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Abstract ‘

Aberrant DNA methylation has been shown to play important roles during multistage carcinogenesis in various human
organs. The aim of this study was to evaluate the significance of DNA methyltransferase 1 (DNMT1) protein expression
during cervical carcinogenesis. We carried out an immunohistochemical examination for DNMTI in 34 samples of histo-
logically normal squamous epithelium, 36 samples of low-grade cervical intraepithelial neoplasia (CIN), 61 samples of
higher-grade CIN and 30 samples of squamous cell carcinoma of the uterine cervix. The DNMT1 protein expression score,
reflecting. the intensity and incidence of DNMTI nuclear immunoreactivity, was increased even in low-grade CIN
(P <0.0001) in comparison: with histologically normal squamous epithelium and was further increased in higher-grade
CIN (P.<0.0001 compared to low-grade CIN). The DNMTI protein expression score remained at a plateau in microin-
vasive carcinoma (Stage IA, P = 0.0690 compared to higher-grade CIN) and then decreased with cancer invasion (Stage 1B
or more, P = 0.0176 compared to Stage IA), whereas the proliferating cell nuclear antigen (PCNA) labeling index did not
decrease with cancer invasion (P = 0.8259 between Stage 1A and Stage IB or more). Thus, the DNMTI protein expression
score and the PCNA labeling index were not mutually correlated in squamous cell carcinoma of the uterine cervix
(P = 0.2304). These data suggest that progressively increasing expression of DNMTI protein is not entirely a secondary
result of increased cell proliferative activity, but is associated with an early step of multistage cervical carcinogenesis.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: DNA methylation; DNA methyltransferase. 1 (DNMT1); Proliferating cell nuclear antigen (PCNA); Cervical intraepithelial
neoplasia (CIN); Squamous cell carcinoma; Uterine cervix

1. Introduction

DNA methylation plays important roles in tran-

scriptional regulation, chromatin remodeling and

* Corresponding author, Fax: +81 3 3248 2463. genetic ' stability. Overall DNA ‘hypomethylation
E-mail address: ykanai@ncc.go.jp (Y. Kanai). and regional DNA hypermethylation are commonly
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observed in human cancers of various organs [1-3].
Aberrant DNA methylation may play roles in carci-
nogenesis as a result of (a) increased gene mutage-
nicity due to deamination of 5-methylcytosine to
thymine; (b) possible association of aberrant DNA
methylation with genetic instability; and (c) silenc-
ing of tumor-related genes through DNA methyla-
tion on CpG islands in cooperation with histone
modification [1]. Furthermore, accumulating evi-
dence suggests that aberrant DNA methylation is
involved even in the early and precancerous stages
of human carcinogenesis [4,5]. Precancerous condi-
tions showing aberrant DNA methylation may rap-
idly progress and generate more malignant cancers
[6,7].

DNA methyltransferase 1 (DNMT1) is the major
human DNMT [1]. As DNMT]1 shows a preference
for hemimethylated rather than unmethylated sub-
strates in vitro [8], and targets replication foci by
binding to proliferating cell nuclear antigen
(PCNA) [9], it has been considered to be a mainte-
nance form of DNMT that copies methylation
patterns after DNA replication. However, some
workers have proposed that DNMTI1 possesses
both maintenance and de novo DNA methylation
activity in vivo [10,11], regardless of its in vitro
substrate preference. We have reported that
DNMTI1 protein overexpression precedes an
increase of the PCNA labeling index in precancer-
ous conditions in the urinary bladder [12], and is
significantly correlated with poorer differentiation
of liver [13], stomach [14] and pancreatic [15] can-
cers and a poorer prognosis of patients with liver
[13] and pancreatic [15] cancers. Moreover, in
stomach [14], colorectal [16], urinary bladder [17]
and pancreatic [18] cancers, DNMT1 overexpres-
sion is significantly correlated with the CpG island
methylator phenotype (CIMP) [19], which is defined
as frequent DNA hypermethylation on C-type CpG
islands that are usually methylated in a cancer-spe-
cific (not age-dependent) manner, or accumulation
of DNA hypermethylation of multiple tumor-related
genes.

With respect to cervical carcinogenesis, an early
study demonstrated global DNA hypomethylation
in squamous cell carcinoma and its precursor lesion
[20], and some subsequent studies have revealed
accumulation of DNA hypermethylation of
tumor-related genes in squamous cell carcinoma
[21-24]. However, to our knowledge, expression of
DNMT1 has never been reported during multistage
cervical carcinogenesis to date. In this study we

carried out an immunohistochemical examination
of DNMT]1 in a series of tissue samples of uterine
cervix squamous cell carcinoma and its precursor
lesion.

2. Materials and methods
2.1. Patients and samples

Thirty-four samples of histologically normal squamous
epithelium, 36 samples of low-grade CIN (CIN1) [25], 61
samples of higher-grade CIN (CIN2 and CIN3) [25] and
30 samples of squamous cell carcinoma (10 samples of
microinvasive caricinoma [Stage IA] [26] and 20 samples
of invasive carcinoma [Stage IB or more] [26]) of the uter-
ine cervix were used for immunohistochemistry. Histopa-
thological diagnosis and clinical staging were performed
on the basis of previously described criteria [25,26]. All
161 tissue samples were obtained from 49 patients (mean
age + SD, 46.88 + 11.72 years [range, 26-74 years]) who
underwent conization or hysterectomy because of high-
er-grade CIN or squamous cell carcinoma of the uterine
cervix at the National Cancer Center Hospital, Tokyo.
With respect to 10 samples of microinvasive carcinoma,
their microinvasive components, not non-invasive compo-
nents, were examined immunohistochemically. There were
no patients from whom multiple tissue samples were
obtained metachronously. This study was approved by
the Ethics Committee of the National Cancer Center,
Tokyo.

2.2. Immunohistochemistry

Five-micrometer-thick sections of formalin-fixed, par-
affin-embedded tissue specimens were deparaffinized and
dehydrated. For antigen retrieval, the sections were heated
for 10 min at 120 °C in an autoclave. Non-specific reac-
tions were blocked with 2% normal swine serum. All sec-
tions were incubated with specific primary antibodies
directed against DNMT1 (goat polyclonal antibody,
sc-10219; Santa Cruz Biotechnology, Santa Cruz, CA;
dilution 1:1000) and PCNA (mouse monoclonal antibody,
p56720; Transduction Laboratories, Lexington, KY; dilu-
tion 1:200). We had previously confirmed the specificity of
the goat anti-human DNMTI1 polyclonal antibody by
Western blotting analysis: an immunoreactive band of
about 193.5 kDa, corresponding to the molecular mass
of DNMT]1, was detected in human cancer cells, but no
non-specific bands were detected [13]. Both primary anti-
body incubations were conducted at 4 °C overnight, and
were followed by incubation with biotinylated secondary
antibodies (anti-goat IgG or anti-mouse IgG, Vector Lab-
oratories, Burlingame, CA; dilution 1:200) at room tem-
perature for 30 min. The sections were then treated with
Vectastain Elite ABC reagent (Vector Laboratories).
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3.3’-Diaminobenzidine tetrahydrochloride was used as the
chromogen, and all sections were counterstained with
hematoxylin. As a negative control, the primary antibod-
ies were omitted from the reaction sequence.

In all examined patients without exception, uniform
intensity of DNMT1 immunoreactivity was detected in
the nucleus of parabasal cells of the histologically normal
squamous epithelium of the uterine cervix. Therefore,
parabasal cells were used as internal positive controls in
all samples. Without exception, DNMT1 immunoreactiv-
ity was detected only in the nucleus, and never in the cyto-
plasm or cell membrane. The intensity of DNMT]1 nuclear
immunoreactivity in each sample was graded as 0 (less
than the internal positive control), 1 (equal to the internal
positive control) and 2 (more than the internal positive
control). For each sample, at least 500 cells were randomly
counted. If the lesion was small with less than 500 cells, all
the cells were counted. The incidence of DNMT]1 nuclear
immunoreactivity in each sample was graded as 0
(less than 20% of the counted cells), 1 (20% or more,
and less than 50%) and 2 (50% or more). The DNMT1
protein expression score (0, 1, 2 or 4) was determined as
the product of the intensity grade (0, 1 or 2) and the inci-
dence grade (0, 1 or 2). The PCNA labeling index in each
sample was expressed as a percentage of all the cells
counted.

2.3. Statistics

Comparisons of the DNMT1 protein expression score
and the PCNA labeling index between sample groups
were analyzed by the chi-squared test and the Mann-
Whitney U-test, respectively. Comparisons of mean
patient age among sample groups were analyzed by the
Kruskal-Wallis test. Correlations of the DNMT]1 protein
expression score on the one hand and patient age or the
PCNA labeling index on the other were analyzed by the
chi-squared test and the Mann—Whitney U-test, respec-
tively. For all tests, P < 0.05 was considered to be the level
of significance.

3. Results

3.1. DNMTI protein expression score in uterine cervix
squamous cell carcinoma and its precursor lesion

Fig. 1 shows examples of immunohistochemical stain-
ing for DNMT!1 in tissue samples. The distribution of the
DNMT] protein expression score in each sample group is
summarized in Table 1. The DNMT! protein expression
score increased progressively from histologically normal
squamous epithelium, to low-grade CIN (P < 0.0001 com-
pared to histologically normal squamous epithelium), and
to higher-grade CIN (P < 0.0001 compared to low-grade
CIN). DNMT]1 protein expression peaked in higher-grade
CIN, and there was no significant increase of the DNMT1

%, ‘ N = -

Fig. 1. Immunohistochemical examination for DNMTI in
histologically normal squamous epithelium (A) and CINs (B
and C) of the uterine cervix. (A) Parabasal cells (arrow) of
histologically normal squamous epithelium served as positive
controls. The DNMTI protein expression score was 0 in this
sample. (B) DNMT1-positive cells were observed in low-grade
CIN (DNMTI protein expression score: 1). (C) The incidence
of DNMTI nuclear immunoreactivity was further increased
in higher-grade CIN (DNMTI1 protein expression score: 2)
280x.
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Table 1
Immunohistochemical examination for: DNA methyltransferase (DNMT) 1 in uterine cervix squamous cell carcinoma and its precursor
lesion
Tissue samples Number of specimens (%) : P

Analyzed DNMT]1 protein expression score”

0 1 2 4

Histologically normal squamous epithelium 34 34 (100) 0(0) 0(0) 0.(0) <0.0001
Low-grade cervical intraepithelial neoplasia (CIN1)? 36 16 (44.4) 18 (50) 2(5.6) 0.(0) <0.0001
Higher-grade CIN (CIN2 and CIN3)® 61 3.(4.9) 29 (47:5) 29 (47.5) 0 (0) 0.0690
Microinvasive carcinoma (Stage TA)® 10 1 (10) 5.(50) 3(30) 1:(10) 0.0176
Invasive carcinoma (Stage IB or tnore)? 20 8 (40) 12 (60) 0(0) 0(0)

#-According to Ref. [25].
b According to Ref. [26].

° The DNMTI protein expression score (0, 1,2 or 4) was determined as the product of the intensity grade (0, 1 or 2) and the incidence

grade (0, 1 or 2).
4 Chissquared test.

protein expression score from : higher-grade CIN to
microinvasive carcinoma (Stage IA, P = 0.0690 compared
to higher-grade CIN). With cancer invasion and extent,
from microinvasive carcinoma fo invasive carcinoma
(Stage IB or more), the DNMTI protein expression score
decreased significantly (P.= 0.0176 between Stage IA and
Stage 1B or more). Even in invasive carcinoma, the
DNMTI protein expression score was significantly higher
than that in histologically normal squamous epithelium
(P:<0.0001).

The patient age (mean age = SD) in each sample group
(histologically normal squamous epithelium, low-grade
CIN, higher-grade CIN, microinvasive carcinoma and
invasive carcinoma) was 45.53 +11.70, 45.89 4+ 11.97,
4421 +11.69, 42.40 4 8.86 and 4825+ 13.47, respectively,
and there were no significant differences in patient age
among the sample groups (P = 0.7682). The DNMTI
protein expression score in histologically normal squa-

Table 2

mous epithelium, low-grade CIN, higher-grade CIN and
squamous cell carcinoma each did not correlate with
patient age (Table 2). The DNMTI protein expression
score in squamous cell carcinoma (# = 30) did not corre-
late with the clinicopathological parameters (presence or
absence of lymphatic vessel involvement [P = 0.2954],
venous involvement [P = (.7370] and lymph node metas-
tasis [P = 0.6163],-data not shown).

As mentioned above, the average DNMTI protein
expression score in invasive carcinoma (Stage IB or more)
was lower than that in microinvasive carcinoma or non-
invasive higher-grade CIN. In fact, the incidence of
DNMT!I nuclear immunoreactivity was lower in the cen-
tral portion of large nests of invading cancer cells than
that in non-invasive lesions: However, even in such inva-
sive carcinoma, cancer cells often showed particularly
strong DNMTI nuclear immunoreactivity at the leading
front of deep invasion (Fig. 2).

Lack of significant correlation between patient age and expression level of DNA methyltransferase (DNMT) 1 protein in uterine cervix

squamous cell carcinoma and its precursor lesion

Tissue samples Age () Number of patients (%) P
Analyzed -DNMTI protein expression score?
0 1 2 4
Histologically normal squamous epithelium Less than 47 . 18 18:(100) 00 0(0) 0.(0)
47 or more 16 16 (100) 0(0) 0.(0) 0(0)
Low-grade cervical intraepithelial neoplasia (CIN1)® . Less than 47 19 10(52.6)  7(368)  2(105) 0(0) 0.1504
47 or more 17 6(353) 11(647)  0(0) 0.(0)
Higher-grade CIN (CIN2 and CIN3)? Less than 47 .35 1(2.9) 19(54.3) 15(42.9). 0(0) 0.3918
47 or more 26 2¢1.7) - 10(38.5) . 14(53.8)  0.(0)
Squamous cell carcinoma Less than 47 15 4.(26.7) 9.(60) 2 (13.3)...0(0) 0.6815
47 or more 15 5(33.3)  8(53.3) 1(6:7) - 1(6.7)

2 According to Ref. [25]

b The DNMT]1 protein expression score (0, 1,2 or 4) was determined as the product of the intensity grade (0, 1 or 2) and the incidence

grade (0, 1 or 2).
¢ Chi-squared test:
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Fig. 2. Immunohistochemical examination for DNMT] in inva-
sive squamous cell carcinoma of the uterine cervix. Although only
weak DNMTI nuclear immunoreactivity (DNMTI1 protein
expression score: 1) was detected in the center of a large nest of
invasive carcinoma (A), cancer cells showed particularly strong
nuclear DNMT! immunoreactivity at the invading front (B)
560x.

3.2. PCNA lebeling index in uterine cervix squanious cell
carcinoma and its precursor lesion

Fig. 3 shows examples of immunohistochemical stain-
ing for PCNA in tissue samples. The PCNA labeling index
of each sample group (a mean + SD) is summarized in
Table 3. Unlike the DNMT1 protein expression score,
the PCNA labeling index increased progressively from
histologically normal squamous epithelium, to low-grade
CIN (P <0.0001 compared to histologically normal squa-
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Fig. 3. Immunohistochemical examination for PCNA in higher-
grade CIN (A) and invasive squamous cell carcinoma (B) of the
uterine cervix. The PCNA labeling index did not decrease with
cancer invasion. 280x.

mous epithelium), higher-grade CIN (P < 0.0001 com-
pared to low-grade CIN) and microinvasive carcinoma
(Stage IA, P=0.0112 compared to higher-grade CIN).
The PCNA labeling index did not decrease with cancer
invasion and remained at a plateau in invasive carcinoma
(Stage IB or more, P =0.8259 to Stage IA). Thus, the
DNMT! protein expression score and the PCNA labeling
index did not show mutual correlation in squamous cell
carcinoma of the uterine cervix (n=30, P =0.2304,
Fig. 4).

4. Discussion

We believe that this is the first report to describe
DNMT]1 protein expression in uterine cervix squa-
mous cell carcinoma and its precursor lesion.
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Table 3

Immurniohistochemical determination of proliferating cell nuclear antigen (PCNA) in uterine cervix squamous cell carcinoma and its

precursor lesion

Tissue samples Analyzed (number of PCNA labeling index P
specimens) (mean + SD)
Histologically normal squamous epithelium 34 4.03+ 8.581 <0.0001
Low-grade cervical intraepithelial neoplasia 36 37.419 £ 13.595 <0.0001
(CIN1)?
Higher-grade CIN (CIN2 and CIN3)? 61 74711 +£20.716 0.0112
Microinvasive squamous cell carcinoma (Stage TA)® 10 89.190:4-9.563 0.8259
Invasive squamous cell carcinoma (StagelB or 20 87.310 £ 13.601
more)®

#- According to Ref. [25]
5 According to Ref. [26].
¢ Mann-Whitney U-test.
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Fig. 4. DNMT]1 protein expression score and PCNA labeling
index in squamous cell carcinom of the uterine cervix. The PCNA
labeling index is expressed as mean £ SD. DNMT! protein
expression level and cell proliferative activity were not mutually
correlated (P.= 0.2304).

DNMT] protein expression was found to be signif-
icantly increased in squamous cell carcinoma in
comparison with histologically normal squamous
epithelium. There were no significant differences in
patient age between the sample groups. Therefore,
DNMT! protein overexpression was not attribut-
able to aging, but showed a possible association
with cervical carcinogenesis.

Histopathological and clinical observations have
revealed that CIN is a precursor lesion for squa-
mous cell carcinoma of the uterine cervix [25]. Even
in low-grade CIN, significant elevation of the
DNMTI protein expression score was detected in
comparison with histologically normal squamous
epithelium, and the DNMT!1 protein expression

score reached a peak in higher-grade CIN, suggest-
ing that DNMT1 protein overexpression is an early
event during multistage cervical carcinogenesis. It is
well known that CIN of the uterine cervix is closely
associated with human papillomavirus (HPV) infec-
tion [27,28]. We have frequently observed DNMT]
protein overexpression in precancerous conditions
with chronic inflammation and/or persistent infec-
tion with viruses or other pathogenic microorgan-
isms, such as chronic hepatitis and liver cirrhosis
associated with hepatitis B or C virus infection
[6,29-35]. The present data suggest that CIN of
the uterine cervix can be ranked as a precancerous
lesion showing DNMT!1 protein overexpression
associated with persistent viral infection. When
PCR detection of HPV-16, which is known to be
frequently associated with cervical carcinogensis,
was performed in specimens microscopically dissected
from tissue samples in which we had carried out
immunohistochemical examination for DNMTI,
the DNMT 1 protein expression score did not corre-
late with the presence or absence of HPV-16 infec-
tion in low-grade CIN (P = 0.1715), higher-grade
CIN (P =0.4569) and squamous cell carcinoma
(P = 0.5836, data not shown). Although HPV-16
infection may not directly affect the DNMTI
expression level, HPV-16 E7 protein has been
reported to directly associate with DNMT! and
stimulate the methyltransferase activity of DNMT!1
in vitro [36]. Overexpressed DNMTI may be activated
by HPV-16 E7 protein during cervical carcinogene-
sis. Since DNMT1 protein overexpression is a very
early event during multistage cervical carcinogene-
sis, it is not surprising that the DNMTI protein
expression score did not correlate with clinicopath-
ological parameters reflecting tumor aggressiveness
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or progression, such as lymphatic and venous
involvement, and lymph node metastasis.

DNMTI mRNA is expressed mainly during S-
phase in normal cells, and because tumor tissue pre-
sumably contains a greater proportion of dividing
cells than normal tissue, there has been some debate
as to whether increased DNMT1 mRNA expression
is due to an increase in the proportion of dividing
cells or to an acute increase in DNMTI expression
per individual cell [37]. This continuing discussion
prompted us to compare the DNMTI1 protein
expression score and the PCNA labeling index in
tissue samples. DNMT1 protein overexpression
reached a peak in higher-grade CIN and microinva-
sive carcinoma, and the peak of the DNMTI1 pro-
tein expression score preceded that of the PCNA
labeling index. The DNMT!1 protein expression
score was decreased in invasive carcinoma, whereas
the PCNA labeling index was retained at the same
level. Thus, the DNMT]1 protein expression level
did not correlate with cell proliferative activity in
tissue specimens, suggesting that DNMT1 protein
overexpression does not result entirely from
increased numbers of dividing cells during cervical
carcinogenesis. We have previously observed a sim-
ilar discrepancy between DNMT1 protein expres-
sion level and cell proliferative activity in
precancerous conditions in the urinary bladder [12]
and in certain subgroups of stomach [14] and renal
[7] cancers. Several mechanisms for regulation of
DNMT]1 expression have been proposed in human
cancers. Dysfunction of p53 tumor suppressor pro-
tein results in DNMT1 mRNA overexpression [38]
and DNMT1 protein is stabilized in cultured cancer
cells [39]. Aberrant DNA methylation is closely
associated with cancers preceded by chronic inflam-
mation and/or persistent viral infection, and cyto-
kine interleukin-6 treatment [40] and induction of
latent membrane protein 1 of Epstein—Barr virus
[41], which is associated with nasopharyngeal and
stomach cancers, induce DNMT1 overexpression
in cultured cancer cells. The molecular mechanisms
responsible for DNMT1 overexpression during mul-
tistage cervical carcinogeneis should be clarified.

DNMTI targets replication foci, where DNA
methylation patterns are copied from the mother
strand, by binding to PCNA [9]. However, targeting
of the substrate DNA by DNMT1 may be disrupted
by mechanisms such as dysfunction of p21WAF1,
which competes with DNMT1 for binding to
PCNA, in cancer cells [42]. Moreover, it has recently
been suggested that DNMT1 is capable of de novo

methylation activity as well as having a maintenance
function [10,11]. Therefore, it is feasible that, in can-
cers, DNMT1 overexpression participates in the
de novo methylation of CpG islands. In fact, we have
already reported that DNMT1 mRNA or protein
overexpression is significantly correlated with CIMP
of stomach [14], colorectal [16], and urinary bladder
[17] cancers, and with accumulation of DNA hyper-
methylation of multiple tumor-related genes in pan-
creatic cancer [18]. DNMT1 protein overexpression
may thus also become a background factor associated
with silencing of tumor-related genes during multi-
stage cervical carcinogenesis. In fact, reduction of
DNMT]1 expression results in re-expression of the
E-cadherin gene in cultured cervical cancer cells
[43]. We tried to evaluate the DNA methylation sta-
tus of the promoter regions of multiple tumor-related
genes in specimens microscopically dissected from
formalin-fixed and paraffin-embedded tissue sam-
ples in which we had performed immunohistochem-
ical examination for DNMT1. However, we were
able to examine only a small number of genes and
specimens because the microdissected specimens
were tiny and the DNA was degraded. Further tech-
nical improvement will be needed in order to identi-
fy tumor-related genes that may be targeted by
overexpressed DNMT1 in our cohort.

The level of DNMT1 protein expression initially
increased until higher-grade CIN and microinvasive
carcinoma, and then decreased in invasive carci-
noma. In our previous study of the urinary bladder,
although DNMT1 protein expression was lower in
invasive carcinoma than in carcinoma in situ, CIMP
was continuously maintained during progression
from carcinoma in situ to invasive carcinoma [17].
DNMT]1 overexpressed at an early stage may be
related not only to DNA hypermethylation of
tumor-related genes, but also to silencing of genes
by recruiting the transcriptional repressor protein
complex including DMAP1, DNMT]-associated
protein, and histone deacetylases [44,45]. DNA
hypermethylation on multiple CpG islands may be
maintained even if DNMTI1 expression is dimin-
ished to some extent during malignant progression.

Even after the peak of DNMT]1 protein overex-
pression, heterogeneous expression was observed
in some invasive carcinomas: cancer cells often
showed particularly strong DNMT]1 nuclear immu-
noreactivity at the invading front (Fig. 2). There
appears to be a mechanism regulating DNMT]I
protein expression, possibly one that depends
on cancer-stromal interactions and/or the
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microenvironment of cancer cells.; Such findings are
consistent with the particularly strong DNMT1
expression at the invading front of urinary bladder
cancers: with unfavorable clinical “outcome [12]:
DNMTI reactivated ‘at the invading front may
locally silence an additional set of genes with anti-
invasive function,

Acknowledgements

This work was supported by a Grant-in-Aid for
the Third Term Comprehensive 10-Year Strategy
for Cancer Control and a Grant-in-Aid for Cancer
Research from the Ministry of Health, Labor and
Welfare of Japan, and a program for promotion
of Fundamental Studies in Health Sciences of the
National Institute of Biomedical Innovation (Ni-
Bio). M. Sawada is a recipient of a research resident
fellowship from the Foundation for Promotion of
Cancer Research in Japan. '

References

[1] P.A. Jones, S.B. Baylin, The fundamental role of epigenetic
events in cancer, Nat. Rev. Genet. 3 (2002) 415-428.

[2] G. Egger, G. Liang, A. Aparicio, P.A. Jones, Epigenetics.in
human disease and prospects for epigenetic therapy, Nature
429.(2004) 457-463.

[3]1:S.B. Baylin, J.E. Ohm, Epigenetic gene silencing in cancer —a
mechanism for early oncogenic pathway addiction? Nat.
Rev. Cancer. 6 (2006) 107-116.

[4] K. Eguchi, Y. Kanai, K. Kobayashi, S. Hirohashi, DNA
hypermethylation at the DI7S5 locus in non-small cell lung
cancers: its association with smoking history, Cancer Res. 57
(1997) 4913-4915.

[5].Y. Kanai, S. Ushijima, A. Ochiai, K. Eguchi, A.M, Hui,

S. Hirohashi, DNA hypermethylation at the D17S5 locus is.

associated with  gastric' carcinogenesis, Cancer Lett. 122
(1998) 135-141.

[61 Y. Kanai, S. Ushijima, H. Tsuda, M. Sakamoto,
T. Sugimura, S. Hirohashi, Aberrant DNA methylation on
chromosome 16 is an early event in hepatocarcinogenesis,
Jpn. J. Cancer Res. 87 (1996) 1210-1217,

[71 E. Arai, Y. Kanai, S. Ushijima, H. Fujimoto, K. Mukai,
S. Hirohashi, Regional DNA hypermethylation and DNA
methyltransferase (DNMT) | protein overexpression in both
renal tumors and corresponding nontumorous renal tissues,
Int. J. Cancer 119 (2006) 288-296.

[8]1 T.H. Bestor, Activation of mammalian DNA methyltrans-
ferase by cleavage of a Zn binding regulatory domain,
EMBO J. 11 (1992) 2611-2617.

[9] L.S. Chuang, H.I. Ian, T.W. Koh, HH. Ng, G. Xu, B.F. Li,
Human DNA-(cytosine-5) methyltransferase-PCNA complex
as a target for p21IWAF], Science 277 (1997) 1996-2000.

[10} P.M. Vertino, R.W. Yen, J. Gao, S.B. Baylin, De novo
methylation of CpG island sequences in human fibroblasts
overexpressing DNA' (cytosine-5-)-methyltransferase, Mol.
Cell. Biol. 16 (1996) 4555-4565.

[11] I. Rhee, K.E. Bachman, B.H. Park, K.W. Jair, R-'W. Yen,
K.E. Schuebel;: H. Cui, -A.P.:: Feinberg, ' C. -Lengauer,
K.W. Kinzler, S.B. Baylin, B. Vogelstein, DNMT! and
DNMT3b cooperate to silence genes in human cancer cells,
Nature 416 (2002) 552-556.

[12]) T. Nakagawa; Y. Kanai, Y. Saito, T. Kitamura;, T. Kakizoe,
S. Hirohashi, Increased: DNA ‘methyltransferase 1 protein
expression  in human transitional: cell: carcinoma - of ' the
bladder; J. Urol. 170 (2003)2463-2466.

[13]. Y. Saito, Y. Kanai, T. Nakagawa, M. Sakamoto, H; Saito,
H. Ishii, S. Hirohashi, Increased protein expression of DNA
methyltransferase (DNMT): [ is significantly correlated with
the ‘malignant  potential ‘and ‘poor prognosis of “human
hepatocellular - carcinomas; - Int. J..  Cancer : 105:(2003)
527-532.

[14]1 T. Etoh, Y. Kanai; S. Ushijima, T. Nakagawa, Y. Nakanishi,
M. Sasako, 'S.. Kitano, S. Hirohashi, ‘Increased DNA
methyltransferase | (DNMT]I) protein expression correlates
significantly with poorer tumor differentiation and frequent
DNA hypermethylation of multiple CpG islands in gastric
cancers; Am. J. Pathol. 164 (2004) 689-699.

[15] D.F. Peng, Y. Kanai,- M. Sawada, S. Ushijima, N. Hiraoka;
T. Kosuge, S. Hirohashi, Increased DNA methyltransferase
1'(DNMT1) protein expression in precancerous conditions
and ductal carcinomas of the pancreas, Cancer Sci. 96/(2005)
403-408.

{16] Y. Kanai, S, Ushijima, Y. Kondo, Y. Nakanishi,
S. Hirohashi, DNA methyltransferase expression and DNA
methylation of CpG islands and: peri-centromeric satellite
regions in human colorectal and stomach cancers, Int. J.
Cancer 91 (2001) 205-212.

[I7) T. Nakagawa, Y. Kanai, S. Ushijima, T. Kitamura,
T. Kakizoe, S. Hirohashi, DNA  hypermethylation on
multiple CpG islands associated with increased DNA meth-
yltransferase DNMT]1 protein expression during multistage
urothelial carcinogenesis, J. Urol. 173 (2005) 1767-1771.

[18] D.E. Peng, Y. Kanai, M. Sawada, S. Ushijima, N. Hiraoka,
S. Kitazawa, S. Hirohashi, DNA methylation of multiple
tumor-related genes in association with overexpression of
DNA methyltransferase 1 (DNMTI1) during multistage
carcinogenesis of the pancreas, Carcinogenesis 27 (2006)
1160-1168. '

[19] J.P. Issa, CpG island methylator phenotype in cancer, Nat.
Rev. Cancer 4 (2004) 988-993.

[20] Y.I. Kim, A. Giuliano, K.D. Hatch, A. Schneider,
M.A. Nour; G.E. Dallal, J. Selhub; J.B. Mason, Global
DNA hypomethylation increases progressively in cervical
dysplasia and carcinoma, Cancer 74 (1994) 893-899.

[21} S:M. Dong, HS. Kim, S.H. Rha, D. Sidransky, Promoter
hypermethylation of multiple genes in carcinoma of the
uterine cervix, Clin. Cancer Res. 7 (2001) 1982--1986.

[22] R.D. Steenbergen, D. Kramer, B.J. Braakhuis, P.L. Stern,
R.H. Verheijen, C.J. Meijer, P.J.  Snijders, TSLCI gene
silencing in cervical cancer cell lines and cervical neoplasia, J.
Natl. Cancer Inst. 96 (2004):294-305.

{23} T.H. Cheung, K.W. Lo, S.E. Yim, L. K. Chan, M.S. Heung,
C.S. Chan, A.Y. Cheung, T.K. Chung, Y.F. Wong, Epige-
netic and genetic alteration of PTEN in cervical neoplasm,
Gynecol. OncoL. 93 (2004) 621-627.

[24].Z. Lin, M. Gao, X. Zhang, Y.S. Kim, E.S. Lee, H.K. Kim,
1. Kim, The hypermethylation and protein expression of p16
INK4A and DNA repair gene O6-methylguanine-DNA



M. Sawada et al. | Cancer Letters 251 (2007) 211-219 219

methyltransferase ” in  various  uterine “cervical™ lesions, J.
Cancer Res. Clin; Oncol. 131 (2005):364-370.

[25] R. Richart, Cervical intraepithelial neoplasia, Pathol. Annu.
8 (1973) 301-328.

[26] L. Sobin, C..Wittekind, TNM: Classification of Malignant
Tumours, fifth ed., Wiley, New York, 1997.

[27] E.A. Holly, Cervical intraepithelial neoplasia, cervical can-
cer, and HPV, Annu. Rev. Public. Health 17 (1996) 69-84.

[28] J. Park, D: Sun, D.R. Genest, P. Trivijitsilp, I. Suh, C.P. Crum,
Coexistence of low and high grade squamous intraepithelial
lesions of the cervix: morphologic progression or multiple
papillomaviruses?; Gynecol Oncol. 70 (1998) 386-391.

[291 Y. Kanai, S. Ushijima, A:M. Hui, ‘A. Ochiai,: H. Tsuda,
M. Sakamoto, S. Hirohashi, The E-cadherin gene is silenced
by CpG methylation in human hepatocellular carcinomas,
Int. J. Cancer 71 (1997) 355-359.

[30] L. Sun, A.M. Hui; Y. Kanai, M. Sakamoto, S. Hirohashi,
Increased DNA- methyltransferase expression is: associated
with an early stage of human hepatocarcinogenesis, Jpn. J.
Cancer Res. 88 (1997):1165-1170.

[31].Y. Kanai,; A:M. Hui; L. Sun; S. Ushijima, M. Sakamoto;
H. Tsuda, S. Hirohashi; DNA hypermethylation at the
D1785 locus and reduced HIC-1 mRNA expression are
associated with hepatocarcinogenesis, Hepatology 29 (1999)
703-709.

[321 Y. Kanai, S. Ushijima, H. Tsuda, M. Sakamoto, S.
Hirohashi, Aberrant DNA methylation precedes loss of
heterozygosity on chromosome 16 in chronic hepatitis and
liver cirrhosis; Cancer Lett. 148 (2000) 73-80.

[33].Y. Kondo, Y. Kanai, M. Sakamoto, M. Mizokami, R. Ueda,
S. Hirohashi, Genetic instability and aberrant DNA meth-
ylation in chronic: hepatitis'and cirrhosis—A comprehensive
study of loss of heterozygosity and microsatellite instability
at 39 loci and DNA hypermethylation on 8 CpG islands in
microdissected specimens from: patients with hepatocellular’
carcinoma, Hepatology 32 (2000) 970-979.

[34] Y. Saito, Y. Kanai, M. Sakamoto, H. Saito, H. Ishii,
S. Hirohashi, Expression of mRNA for DNA methyltransfe-
rases and methyl-CpG-binding proteins and DNA methyl-
ation: status on CpG islands and pericentromeric satellite
regions during human hepatocarcinogenesis, Hepatology 33
(2001) 561-568:.

[35] Y. Saito, Y. Kanai; M. Sakamoto, H. Saito, H. Ishii,
S. Hirohashi, Overexpression of a splice variant of DNA

methyltransferase 3b,” DNMT3b4, associated “with DNA
hypomethylation on pericentromeric satellite regions during
human hepatocarcinogenesis, Proc. Natl. Acad. Sci: USA 99
(2002):10060-10065.

[36] W.A. Burgers, L. Blanchon, S. Pradhan, Y.D. Launoit,
T. Kouzarides, F. Fuks, Viral oncoproteins target the DNA
methyltransferases; Oncogene (2006) 1-6 (Published online
18 September).

[37] P.J.. Lee, L.L. Washer, D.J. Law, C.R. Boland, I.L. Horon,
A.P. Feinberg, Limited up-regulation of DNA methyltrans-
ferase in human' colon  cancer reflecting increased cell
proliferation; ' Proc.: Natl. Acad. Sci.. USA 93 (1996)
10366-10370.

[38] E.J. Peterson; O. Bogler, S.M. Taylor, p53-mediated repres-
sion: of DNA ‘methyltransferase 1 expression: by specific
DNA binding, Cancer Res. 63 (2003) 6579-6582.

[39] A.T. Agoston; P. Argani, S. Yegnasubramanian, A.M. De
Marzo, M.A. ‘Ansari-Lari, ' J.L. Hicks, . N.E." Davidson,
W.G. Nelson,  Increased protein - stability ~causes: DNA
methyltransferase 1 dysregulation: in: breast cancer, J. Biok
Cher. 280 (2005) 18302-18310.

[40] D.R. Hodge, B. Peng; J.C. Cherry; EM. Hurt, S.D. Fox,
J.A. Kelley, D.J. Munroe; W.L. Farrar, Interleukin 6
supports the maintenance of p53 tumor suppressor gene
promoter methylation, Cancer Res. 65 (2005) 4673-4682.

[41] C.N. Tsai, C.L. Tsai; K.P. Tse, H.Y. Chang, Y.S. Chang,
The Epstein-Barr virus oncogene product, latent membrane
protein I, induces the downregulation of E-cadherin gene
expression via activation of DNA methyltransferases, Proc.
Natl. Acad. Sci. USA 99 (2002) 10084-10089.

[42] S.B. Baylin, Tying it all together: epigenetics, genetics,: cell
cycle, and cancer, Science 277 (1997) 1948-1949.

[43] C.L. Chen, S.S. Liu, SM. Ip, L.C. Wong, T.Y. Ng,
H.Y. Ngan, E-cadherin expression is silenced by DNA
methylation in cervical cancer cell lines and tumours, Eur. J.
Cancer 39 (2003) 517-523.

[44] F. Fuks, W.A. Burgers, A. Brehm, L. Hughes-Davies,
T. Kouzarides, DNA methyltransferase Dnmtl associates
with histone deacetylase activity, Nat. Genet. 24 (2000)
88-91:

[45] M.R. Rountree, K.E. Bachman, S.B. Baylin, DNMT1 binds
HDAC2 and a new. co-repressor, DMAPL;: to form a
complex: at replication: foci,  Nat. Genet. 25 (2000)
269-271.



Genome-wide array-based comparative genomic
hybridization analysis of pancreatic adenocarcinoma:
Identification of genetic indicators that predict

patient outcome

Panayiotis Loukopoulos,'’ Tatsuhiro Shibata, 28 Hiroto Katoh,'? Akiko Kokubu,? Michiie Sakamoto,’ Ken Yamazaki,?
Tomoo Kosuge,* Yae Kanai,!' Fumie Hosoda,? Issei Imoto,* Misao Ohki,? Jyoji Inazawa®® and Setsuo Hirohashi’

*pathology Division, and ?Cancer Genomics Project, National Cancer Center Research Institute; 511, Tsukiji, Chuo-ku, Tokyo 1040-045; *Department of Pathology,
Keio University School of Medicine, 35 Shinanomachi, Shinjuku-ku, Tokyo 1600-016; ‘Department of Hepato-Biliary-Pancreatic Surgery, National Cancer Center,
Hospital; 51-1; Tsukiji; Chuo-ku;, Tokyo 1040-045; *Department of Molecular Cytogenetics, Medical Research Institute, Tokyo Medical and Dental University, 15-
45 Yushima, Bunkyo-ku, Tokyo 1138-519; °Core Research for Evolutionary Science and Technology (CREST) of the Japan Science and Technology (JST) Corporation,

41-8 Hon-machi Kawaguchi, Saitama 3320-012, Japan

(Received August 1; 2006/Revised November 17, 2006/Accepted November 19, 2006/Online publication January 8, 2007)

We analyzed the subchromosomal numerical aberrations of 44
surgically resected pancreatic adenocarcinomas by array-based
comparative genomic hybridization. The aberration profile ranged
widely between cases, suggesting the presence of multiple or
complementary mechanisms of evolution in pancreatic cancer, and
was associated with lymph node metastasis and venous or serosal
invasion. A large number of small loci, previously uncharacterized in
pancreatic cancer, showed non-random loss or gain. Frequent losses
at 1p36,4p16, 7q36, 9434, 11p15, 11913, 14q32-33, 16p13, 17p11-13,
17q11-25, 18q21-tel, 19p13, 21922 and 22q11-12, and gains at
1q25, 2p16, 2q921-37, 3q25, 5p14, 5q11-13, 7q21, 7p22, 8p22,
8q21-23, 10q21, 12p13, 13922, 15q13-22 and 18q11 were identified.
Sixteen loci were amplified recurrently. We identified novel chromo-
somal alterations that were significantly associated with a range
of malignant phenotypes. Gain of LUNX, HCK, E2F1 and DNMT3b
at 20qg11, loss of p73 at 1p36 and gain of PPM1D at 17923
independently predicted patient outcome. Expression profiling of
amplified genes identified Smurf1 and TRRAP at 7q22.1, BCAS1 at
20q13.2-3, and VCL at 10g22.1 as potential novel oncogenes. Our
results contribute to a complete description of genomic structural
aberrations and the identification of potential therapeutic targets
and genetic indicators that predict patient outcome in pancreatic
adenocarcinoma. (Cancer Sci 2007; 98: 392-400)

Pancreatic adenocarcinoma is a leading cause of cancer-
related death worldwide; the S-year survival rate for
patients that underwent surgery remains below 5%.() Pancreatic
adenocarcinoma = appears to successively acquire genetic
aberrations  in genes involved in the regulation of cell
proliferation, the central ones being early activating mutations
of the K-ras oncogene, followed by inactivation of the p33, pl16
and DPC4 TSG.? The application of chromosome CGH,*®
karyotype and allelotype studies in pancreatic cancer has also
revealed a large number of complex structural and numerical
aberrations at the subchromosomal level.#"!? Recurrent aberr-
ations reported concemn copy number gain on 3q, Sp, 7p, 8q,
I1q, 12p, 17q, 19q and 20q and loss on Ip, 3p, 4q, 64, 8p,
9p; 10q, 12q, 13q, 15q, 17p, 18q, 19p, 21q and 22q.%'? aCGH
methods have recently been developed and used in studies of
various malignancies; including pancreatic cancer. The latter
used cell lines,"*!®) and a small number of primary cases!'*
or. Xenografts,'” to. confirm : previously described regional
alterations and identify novel ones. Although some of these loci
are known to contain oncogenes or TSG,? the role that copy
number alterations of most of the above loci play in pancreatic
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cancer genesis or progression, if any, is far from being fully
evaluated. From these and previous studies, it is also evident
that there exists substantial variation in the reported aberrations
between studies as well as between individual cases.

The aim of the present study was to examine the SNAP of
pancreatic cancer to identify novel loci that contain genes for
which copy number status is likely to be relevant to pancreatic
carcinogenesis or associated with clinically relevant parameters.
For this, we used aCGH to examine a comparatively large
number of well-characterized primary cases and LCM to allow
more accurate analysis. In addition, mRNA expression analysis
of loci exhibiting ‘amplifications was carried out to identify
genes that are amplified recurrently and overexpressed in pan-
creatic cancer.

Materials and Methods

Tumor samples. Forty-four methanol-fixed pancreatic ductal
adenocarcinomas  from 43 patients were. examined (Suppl
Table 1). These included 33 specimens from patients who had
undergone surgery at the National Cancer Center Hospital
between 1994 and 2003, and 11 xenografts that were produced
following the orthotopic implantation of tumors in severe
combined immunodeficient mice, as described previously.?®
Forty-two samples were of primary tumors, one of a liver
metastasis and one of a pancreatic xenograft of a liver meta-
stasis, the corresponding primary of which was also examined.
Tumor classification was carried out according to the Japan
Pancreas Society guidelines.?. The study was approved by
the institutional review board of the National Cancer Center.

LCM and whole-genome amplification. LCM was carried out
with a PixCell II (Arcturus Engineering, Mountain View, CA,
USA). At least 5000 tumor cells per sample were recovered.
Genomic (test) DNA was extracted by standard: procedures.
Sex-matched high molecular - weight human genomic
DNA' (Promega, Madison, WI, USA) was sheared randomly
{(HydroShear; Gene Machines, San Carlos, CA, USA) and used
as reference DNA. Both test and reference DNA were amplified

#To whom correspondence should be addressed. E-mail; tashibat@ncc.go.jp
Present address: Pathology Division; Faculty of Veterinary Medicine, Aristotie Uni-
versity, Thessaloniki 54124, Greece,

Abbreviations; aCGH; array-based comparative genomic hybridization; BAC, bacte-
rial  artificial | chromosome;: CGH; ' comparative ‘genomic ' hybridization; . HD,
homozygous' deletion; LCM, laser-capture microdissection; PCR, polymerase chain
reaction; SNAP, subchromosomal numerical aberration: profile; TSG, tumor sup-
pressor gene. :

doi:.10.1111/j.1349-7006.2007.00395.x
© 2007 japanese Cancer Association



L)
Y

NI
i
Ty

Fig. 1. Chromosomal copy number changes revealed by array-based
comparative genomic hybridization. Representative array-based comparative
genomic hybridization profile of a: pancreatic adenocarcinoma. Copy
number losses (ratio < 0.75) and gains (ratio > 1.25) were detected in
both large fractions of the chromosome arms and small chromosomal
regions..'Amplifications: (ratio > 2.00, . arrowheads). ' and. homozygous
deletions (ratio < 0.25, arrow) were also identified in this tumor. The
average signal ratios (testireference). of two normalized: signals from
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duplicated spots are given from chromosome 1p telomere (left) to

Xq telomere (right). The vertical dotted and continuous lines indicate
the position: of the centromere and telomere of each chromosome;
respectively.

using an adaptor. ligation-mediated: whole-genome PCR,  as
described previously,*?

Array-based CGH. A custom-made CGH array (‘MCG Cancer
Array-800 ver. 2°) was used, consisting of 800 duplicated target
BAC clones that correspond to chromosomal loci of potential
importance in various cancers’ (listed at http://www.cghtmd.jp/
CGHDatabase/microarray/mcg800.array_e.htm).  Labeling - of
the  DNA - probes, - hybridization, ' data  acquisition' and ' data
normalization: were carried -out as described previously.@>2%
Based on control experiments,?® we. considered a signal ratio
<0.75 or >1.25 to indicate loss or gain, respectively, and a ratio
of <0.25 or >2.00 to indicate HD or amplification, respectively.

The validity of our aCGH data was confirmed by fluorescence
in situ hybridization, PCR (Suppl. Fig. 1), loss of heterozygosity
analysis and immunohistochemistry for selected genes.“®

Expression profiling of primary xenografts. We used xeno-
grafts for gene expression: analysis due to their abundance in
tumors. cells compared with primary tumors. We focused on
the ‘relationship - between  amplification and overexpression;
additional gene expression profiling results will be submitted in
a subsequent publication.

Total RNA ‘was extracted from frozen xenograft samples,
biotin-labeled cRNA synthesized and hybridized to a probe array
(HG-U95Av2, Affymetrix) and data acquired as described.?”
A probe set signal log ratio (SLR) of the gene expression level
in‘the tumor relative to the control (normal pancreas) >1.5 was
defined as indicating overexpression.

Statistical analysis. The ¥ test was used to assess the statistical
significance, set -at: 0.05, of intergroup differences in the
frequency of aberrations of ‘individual loci. The relationship
between  clinicopathological parameters: and the number of
aberrations per case was evaluated using Student’s unpaired
test. Survival curves were calculated using the Kaplan—Meier
method, and differences in survival periods were analyzed with
the log-rank test. ,

Results

Range of numerical aberrations. We constructed and analyzed
the  genomic profile of 44 pancreatic adenocarcinomas using
aCGH. Subchromosomal numerical aberrations were revealed in
all but two (42/44) of the tumors examined (Fig. 1). The number
of aberrations differed widely between cases (Suppl. Table 2;
Suppl. Fig. 2). Apart from the two cases in which no copy
number changes were observed, a third case showed changes
in:only ‘11 loci (all gains), whereas nine cases (20%). had
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alterations in more than 50% of loci. In most cases (34/44), the
number of gains was higher than the number of losses (P < 1077).
Overall, however, the loss rate was similar to the gain rate
(19% of loci altered on average per: case for both). Similarly,
amplifications were observed more  frequently, in terms of
number of cases and number of aberrations per case, than
HD. Most loci showed aberrations in at least one case, the majo-
rity showing loss or. gain in 2-25% and 0-20% of cases,
respectively. - -

Loss. The most frequently lost loci were 17p13.3 (ABR, in
75% of cases), 18qtel (CTDPI; SHGC-145820, 68%) and
18921 (SMAD7, 66%). The loci containing the p16 (Sp21), pS3
(17p13.1), SMAD4 and DCC (both at 18q21) genes were lost in
41, 55, 61 and: 30% of cases, respectively. In total, 33 loci with
frequent (>50%) losses were identified at 1p36, 4p16.3,. 7936,
9q34.3, 11pl5, 11q13, 14q32-33, 16p13.3, 17p11.2, 17p13.1:3,
17q1 I-qter, 17q21.2, 1725, 18q21, 18qtel, 19p13.2-3, 21q22.3,
22q11.23 and 22q12.1-2 (Fig. 2). The chromosome arms with
the highest number of loci lost; taking into-account only: loci
that were lost in >25% of cases, included, in descending order
of frequency, Ip, 11q,:17p, 10q, 8p, 18q; 22q; 6q, 9p, 14q and 17q
(Suppl. Table 3).

Homozygous deletions. Twenty-six loci with HD were detected,
nine of which were in more than one case (Table:1). HD were
detected in 11 cases (25%), seven of which in-only one: locus.
The 1p35-36.33. region' contained the highest number: of - loci
deleted (six).. The most frequently deleted locus was 9p2l
spanning the pl6 gene, whereas the locus containing SMAD4
(18q21) was deleted in one: case.

Gains. Loci with frequent (>50% cases) gains were identified
at: 1925.2-q25.3, 2pl6, 2q21.2, 2923-q37, 2q31, 2q33, 2q34,
3q25.1,.5p14.2, 5q11.2-q13.2, 7q21.1, Tp22; 8p22, 8q21, 8q22-
q23, 10g21:1, 12p13:33,:13922, 15q13-q22 and 18q1 1.2 (Fig. 2;
Suppl. Table 4). The most frequently gained locus: was:7q21.1
(71%) containing the HGF gene. The loci spanning the KRAS2
(12p12.1) and KRAG (12p11.2) genes were gained in 45 and
20% of cases, respectively. The NRAS (1p13), MYC (8q24),
MDM2 (12q14.3) and AKT1 (14q32.2)®® loci were gained in
45, 43,36 and 18% of cases, respectively.

Amplifications. Amplifications were observed in 37 tumors. The
seven cases in which no amplification was observed included six
with few aberrations, and, interestingly, one case with 419
aberrations. Nineteen cases had amplifications in more than 1%;
and three cases in more than 5% of loci examined.

Sixteen loci: were amplified in" five cases or more (>10%)
(Table 2). The most frequently amplified: locus was 18q11.2
containing RBBP8. 7q34 (BRAF) was amplified in four cases,
whereas 12p12.1 (KRAS2), Ipl13 (NRAS) and 8q24 (MYC)
were amplified in two cases each.

Association of SNAP with clinicopathological parameters. A number
of  clinicopathological parameters. were  associated with  the
degree and type of aberration (Suppl. Table 5). Overall, cases
with a phenotype indicating increased malignant potential had a
higher degree of aberrations. Smaller tumors and tumors with
higher venous: or perineural invasion histological scores had a
higher total number of aberrations than tumors that were larger
or with lower invasion scores. No other clinicopathological
parameters examined, such as the sex, primary: tumor location,
macroscopic type (infiltrative or nodular), degree of differenti-
ation (Suppl. Table 6), infiltration or otheérwise of certain
neighboring tissues, pattern of such infiltration (INF o, B,
or ¥), or spread within the main pancreatic duct had significant
correlation with SNAP (data not shown).

Assodiation with venous invasion. Verious invasion-negative tumors
had markedly different SNAP than venous  invasion-positive
tumors, although it should be noted that only a small number of
negative tumors was examined. The loci lost or gained more
frequently in the venous invasion-positive tumors are shown in
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Fig. 2. Distribution of chromosomal copy number aberrations in pancreatic cancer. The horizontal axis indicates the physical distance (Mb) of the
chromosomal loci from the telomere of the short arm. The vertical axis indicates the frequency (%) of tumors with chromosomal alterations (green,
gain; red, loss). The vertical dotted and continuous lines indicate the positions of the centromere and telomere of each chromosome, respectively.

Table 1. Loci deleted homozygously in more than one case Table 2. Loci amplified in more than 10% of cases
Locus’ No. cases Percentage of cases Locus' No. cases Percentage of cases
9p21 (p16) 5 1 18q11.2 (RBBP8) 10 23
16p13.3 (ABCA3) 3 7 7921.1 (HGF) 9 20
1p36.1 (p73) 2 5 2931 (PMS1) 7 16
5p15 (TERT) 2 5 11g13.3 (BCL1,FGF4) 7 16
11p15 (HRAS) 2 5 2q34 (ERBB4) 6 14
17925 (MAFG) 2 5 11g13 (CCND1) 6 14
1821 (SMAD7) 2 5 7922.1 (Smurf1) 6 14
18qtel (CTDP1,SHGC-145820) 2 5 8qg21 (NBS1) 5 11
19p13.3 (ABCA7) 2 5 2p16 (GTBP) 5 1
tKnown cancer-related genes contained in the respective clones are TRE2(ETV) 2 L
shown in parentheses. 2q21.2 (LRP1B) .5 "
2q35 (HUP2) 5 1
6922 (ROS1) 5 11
8p11.2-p11.1 (FGFR1) 5 1
Table 3. HD were not observed in the venous invasion-negative  7g22.1 (CYP3A4) 5 1
tumors (0/5 vs 19/37, P = 0.03). In the venous invasion-negative  7q22.1 (TRRAP) 5 1

tumors, 178 and 84 loci, respectively, were lost or gained more
frequently than in the positive tumors; these included frequently
amplified loci (3/5) such as the ones containing FGF7 (15q13-
q22), BRAF (7q34) (P<4.1x107%), ROSI (6q22), GTBP
(2p16) (P =0.0004) and HGF (7q21.1) (P = 0.02).

Association with lymph node metastasis. Unlike venous invasion,
few differences were observed when the genomic profiles of
lymph node metastasis-positive and lymph node metastasis-
negative tumors were compared, although only six negative

394

*Known cancer-related genes contained in the respective clones are
shown in parentheses.

tumors were examined. Only three loci showed significant
differences in their signal ratios, 9p13 (SCYA21), 11q22 (ATM)
and 17q12 (RAD5IL3). Xq28 (MAGEA2) was lost more
frequently in the lymph node metastasis-negative group (3/6 vs

doi: 10.1111/j.1349-7006.2007.00395.x
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Table 3. Loci altered frequently in the venous invasion-positive pancreatic adenocarcinomas

Sub-chromosomal loss detected

Chromosomal Contained cancer- R . o . . . "
locus related Venous invasion-positive cases Venous invasion-negative cases Pvalue
gene
n % n %

19p13.3 ABCA7 26 70 0 0 0.002
9g34.3 ABCA2 25 68 1 20 0.040
1p36.33 TP73 22 59 0 [ 0.012
11913 FGF3 22 59 0 0 0.012
4p16 GAK 20 54 0 0 0.023
11912 LTBP3 20 54 0 0 0.023
20413 Livin 20 54 0 0 0.023
18022 BCL2 19 51 0 0 0.030
5p14.2 CDH10 25 68 0 0 0.004
8q24 OPG 21 57 0 0 0.017
3g27-q29 TP63 20 54 0 0 0.023
8g24.1 NOV 20 54 0 0 0.023
149223 RBBP1 19 51 0 0 0.030
ti? test.

Table 4.~ Loci altered frequently in pancreatic adenocarcinoma cases with short-survival (<1 year) compared with long-survival periods

Sub:chromosomal loss detected

Chromosomal Contained cancer-

I Venous invasion-positive cases Venous invasich-negative cases Pvalue'
ocus related gene

n % n %
1p36:33 P73 9 69 4 21 0.006
8q24.3 GLi4 5 38 1 5 0.018
Xq12 AR 5 38 1 5 0.018
11q13 STIP1, FOLR1 8 62 5 26 0.046
20q11.2 LUNX; TOP1 5 38 0 0 0.003
18p11.3 TGIF 6 46 1 5 0.006,
4q13-q21 AREG 4 31 0 0 0.010
6g21 CCNC 4 31 0 0 0.010
10g21.1 PCDH15 10 77 6 32 0.012
1p32 RLF 5 38 1 5 0.018
2936 cul3 8 62 4 21 0.020
17q23 PPM1D 8 62 4 21 0.020
4q21 GRO1 6 46 2 11 0.022
1p36.2 KIAA0591(KIF1B) 7 54 3 16 0.023
4q21 GRO2 7 54 3 16 0.023
13q32 GPC5 7 54 3 16 0.023
8422-q23 EIF356 9 69 6 32 0.036
y? test.

5/36, P = 0.037). Four loci, all on 7q21-22 (containing the HGE,
DMTFEI, MLLS and CDK6 genes), were gained more frequently
in the lymph node metastasis-positive group (all P. <0.05).
Association with survival. Thirty-two cases had survival data
amenable to analysis. The genomic profiles of cases with a
survival period shorter (n = 13) or longer than (7n=19) 1 year
were compared. Four and 13 loci, respectively, were lost or
gained more frequently in the short-compared with the long-
survival group (Table 4). In contrast, only two loci were lost
(6925/ESR1 and 22q11.23/ADRBK?2) and none gained more
frequently in the long-compared with the short-survival group.

Loss of 1p36 (p73) and 11q121-3 was associated with both

short-term survival and evidence of venous invasion, whereas
gain of 7q21-22 was associated with both short-term (<3 years)
survival and the presence of Iymph node metastases.
Kaplan—Meier analysis showed that loss of 1p36 (p73)
(P =0.02; Fig. 3a), gain of 17q23 (PPM1D) (P < 0.05; Fig. 3b)

Loukopoulos et af.

and particularly gain of the LUNX locus at: 20q111-12
(P < 0.0001; Fig. 3¢c) were significantly associated with progno-
sis, whereas loss of the STIP1 or FOLRI locus (11q13), gain of
the TOP1 (20q11-12) and gain of MUC3 or Smurf1 loci (7q21-
22) were not. Loci adjacent to LUNX on 20ql1 were further
analyzed;  gain of - the HCK (P <0.001; Fig. 3d), E2F1
(P < 0.005; data not shown) and DNMT?3b loci (P < 0.05; data
not shown), but not TGIF2, were also associated with prognosis;
albeit not as closely as LUNX.

Potential oncogenes revealed by expression profiling analysis.
Eighty-one loci were amplified in at least one case in the group
examined; these loci confained 15 genes that were overexpressed

-in at least one case (Table 5). Of the individual amplifications

observed, 14.7% (20/136) resulted in overexpression. Only
four genes were amplified and overexpressed in more than
one case: Smurfl (7¢22.1), BCAS1:(20q13.2-3), which was
the most frequently overexpressed, VCL (10q22:1) and TRRAP

Caricer Sci:: |- March 20071 vol. 98, | 'no.3. 1" 395
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Fig. 3. Overall survival rate of pancreatic cancer patients according to the absence or presence of chromosomal abnormalities. (a) Overall survival
rates of cases with chromosomal loss of the p73 locus on 1p36 (indicated as black dots) and cases without such loss (indicated as white dots).
{b) Overall survival rates of cases with chromosomal gain of the PPM1D locus on 17023 (indicated as black dots) and cases without such gain (indicated
as white dots). Overall stirvival rates of cases with chromosomal gain of the (c) LUNX and (d) HCK loci on 20411 (indicated as black dots) and cases
without such gain (indicated as white dots). Survival curves were calculated by the Kaplan-Meier method.

(7q22.1) (Table 5). Genes that were contained in loci frequently
amplified but not overexpressed included RBBP8 (18q11.2),
LRPIB (2q21.2) and HGF (7q21.1). It should be noted that
Smurfl protein overexpression was also detected in pancreatic
cancer clinical samples, as part of a separate study (F. Suzuki,
T. Shibata, S. Hirohashi, J. Inazawa, L. Imoto, unpublished data).

The expression levels of genes on 20q11 were examined in
more detail, because of the close association of four loci on
20q11 with survival: Eleven genes on 20q11 (BLCAP, RALY,
GSS, IDI, NCOA6, TPX2, COX4I2, EPB41L1, BCL2LI,
DNCL2A, CTNNBL 1) were overexpressed. BCL2L1 (or BCL-
x1) expression was also associated with lymph node metastasis
of the xenografted tumors in mice (data not shown). It should be
noted that two adjacent loci, TNFRSF6B and ZNF217 (20q13),
were amplified in three cases each. :

Discussion

This study represents. the: first genome-wide analysis of the
subchromosomal numerical aberration profile (here designated
SNAP) of a substantial number of pancreatic cancer cases by
aCGH and is the first to establish its relationship with particular
clinicopathological parameters. of known prognostic value. It
examined a number of primary tumors large enough to exclude
randomly observed alterations from being considered as likely
candidates, as would be the case in smaller-scale studies. In all
previous studies except one,?” case selection was based on the

exclusion of samples that did not possess a high degree of
neoplastic cellularity, which translates to a high copy number
ratio error. probability. In the present study, tumors were
subjected to LEM so as to exclude non-tumor DNA from the
analysis and thus increase both the number of available cases
and the accuracy of the derived copy number ratio.

One of the striking findings of the study was the wide range
in the number and pattern of aberrations observed between
cases. Whereas many cases showed few aberrations and two had
none whatsoever, 20% of cases showed alterations in more than
50% of loci examined. Importantly, the loss rate and range
reported here (17%, 0—46%) is in very close agreement with the
one reported in a comprehensive genome-wide allelic loss study
of pancreatic cancer (15%, 1.5--32%).%" It should be noted that
it was not possible to know whether alterations of adjacent loci
represented single amplicons or losses or whether they were
independent events. Our results indicate that in the majority of
pancreatic adenocarcinomas genomic instability occurs at the
subchromosomal level, affecting a varying but large number of
genes, and suggests the presence of multiple or complementary

- patterns of tumor evolution. Based on the association of SNAP

with clinicopathological parameters revealed here, it is fair to
assume that some of these aberrations contribute to tumor pro-
gression whereas others are the result of it. For the remaining
cases showing a low SNAP or absence of aberrations, alterna-
tive mechanisms leading to.tumor progression may be in place,
such as DNA methylation or mismatch repair system aberrations,

doi: 10.1111/1.1349-7006.2007.00395.x
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Table 5. Correlation of amiplification with overexpression in pancreatic cancer genes both amplified and overexpressed in at least one xenograft

Gene Locus Amplified Overexpressed Amplified and overexpressed Amplified or gained and
cases (%) cases (%) in the same case (%) overexpressed in the same case (%)
Srmurf1 7q922.1 36 25 25 25
BCAS1 20g13.2-q13.3 18 83 17 33
VCL 10g22.1 18 33 17 17
TRRAP 79221 36 17 17 17
SRI 7921.1 9 83 8 33
Cul3 2436 27 42 8 33
TPD52 8q21 9 42 8 33
EFNB2 13933 9 83 8 17
PDAP1 7a22 27 17 8 17
ZNF217 20q13 9 25 8 17
PLAU 10024 18 17 8 8
WHSC1 4p16.3 9 17 8 8
CDK4 12q14 9 17 8 8
CYP3A4 7q22.1 36 8 8 8
CCNE1 19q11 18 8 8 8
OPG 8q24 9 33 0 33
BARD1 2q34 9 25 0 25
ELE1,MSMB 10911.2 9 42 0 17
RAP18B 12qi14 9 25 0 17
KRAS2 12p12.1 18 17 0 17
DHFR,MSH3 5q11.2-q13.2 9 17 0 17
TPR 1925 9 17 o] 8
MLLS 7q22.3 27 8 0 8
SSXT. 18q11.2 27 8 0 8
PEG10 7021.3 9 8 0 8
NBS1 8g21 9 8 0 8

mutations or small deletions, or chromosomal translocations and
rearrangements not accompanied by numerical aberrations. These

 mechanisms may act in a way complementary to that of numerical
aberrations in pancreatic carcinogenesis, so. that in cases with high
or low SNAP the above-mentioned mechanisms would be expected
to play a minor role whereas other alternative mechanisms would
be expected to play a minor or major role respectively.

A number of clinicopathological parameters was associated
with SNAP, including, importantly, survival probability. Overall,
cases with a phenotype indicating increased malignant potential
had a higher SNAP. Specific loci, the loss or gain of which is
associated with particular clinicopathological characteristics,
were identified and are delineated in detail in the results section.
Although only a small number of negative tumors was exam-
ined, it is noteworthy that loci associated with venous invasion

were different from those associated with lymph node metasta-

sis. Our results therefore appear to indicate that invasiveness and
metastatic ability result from diverse and distinct molecular
mechanisms in pancreatic cancer.

Despite the aforementioned genomic complexity, we identi-
fied genes the copy number status of which is associated with
survival and may therefore be of prognostic value. Gains of the
LUNX (20q11.2), AREG (4q13-g21) and CENC (6q21) loci
were detected exclusively in the short-survival group. Loss of
1p36 (p73) and 11q12-13 was associated with both short-term
survival and evidence of venous invasion, whereas gain of
7q21-22 was associated with both short-term survival and the
presence of lymph node metastases. Combining the ‘above
observations, we identified candidates most likely to yield clin-
ically relevant results. A strong association was revealed
between the copy number status of a number of loci at 20g11
and prognosis, mainly concerning the LUNX (PLUNC) locus
(P. < 0.0001) but also including adjacent loci containing HCK,
E2F1 and DNMT3b. LUNX is upregulated and has been proposed
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as a marker for detection of micrometastases in non-small-cell
lung cancer.?" E2F1 activates the franscription of genes that
encode proteins necessary for DNA replication, and is deregu-
lated in most tumors.”2 DNMT3b may contribute to tumorigen-
esis by improper de novo methylation and silencing of the
pronoters of growth-regulatory genes, and its expression may
be of ¢linical significance in breast cancer.®? Although our data
refer to loci rather than individual genes, the significance of the
copy aberrations of the above loci has not been described previ-
ously in pancreatic or other cancers. Two loci on 20¢13 were
amplified in three cases each, whereas a further 12 genes on
20ql1, including BCL2L1, were overexpressed. BCL2L1 is a
BCIL.2:independent apoptosis regulator located in close proxim-
ity to LUNX. Its overexpression has already been linked to short
survival times in pancreatic cancer®**) and other malignancies,
and was also found to be associated with lymph node metastasis
in the present study. Amplification. and overexpression of
BCL10 and BCL6 were also recently described in pancreatic
carcinoma.® The 11q13.3 locus, containing another BCL fam-
ily member, BCL.1, was found to be amplified frequently in our
study, which together with our findings on BCL2L1 described
above may indicate a role for the BCL family in pancreatic car-
cinogenesis. The BCL2L1 overexpression and association with
the metastatic phenotype may partially explain the effect the
20q11 region copy number status has on survival. However, we
tend to think, in agreement with a similar proposal,®® that our
findings are more indicative of the fact that many (but not all)
genes collectively confer selective advantage, in varying degrees
of involvement, within the 20q11 region.

Loss of 1p36 (p73) and gain of 17q23 (PPMID) were also
significantly associated with prognosis. As mentioned earlier,
1p36/p73 loss was also associated with evidence of venous inva-
sion in our study. p73, like its homolog p33, is able fo induce
apoptosis and has been reported to. predict clinical outcome
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in'* bladder: cancer.2” - PPM 1D - amplification - abrogates . p53
tumor-suppressor: activity: PPMI1D is located within one of the
most commonly amplified regions in breast cancer.®® Gain of
17q21-q24 has also been associated with poor prognosis in
ovarian clear cell adenocarcinomas, in which both PPMID and
APPBP2 were identified as likely amplification: targets,*® but,
like p73, the PPM1D locus has not been previously: reported to
be of prognostic significance in pancreatic cancer.
Examination of the association between SNAP and expres-
sion provided a satisfactory filter for candidate genes. Only 15
. of the 81 loci amplified and 14.7% (20/136) of individual ampli-
fications observed contained genes that were overexpressed con-
currently; This concordance level lies between those observed in
breast cancer“®*). and colon cancer,? in which 44-62%: and
4%, respectively, of genes showing amplifications were overex-
pressed. It is, however, significantly lower than the one recently
reported for pancreatic cancer cell lines, in which 60% of the genes
within highly: amplified genomic regions displayed associated
overexpression,? a discrepancy that may partially be explained
by the different source used (primary tumors vs cell lines) and
the fact that we examined loci rather than genes. More than
one target gene was overexpressed in some amplicons in our
study, a finding not in disagreement with the above study." We
identified four genes contained in loci that were amplified and
that were overexpressed recurrently: Smurfl and TRRAP, both
at 7q22.1, BCASI (20q13.2-3), and VCL (10g22.1). Smurf1 acts
as a negative regulator of transfroming growth factor B signaling.“?
It was amplified in six cases overall and overexpressed concurrently
in four. Although, as mentioned, gain of the Smurfl locus was
not associated with poor prognosis, 7q21-22 gain was associated
with the presence of lymph node metastasis and was detected
significantly more frequently in the short-term (<3 years) survival
group. TRRAP is an essential cofactor for both the c-Myc and
ETA/E2F oncogenic transcription factor pathways and interacts
specifically with the E2F-1 transactivation domain. Its inclusion
among the four genes both amplified and overexpressed lends
further support to the association between E2F1 gain and poor
survival revealed here. The fact that Smurfl and TRRAP are
amplified in pancreatic cancer was reported recently, albeit only
in cell lines."? We show that amplifications of these genes also
occurs in primary tumors and that they are recurrently accompa-
nied by overexpression, therefore presenting as very likely novel
oncogenes in pancreatic cancer. BCASI1 (20q13), reported to be
amplified and overexpressed in breast cancer,%” was the most
frequently overexpressed gene among the ones contained in loci
recurrently amplified, and may therefore have a similar role in
pancreatic cancer; 20q13 was also one of the most frequently
amplified loci in a recent aCGH study on pancreatic cancer.!*">
Finally, 10q22-24 contained another novel candidate, vinculin,
an intracellular protein with a crucial role in the maintenance
and regulation of cell adhesion and migration.*>) KRAS2 and 20
other genes have recently been identified as potential target
genes on 12p.%% This finding is in partial agreement with our
study, in which five loci on 12p were amplified and KRAS2 was
amplified in two cases.
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Fig. S1. - Homozygous: deletions: detected by array-based comparative genomic hybridization were validated by polymerase chain reaction and- gel
electrophoresis for selected cases and genes. Genes contained in the two most frequently deleted foci, p16 (left panel gel, cases 12, 18 and 41) at 9p21
and ABCA3 (right panel gel, cases 44 and 47) at 16p13.3 were examined (exons 2 and 28, respectively). Homozygous deletions: were confirmed in
all five cases examined, whereas wild-type products were detected in all control tissues used. The control tissue for p16 consisted of the corresponding
normal tissue in'one of three cases examined; corresponding normal tissue was not available for the other two cases (cases 12 and 18) as they derived
from xenografts, The control tissues for the cases examined for homozygous deletions of the ABCA3 gene consisted of: (a) the corresponding normal
tissues of both cases and (b) a third case (case no. 40), in which the array-based comparative: genomic hybridization signal ratio indicated loss of
heterozygosity of the ABCA3 gene, but not homozygous deletion, and its corresponding normal tissue:

Fig. S2. ‘Range of numerical aberrations observed between cases. The total number of (a) numerical aberrations, (b) losses and (c) gains observed
ranged widely between cases, In two cases no copy number changes were observed (a—c), whereas nine cases (20%) had alterations in more than 50%
of loci (>400 loci) '(a). Although the loss range was wider than the gain range (b,c), in most cases the number of gains was higher than the number
of losses. Overall; however, the loss rate' was similar to the gain rate (19% of loci altered on average per case for both).
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Table S1 Clinicopathological parameters of 43 paiicreatic ¢ancer cases analyzed by array-based comparative genomic hybridization.

Table S2° Numerical aberrations observed in 44 pancreatic adenocarcinoma cases examined by array-based comparative: genomic hybridization.

Table S3 ... Loci lost frequently (>25% cases) in 44 pancreatic adenocarcinoma cases examined by array-based comparative genomic hybridization,
arranged by region.

Table S4. Loci gained frequently (>25% cases) in 44 pancreatic adenocarcinoma cases examined by array-based comparative genomic hybridization,
arranged by region.

Table S5 Association of sub-chromosomal numerical aberrations with selected clinicopathological parameters in pancreatic cancer.

Table S6 :* (A) Loci altered more frequently in' moderately compared with well differentiated pancreatic- adenocarcinomas. (B) Loci altered more
frequently in poorly compared with moderately differentiated pancreatic adenocarcinomas.
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