Pyrosequencing

Four consecutive CpGs within the promoter region
were selected due to their close proximity and the
presence of a non-CpG cytosine residue, which was an
internal control for the level of bisulphite conversion.
Primary PCR reactions were carried out as for bisul-
phite sequencing, using a biotinylated reverse primer.
This was followed by triplicate nested PCR reac-
tions, which were combined, gel-purified and eluted
into EB buffer, using the Qiagen Gel Extraction Kit.
10 µl purified PCR product were added to 30 µl
Binding Buffer (Biotage), 2 µl streptavidin sepharose
high-performance beads (GE Healthcare) and 30 µl
sterile water, and single-stranded biotinylated tem-
plates were isolated using the PyroMark Vacuum Prep
WorkStation (Biotage). The products were dispensed
into PSQ 96 Plates containing 0.5 µl 10 µM sequenc-
ing primer (5′-AGGTGAATTTTTAGTTAATT-3′) and
11.5 µl Annealing Buffer (all Biotage) at 80 ◦C for
3 min, followed by room temperature for 15 min.
Pyrosequencing reactions were carried out in the Pyro-
Mark MD machine using PyroGold Reagents and
results analysed using pyro Q-CpG Software (all Bio-
tage).

Allele-specific methylation analysis

A polymorphism at position −160 (C > A) (rs16260)
was chosen for analysis of allele-specific methyla-
tion, as this has high heterozygosity (0.359 ± 0.225).
This polymorphism was also used for genotyping
allele-specific primers, to determine the nucleotide
present at this locus on the allele containing the exon
1 germline mutation identified in family 2. Geno-
typing primer sequences were as follows: forward,
5′-ACTCCAGGCTAGAGGGCAC/A-3′, reverse, 5′-
CAGGACCCGAACTTTCTTGGAAGAAG-3′. PCR
conditions were the same as used for exon-specific
PCR (60 ◦C annealing temperature for 45 cycles). PCR
products were cloned as described above and five
clones were analysed.

RNA extraction

Five 10 µm sections were deparaffinised in xylene
and rehydrated using a decreasing ethanol series
(100%, 90%, 70%). The samples were incubated in
10 mM Tris–HCl, 0.1 mM EDTA, 2% SDS and 0.5 mg
proteinase K at 65 ◦C for 16 h. An additional 0.5 mg
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Proteinase K was added and incubation continued for a
further 3–4 h at 65 ◦C. The RNA was purified using a
Qiagen RNeasy MiniKit (Qiagen, Crawley, UK) and
DNAse treated using the Qiagen RNase-free DNase
kit. The RNA concentration was measured using the
Nanodrop (Thermo Scientific) and a cut-off value of
1.7 was used for the 260 : 280 ratio.

Real-time PCR

The High-capacity cDNA Reverse Transcription Kit
(Applied Biosystems) was used with 500 ng–1 µg
RNA for each sample. Relative E-cadherin expression
(�Ct = CtGAPDH − CtE−cadherin) was determined by
normalizing to GAPDH expression levels in the same
sample. All reactions (including a non-template con-
trol) were run in triplicate, using SYBR Green Jump-
start Taq Ready Mix (Sigma-Aldrich, St Louis, MO,
USA) according to the manufacturer’s instructions for
GAPDH (forward, 5′-CAAGATCATCAGCAATGC-
CT-3′; reverse, 5′-ATGAGTCCTTCCACGATACC-
3′); and E-cadherin (forward, 5′-AAGGAGGCGGA-
GAAGAGGAC-3′; reverse, 5′-CGTCGTTACGAGT-
CACTTCAGG-3′). [36] PCR conditions were: 95 ◦C
for 10 min, followed by 35 cycles of 95 ◦C for 30 s,
58 ◦C for 30 s and 72 ◦C for 30 s, followed by a melt
programme. The E-cadherin expression was consid-
ered reduced if it was up to three-fold lower than
normal gastric specimens and greatly reduced if it was
reduced by more than three-fold.

Immunohistochemistry

FFPET sections (4 µm) were immunostained for extra-
cellular domain-specific E-cadherin antibody (1 : 40,
clone 36B5; LabVision, Fremont, CA, USA), P-
cadherin antibody (1 : 1000, clone 56; BD Biosciences,
Franklin Lakes, NJ, USA) and N-cadherin antibody
(1 : 500, clone 3B9; Invitrogen) as described previ-
ously. [37] Endogenous peroxidases were blocked
using hydrogen peroxide and non-specific binding
blocked by 10% BSA, 10% horse serum in TBS–
Tween 0.05%. Primary antibodies were incubated
overnight at 4 ◦C. Negative (no antibody addition)
and positive (normal gastric) controls were included
for each set of slides. Antibody visualization was
achieved with biotinylated secondary antibodies fol-
lowed by an avidin–horseradish peroxidase complex
to break down 3′,3′-diaminobenzidine. Staining in
tumour cells was compared to normal gastric tissue
and described as membranous (M), cytoplasmic (C) or
membranous/cytoplasmic (C/M), and the percentage
of tumour cells expressing the protein was estimated
(<5%, 5–25%, 25–50%, 50–75% and >75%) across
each section (VS and FC).

Statistical analyses

Statistical analyses were undertaken using GraphPad
Prism (GraphPad Software, San Diego, CA, USA).

ANOVA (using the Kruskal–Wallis test), followed by
Dunn’s multiple comparison test, was used to deter-
mine statistical significance when more than two vari-
ables were being compared and the Mann–Whitney
test was used to compare two variables. The χ2 test
was used to compare protein expression levels between
patients with and without promoter methylation.

Results

Somatic sequence alterations in tumour tissue

Exons 1–16 were sequenced from tissue samples
for each of the 16 patients with known germline
mutations, with a complete success rate of 86%.
The germline mutations were verified in all cases.
In addition, heterozygous somatic mutations, which
have not been previously detailed within the literature
and are unlikely to be common polymorphisms, were
identified in 5/16 individuals (Table 2, patients M1A,
M1B, M2B, M2C and M6A). The mutations identified
can be divided into three groups: exonic, intronic and
‘silent’ (see Suporting Information, Table S3, for a
summary of their predicted pathogenicity based on the
in silico analysis).

Exonic mutations (chromatograms are shown in
Figure 1)

Patient M1B has a missense mutation in exon 3
(260 G > A R87K; heterozygous), resulting in an
arginine to lysine substitution in a base pair which
is conserved between mouse and human (LAGAN
Alignment Toolkit). From in silico SIFT analysis,
the amino acid change caused by this mutation is
unlikely to be tolerated within the protein sequence.
In addition, RESCUE-ESE software suggests that this
mutation may activate a cryptic exonic splice site,
which could be important since this mutation occurs
within the propeptide domain. Patient M2B has a
mutation in exon 9, which converts a tryptophan
residue into a stop codon [1226 G > A W409STOP
(ht)], resulting in truncation of the protein within the
extracellular domain.

Intronic mutations

Four intronic mutations were identified in three
patients (Table 2, patients M1A, M1B and M2C): the
mutation present in the 5′ UTR [−53 G > A (ht)] of
patient M2C did not affect transcription factor binding
sequences or UTR functional elements and is there-
fore less likely to be pathogenic [32,38]. The other
three mutations, IVS5 − 14 C > T (ht)-M1A, M1B,
IVS9 − 19 C > T (ht)-M1A, and IVS7 + 43 G > A
(ht)-M1B, occur in sequences that are evolutionarily
conserved between human and mouse and one of these,
IVS5 − 14 C > T (ht), affects a conserved nucleotide
(LAGAN Alignment Toolkit). It is interesting that two
first cousins (M1A, M1B) harboured this same intronic
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Figure 1. Chromatograms of potentially pathogenic exonic mutations. An arrow indicates the position of the mutation. ht,
heterozygous

mutation [IVS5 − 14 C > T (ht)]. Splice factor bind-
ing sites may be affected by each of these intronic
mutations (Alternative Splicing Database).

‘Silent’ mutations

Additionally, three synonymous exonic mutations that
do not affect the amino acid sequence (567 C >
T F189F (ht)-M6A, 678 C > T A226A (ht)-M2A
and 2520 C > T S840S (ht)-M2B) were identified
(Table 2, patients M2A, M2B and M6A). All three
of these mutations were only identified in single indi-
viduals and have not been reported previously. In sil-
ico analysis suggests that these sequence alterations
may affect splicing. For each of the sequence alter-
ations identified in this study, the mutant codon usage
was less common than the wild-type codon. The exon
5 mutation 678 C > T A226A from patient M2A
resulted in a 13% reduction in codons used for incor-
poration of an alanine residue. This is similar to that
hypothesized to affect protein conformation [39].

Six polymorphisms (IVS1 +6 T > C, exon 12
1896 C > T H632H, IVS12 −13 T > C, exon 13
2076 T > C A692A, exon 14 C > T D764D and exon
16 2634 C > T G878G) were found, which were also
present in blood in many cases and have been previ-
ously reported in the literature. In contrast, apart from
two known common polymorphisms, IVS1 +6 C >
T (ht) and IVS4 C > G +10 (ht), no potentially
pathogenic mutations were identified in tumour mate-
rial from six HDGC patients without germline CDH1
mutations [9,40–42].

Loss of heterozygosity analysis

Material was available for loss of heterozygosity
(LOH) analysis from five individuals (M2D, M4B,
M5A, M6A, M8A). No convincing evidence was
found for LOH. In case M6A the patient was homozy-
gous for the markers within dinucleotide repeats

D16S3025 and D16S496 (data not shown; Table 2).
However, the sequencing analysis did not confirm
allelic loss, although this may not invalidate the
microsatellite analysis, since the tumour cellularity
was 50% and hence normal cells may have contam-
inated the sequencing result. LOH analysis was not
performed for the non-mutation cases, since normal
blood DNA was not available.

Methylation analysis

The methylation status of all patients with and with-
out mutation was analysed. Bisulphite conversion
prior to sequencing was almost complete [average
45.9/47 (97.6%) conversion rate]. The positive control
(CpGenome Universal Methylated DNA) was heav-
ily methylated, whereas the negative control cell line
(MKN-45) and two normal gastric samples taken
from members of HDGC families without germline
mutations exhibited lack of methylation. In contrast,
4/16 (25%) patients with germline mutations, includ-
ing three within the same family (M1B, M2A, M2B,
M2C), had >25% methylation (measured by bisul-
phite sequencing), which is sufficient to cause a loss
of E-cadherin expression [43], although this was never
present in all of the clones analysed from an individ-
ual (Figure 2B, C). In contrast, bisulphite sequencing
on endoscopic surveillance specimens of E-cadherin
expressing histopathologically normal gastric tissue
from an unaffected mutation carrier in family 2
(patient M2E) was negative for promoter methylation.

The possible explanations for the observed variation
in methylation between patients include allele-specific
methylation, polyclonal variation or normal cell con-
tamination. The polymorphism at position −160 (C >
A) enabled the identification of specific alleles in our
cloned bisulphite sequences. In patients M1B, M2A
and M2C, methylation was restricted to the A allele
in each case (Figure 2B).
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Figure 2. (A) E-cadherin promoter region under investigation. Bisulphite sequencing runs between nucleotides −163 and +38
and the four CpGs analysed by pyrosequencing are marked (each lollipop represents a CpG). The positions of the −160 C/A
polymorphic locus and the germline mutation in family 2 (grey arrow) are also shown. Black arrows show the primers used
for allele-specific PCR. (B) Methylation patterns within the E-cadherin promoter for three patients demonstrating allele-specific
methylation. Black lollipops indicate methylation of each CpG. The nucleotide present at the −160 C/A polymorphic locus is given
for each of the five clones for each patient. (C) Bisulphite sequencing results values are percentage methylation calculated for
five clones (three clones for control subjects and the unaffected mutation carrier). Error bars are standard error of the mean.
(D) Chromatograms demonstrating the germline mutation in patient M2B with respect to the 160C/A polymorphic locus. The
germline mutation is present on the same allele as the C nucleotide at position −160 and not present when the A allele is present
at this location

In order to further investigate the mono-allelic
nature of this methylation, the −160 C > A polymor-
phism was used to design allele-specific primers that
encompassed the polymorphic locus and the location
of the exon 1 germline mutation (45 insT) found in
family 2 (in family 1 the germline mutation is in exon
6 and hence this approach was not possible). Using
this method for patient M2A, in whom there was suffi-
cient material available for analysis, none of the clones
containing the A nucleotide at the −160 C > A poly-
morphic locus contained the germline mutation. From
patient M2B we had determined that the C nucleotide
was on the same allele as the germline mutation
(Figure 2D). Together these data suggest that, in fam-
ily M2, allele-specific methylation is occurring to inac-
tivate the allele which is not affected by germline
mutation.

In order to obtain a quantitative estimate of methy-
lation status in patients with and without germline

mutations compared with normal gastric control tissue,
pyrosequencing was performed (Figure 3). Pyrose-
quencing analysis was successful for 10 HDGC
patients with germline mutations who had been anal-
ysed for somatic mutations. Despite a high degree of
patient variability, the level of methylation was gen-
erally greater in the tumour samples from germline
CDH1 mutation cases compared to the seven non-
germline mutation cases and normal gastric controls
(Figure 3; p = not significant).

E-cadherin expression and relationship to N- and
P-cadherin expression

E-cadherin mRNA expression was performed in 11/16
patients with germline mutation and six of seven
patients without germline mutation (Table 2). The
mean level of E-cadherin mRNA expression within
the tumour material of diffuse gastric cancer patients
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Figure 3. (A) Pyrosequencing analysis showing the level of
methylation across the four CpGs in each sample (dot) and the
mean level for the group (horizontal line). (B) Representative
pyrosequencing trace from patient M2C. The percentage of
PCR products with methylation is shown in blue for each of the
four CpGs

(whether or not they harboured germline CDH1 muta-
tions) was lower than the expression found in the
normal gastric controls (n = 6) and was absent in one

individual (patient M1B), (p < 0.05; Figure 4A). In
addition, the relative mRNA expression levels of those
patients with promoter methylation (detected by bisul-
phite sequencing) and those patients without promoter
methylation were compared (only germline mutation
patients; Figure 4B). The patients harbouring promoter
methylation had statistically significantly lower lev-
els of relative mRNA expression levels (p = 0.0242).
In contrast, the unaffected mutation carrier had strong
E-cadherin expression.

The results of immunohistochemical analysis of
E-cadherin protein expression levels are summa-
rized in Table 2 and representative staining patterns
are shown in Figure 4C. Immunohistochemistry for
E-cadherin was performed on 15/16 patients with
germline mutation and five of seven non-mutation
patients (Table 2). Histopathologically normal tissue
was used as a control and E-cadherin staining was con-
sidered to be normal when >75% epithelial cells had
membranous expression without increased cytoplas-
mic expression. Using these criteria, 100% of patients
with CDH1 germline mutations for whom sections
were available had abnormal staining. Staining was
negative in four patients (M1B, M2A, M2B, M4A) and
the remainder had reduced expression or protein aber-
rantly expressed within the cytoplasmic compartment.

Figure 4. (A) The mean level of E-cadherin mRNA expression in tumour material from 10 mutation carriers is compared
to six non-mutation carriers and six normal gastric samples (p < 0.05 for mutation cases compared with normal gastric).
(B) A comparison of the mRNA expression levels in those patients with and without promoter methylation. Only patients
with germline E-cadherin mutations are included (∗p < 0.05). (C) Examples of immunohistochemical staining patterns: i, negative
control; ii, normal gastric tissue positive control (E-cadherin); iii, strong membranous E-cadherin in normal gastric tissue from
unaffected germline mutation carrier; iv, membranous and cytoplasmic E-cadherin expression in tumour material from a patient
without a germline mutation; v, membranous and cytoplasmic E-cadherin expression in tumour from a patient with a germline
mutation; vi, lack of E-cadherin expression in tumour from a patient with a germline mutation; vii, tumour material demonstrating
strong membranous and cytoplasmic P-cadherin expression; viii, tumour material demonstrating lack of P-cadherin expression.
Magnification, ×400
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Statistically significantly more patients with promoter
methylation were negative for E-cadherin protein
expression compared with patients without promoter
methylation (p = 0.012, using χ2 test). The unaffected
mutation carrier (M2E) had normal membranous stain-
ing (Figure 4Ciii). In patients without germline muta-
tion normal E-cadherin expression was seen in two of
five patients, whilst three of five patients had abnormal
expression.

Immunohistochemistry for P-cadherin was per-
formed on 13/16 patients with germline mutation
and five of seven non-mutation patients (Table 1). P-
cadherin expression (Table 2, Figure 4C) was found
in >25% of tumour cells in 7/13 (54%) patients with
germline mutations and four of five (80%) patients
without germline mutations. Two cases (M2B, M7A)
with mutations and two cases (N13A, N17A) without
mutations had expression in >75% cells. In patients
M2B and M1B, P-cadherin expression was seen in
the absence of E-cadherin, suggesting that cadherin
switching had occurred. N-cadherin expression was
not observed in any tumour material, despite positive
staining of nerve cells as a positive internal control
(data not shown).

Discussion

This study has demonstrated that somatic mutation and
promoter methylation are both mechanisms of inacti-
vation of the second allele in individuals with germline
E-cadherin mutations. Interestingly, more than one
mechanism may be involved in E-cadherin silenc-
ing of the second allele within the same patient. In
contrast, tumour material from patients from families
with HDGC without germline CDH1 mutations have
reduced E-cadherin expression but, in our series, did
not have evidence of somatic mutations or hyperme-
thylation of CDH1. For the first time we have shown
that aberrant P-cadherin expression occurs commonly
in HDGC tumours (11/18, 61%) whether or not a
CDH1 germline mutation is present. Although cad-
herin switching was observed in two patients, com-
plete loss of E-cadherin was not necessary for expres-
sion of P-cadherin to occur.

There are a number of limitations to this study.
All of the DNA and RNA were extracted from
FFPET and therefore a significant level of degradation
was present. Furthermore, the amount of material
available was very limited and for this reason the
study was conducted using whole sections rather
than microdissected tumour material. The presence
of stromal and non-cancerous epithelial cells in the
whole sections may have reduced the signal from the
tumour material, making the second hit more difficult
to identify. The mean tumour cellularity of the samples
used was 64%, which could have led to false-negative
results. However, since most samples (13/16, Table 2)
had a cellularity above 50%, we feel that this is
unlikely. Further studies are required to determine the

allele specificity of the DNA tumour sequence changes
indentified. Extended sequencing analysis may help
to achieve this but it will be very challenging when
using DNA from FFPET material. Due to the rarity of
HDGC, the number of samples studied is small and
hence caution should be used when interpreting the
significance of these results.

As well as somatic mutations, promoter methylation
was identified as one mechanism of wild-type allele
inactivation in four of 16 (25%) individuals, including
three of four members from family M2. Three of these
patients with a methylated promoter were negative for
E-cadherin expression. This is in keeping with pre-
vious work reporting aberrant methylation in 50–80%
of patients displaying lack of E-cadherin immunoreac-
tivity [16,44]. Here we were able to extend previously
published data and show in family M2 that there was
no germline mutation in the methylated A allele. Thus,
methylation is likely to be the second hit responsible
for gene silencing.

In keeping with previously published data [44], there
were individuals with a germline mutation who did not
appear to exhibit any of the second-hit mechanisms
under investigation (although LOH was not analysed
in all cases). Where LOH was performed, although
not conclusive, there was a possibility that this had
occurred in patient M6A. This is interesting, since
LOH has been previously described in sporadic diffuse
gastric cancer as the second-hit mechanism [45–47].
Further investigation would be worthwhile in future
cases using microdissected snap-frozen tumour mate-
rial. It should also be borne in mind that alternative
inactivation mechanisms, such as intragenic deletion,
may have occurred [17]. Transcriptional repression
or post-translational modifications, including ectoderm
shedding, may also contribute to E-cadherin inacti-
vation. It is also possible that mutation of only one
E-cadherin allele is sufficient for tumour initiation,
especially if it is acting in a dominant-negative fash-
ion [48]. Other indirect mechanisms of silencing may
also play a role, such as the miR-200 family of
microRNA, which has been shown to indirectly reg-
ulate the expression of E-cadherin through the tran-
scriptional repressors ZEB1 and ZEB2 [49,50].

In patients with gastric cancer without germline
mutations a number of previous reports have described
mutations, methylation and LOH as the main mecha-
nisms for inactivation of E-cadherin [45–47]. How-
ever, the inverse correlation between LOH and pro-
moter methylation, together with low rates of muta-
tions reported by Liu et al [47], suggests that other
mechanisms not fulfilling the classical two hit hypoth-
esis are involved. Interestingly, methylation was iden-
tified in patients fulfilling the criteria for HDGC with-
out any mutation. It may be possible that these patients
without germline CDH1 mutations behave more like
sporadic cases than familial cases with regard to mech-
anisms for E-cadherin silencing. However, it would be
interesting to investigate LOH, which was not possible
with the material available for this study [45–47].
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The finding that P-cadherin was frequently ex-
pressed in the presence of E-cadherin was interesting,
since it may suggest that cadherin switching is occur-
ring in these tumours. Other studies have demonstrated
that even when E-cadherin continues to be expressed,
aberrant expression of N-cadherin can also have a
direct and dominant influence on the phenotype of
epithelial cells [51]. P-cadherin was expressed to sim-
ilar levels in HDGC patients and sporadic gastric can-
cer cases [52,53], suggesting that both tumour types
may become more invasive through similar mecha-
nisms, despite their different primary aetiology. Func-
tional studies would be required in order to further
investigate the significance of increased P-cadherin in
this context.

Overall, this study has yielded useful data, despite
the limitations imposed by the small quantity and
archival nature of the patient material. Although E-
cadherin loss is a common phenomenon in diffuse type
gastric cancer, somatic alterations, such as mutation
and methylation, were restricted to those patients with
germline CDH1 mutations. Furthermore, since the
data suggest that there are a variety of second-hit
mechanisms, this may make the future application
of chemopreventive options, such as demethylating
agents, more limited than previously hoped [16]. More
research is required to understand the key molecular
genetic events that lead to the development of cancer
in HDGC patients, so that alternatives to prophylactic
surgery can be offered.
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