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Abstract. Human chromosomal region 11p15.5, which is
homologous to mouse chromosome region 7F5, 1s a well-
known imprinted region. The CDRNIC/KCNQIOT! im-
printed domain, which is one of two imprinted domains at
11p15.5, includes nine imprinted genes regulated by an im-
printing center (IC). The CDKNIC/KCNQIOTI IC is a dif-
ferentially methylated region of KCNQIOTI1 (KCNQIOT-
DMR) with DNA methylation on the maternal allele and no
methylation on the paternal allele. CDKNIC (alias p5 75F2),
an imprinted gene with maternal expression, encoding a cy-
clin-dependent kinase inhibitor, is a critical gene within the
CDENIC/KCNQIOTI domain. In Beckwith-Wiedemann
syndrome {(BWS), approximately 50% of patients show loss
of DNA methylation accompanied by loss of histone H3 Lys9

dimethylation on maternal KCNQIOT-DMR, namely an im-
printing disruption, leading to diminished expression of
CDKNIC, In canger, at least three molecular mechanisms —
imprinting disruption, aberrant DNA methylations at the
CDEKNIC promoter, and loss of heterozygosity (LOH) of the
maternal allele — are seen and all three result in diminished
expression of CDENIC. Imprinting disruption of the
CDENIC/IKCNQIOTI domain is involved in the develop-
ment of both BWS and cancer and it changes the maternal
epigenotype to the paternal type, leading to diminished
CDKNIC expression. In this review, we describe recent ad-
vances in epigenetic control of the CDENIC/IKCNQIOTI im-
printed domain in both humans and mice.

Cogpyright € 2006 S. Karger AG, Basel

Imprinting is an epigenetic phenomenon that leads to
monoallelic expression of genes in a parent-of-origin-depen-
dent manner. It is thought that most imprinted genes form
clusters, or imprinted domains, and are under domain level
regulation (Reik and Walter, 2001}, Human 11p15.5, which
is homologous to mouse 7F3, is a well-known and well-stud-
ied imprinted region. It has been shown that this imprinted
region is separated into two domains, CDENICIKCNGQIOT]
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and IGF2/H 19, and that each domain 1s regulated by a func-
tionally independent imprinting center (IC) in both humans
and mice{Caspary et al., 1998; Horike et al., 2000; Fitzpatrick
et al., 2002). Generally, ICs are differentially methylated re-
gions (DMRs), which show DNA methylation on one paren-
tal allele but not on the opposite allele. The 1Cs for CDEKNIC/
KCNQIOT! and IGF2/HI9 domains are KCNQIOT-DMR
and HI9-DMR, respectively. Recently, another epigenetic
process, namely histone modification, has attracted research-
ers’ attention. Jenuwein and Allis have proposed the ‘histone
code’ hypothesis which states that different modifications of
specific histone amino acids or combinations of these, are
transtated into functionally distinet effects on nuclear pro-
cesses (Strahl and Allis, 2000, Jenuwein and Allis, 2001). For
example, histone H3 Lys9 methylation (H3mK?9) is associ-
ated with the formation of stably silenced chromatin regions
in mammals, whereas acetylation of histone H3 and H4
{H3Ac and H4Ac) and methylation of histone H3 Lys4
{H3mK4) are correlated with transcriptionally active chro-
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Fig. 1. Human CDENIC/KCNQIOQOT! imprinted domain on
11p135.5. Maternally and paternally expressed genes are indicated by red
and blue boxes, respectively. DNA methylation status at KCNQIOT-
DMR is shown by the white oval (unmethylated) and by the black oval
(methylated). Unmethylated KCNQIOT-DMR on the paternal allele

matin structures. It has been shown that histone modification,
as well as DNA methylation, are important for the regulation
of imprinted genes (Saitoh and Wada, 2000; Xin et al., 2001;
Fournier et al., 2002; Higashimoto et al., 2003; Yang et al.,
2003a, b). Since genetic and epigenetic abnormalities of the
[1p15.5 imprinted region are found in Beckwith-Wiedemann
syndrome (BWS), a tumor predisposing overgrowth syn-
drome, and in various cancers, the region has been thought
to be involved in the development of these diseases.

In this review, we focus on abnormalities in epigenetic
mechanisms, such as DNA methylation and histone modifi-
cation, at the CDKNIC/KCNQIOT'I domain in BWS and
cancer. We also describe the importance of CDKNIC, which
is regulated by KCNQIOT-DMR, in these diseases and its
imprinting regulation in humans and mice.

CDKN1C/KCNQ10TT domain in mouse and human

The imprinted region at 11p15.5 consists of two indepen-
dent domains, CORNIC/IKCNQIOT! and IGF2/HI9. The
CDENICIKCNQIOT!I domain extends from OSBPLS (alias
OBPHI) to ASCLZ (Fig. 1). The structure and the imprint-
ing status of these domains are mostly conserved between
humans and mice. In the human CDENIC/IKCNQIOT!
domain, eight genes (QSBPL5, PHLDA2, SLC22418,
SLC2241848, CDENIC, KCNQIDN, KCNQI, ASCL2) are
expressed exclusively or preferentially from the maternal al-
lele, whereas KCNQIOT ! is exclusively expressed from the
paternal allele (Fig. 1) (Reik and Walter, 2001). KCNQIOT]
is a non-coding antisense-transcript to KCNQI, and its pro-
moter exists within KCNQIOT-DMR (Lee et al., 1999; Mit-
suya et al., 1999; Smilinich et al., 1999). KCNQIOT-DMR,
the IC for the CDENIC/KCNQIOT! domain, shows a pat-
tern of maternal DNA methylation and paternal unmethyl-
ation. In mice, KCNQIOT-DMR is methylated in oocytes,
but not in sperm (Engemann et al., 2000; Yatsuki et al., 2002).
In mice with a paternally inherited deletion of Kenglot-DMR,

— /’/’/‘?\n

KCNQTON

KCNQ10TY KCNQ1 T8SC4 chsat ASCLZ

{
i

KCNQTOT1-DMR

(Pat), which works as a silencer and as a promoter for KCNQIOTI RNA
transcription, represses the surrounding maternally expressed genes.
Methylated KCNQIOT-DMR on the maternal allele (Mat) cannot work
as a silencer, and KCNQIOT! RNA cannot be transcribed. As a result,
surrounding maternal expressed genes are transcribed.

derepression of imprinted genes, which are normally silent on
the paternal allele, was evident (Fitzpatrick et al.,, 2002).
Mouse hybrid cells with human paternal chromosome 11 also
showed activation of imprinted genes, which are normally
silent on the paternal allele, because of a lack of Kenglotl
expression on the targeted chromosome (Horike et al., 2000).
These findings indicate that unmethylated KCNQIOT-DMR
represses within the CDENIC/KCNQIOT] domain on the
paternal allele (Fig. 1).

How does KCNQIOT-DMR regulate expression of im-
printed genes? In both humans and mice, it has been shown
by experiments based on plasmid constructs (Kanduri et al.,
2002; Du et al,, 2003; Mancini-DiNardo et al., 2003; Thakur
et al., 2003) that KCNQIOT-DMR functions as an insulator
and/or bi-directional silencer. Recently, Thakur et al. (2004)
reported that KCNQIOTI RNA itself possesses a bi-direc-
tional silencing property in such plasmid-based systems. Al-
though this mechanism is similar to that of 4ir RNA within
the Igf2r locus, it is unknown whether the mechanism func-
tions int vivo. Niemitz et al. (2004) reported microdeletion of
the KCNQIOT! region in familial BWS. In this family, since
there was no phenotype when the deletion was paternally in-
herited, it was suggested that the KCNQIOTI RNA itself is
not necessary for normal development in humans. This find-
ing is inconsistent with the silencing property of KCNQIOT1
RNA in mice. When the deletion was maternally inherited, it
caused BWS with silencing of CDENIC, suggesting the exis-
tence of an enhancer element for CDKNIC in the deleted
region. This is supported by the experiment in which a site-
specific translocation between Cdknlc and Kengl in mice re-
sulted in loss of expression and loss of imprinting of the genes
including Cdinlc (Cleary et al., 2001). Mechanisms govern-
ing imprinting of the COENIC/KCNQIOTI domain have
not been completely elucidated, Thus, further in vitro and in
vivo experiments might be necessary to clarify the specific
mechanisms involved here.

As for histone modification, histone H3 Lys? di-methy-
lation (H3m2K9) is abundant on the DNA methylated ma-
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ternal KCNOIOT-DMR in both humans and mice, indicat-
ing condensed and inactive heterochromatin. On the other
hand, H3Ac, H4Ac, and H3 Lys4 di-methylation (F13m2K4)
were observed to be abundant on unmethylated paternal
KCNQIOT-DMR in both species, indicating open chromatin
and active transcription (Higashimoto et ak., 2003). The his-
tone modification state at KCNQIOT-DMR was associated
with DNA methylation status and the expression of
KCNQIOTI. This is consistent with similar observations in
other imprinting regions, such as PWS-IC, H19-DMR, DMR2
of Igf2r and DMR of U2af1!I (Saitoh and Wada, 2000; Xin
et al., 2001; Fournier et al., 2002; Yang et al., 2003a, b).

What is the primary imprint mark involved here? Since
primary imprints should be marked during gametogenesis,
H3m2KS is thought to be a candidate because chromosomes
in oocytes retain histones, whereas histones are replaced by
protamines in sperm. In mouse ES cells lacking the H3K9
methyltransferase, G9a, there are both loss of maternal DNA
methylation at PWS-IC and biallelic expression of Snrpn. In
contrast, DNA methyltransferase-deficient ES cells lack DNA
methylation at PWS-IC but show normal levels of H3m2K9
of PWS-IC and preserve monoallelic expression of Snrpn
(Xin et al., 2003). These findings suggest that the primary im-
print mark on maternal PWS-IC may be H3m2K9, On the
other hand, in a recent study using conditional knock out
mice (Kaneda et al., 2004), Dnmt3a, which isa de novo DNA
methyltransferase, was reported to be essential for the estab-
lishment of maternal and paternal imprints. Although Kane-
da et al. (2004) referred to the possibility that other factors
might be involved in the establishment of imprinting, their
results indicated that DNA methylation is & primary imprint
mark for several ICs.

CDKN1C, a key gene in the CDKN1C/KCNQ10T1 domain

CDKNIC (alias p579%), located within the CDKNIC/
KCNQIOTI domain, is an imprinted gene with maternal ex-
pression, which has attracted attention as a key gene for BWS
and cancer. Since CDENIC encodes a cyclin-dependent ki-
nase inhibitor (CDKI) that belongs to the CIP/KIP family, it
is considered to be a putative tumor suppressor gene (Lee et
al., 1995; Watanabe et al., 1998). Actually, decreased expres-
sion of CDKN1C has been observed in sporadic cancers and
embryonal tumors, including Wilms’ tumor. However, muta-
tions of CDKN{C are very rare in embryonal tumors and are
not found in sporadic cancers (Chung et al., 1996; Hatada et
al., 1996a; Schwienbacher et al., 2000; Shin et al., 2000; Ki-
kuchi et al., 2002; Li et al., 2002; Shen et al., 2003; Soejima et
al., 2004; Hoffmann et al., 2005). In rare BWS cases, germ-line
point mutations of CDKNIC have been identified (Hatada et
al., 1996b), and mice with maternally inherited deletions of
CDKNIC showed some features of BWS (Zhang et al., 1997).
These findings indicate that within the CDENIC/KCNQIOT]
domain, CDKNIC is a critical gene for BWS and cancers.

Mouse Cdlknlc is exclusively expressed from the maternal
allele, but human CDENIC is predominantly expressed from
the maternal allele and partially from the paternal allele. The

308 Cytogenet Genome Res 113:306-312 (2006}

DNA methylation status in the CDKNIC promoter region is
different between humans and mice. In mice, the promoter
is unmethylated on the maternal allele, leading to active tran-
scription, whereas it is methylated on the paternal allele, lead-
ing to inactive transcription (Yatsuki et al,, 2002). On the
other hand, in humans, the promoter is unmethylated on both
alleles (Chung et al., 1996). As for histone modification,
H3m2KY is abundant within the paternal promoter in mice
(Higashimoto et al., unpublished data) (Fig. 2A). However,
H3m2K9 was not detected in human lymphoblastoid cells
(Higashimoto et al., unpublished data) (Fig. 2B). These DNA
methylation and H3m2K9 status distinctions may account
for the differences in CDKNIC imprinted expression ob-
served between humans and mice. These observations also
suggest that some physical differences between the two spe-
cies exist in terms of regulating CDKNIC expression.

Imprinting disruption of the CDKN1C/KCNOTOT1
doemain and BWS

BWS is a congenital syndrome characterized by pre- and
postnatal overgrowth, macroglossia, and anterior abdominal
wall defects. Additional but variable complications include
organomegaly, hypoglycemia in infancy, hemihypertrophy,
genitourinary abnormalities, and, in ~5% of children, em-
bryonal tumors (e.g. Wilms’ tumor, hepatoblastoma, rthabdo-
myosarcoma). BWS has a complex etiology and can arise from
paternal uniparental disomy {(patUPD) of chromosome 11,
paternal duplication of 11pl15.5, maternally inherited coding
mutations in CDKNIC, maternal chromosome rearrange-
ments, and loss of imprinting of JGF2 with DNA hypermeth-
ylation or normal methylation of H19-DMR (Weksberget al,,
2003). However, the most common mechanism that results
in BWS is loss of DNA methylation of KCNQIOT-DMR on
the maternal allele. Loss of DNA methylation was observed
in ~50% of BWS patients and strongly correlated with ma-
ternal loss of H3m2K9 {Higashimoto et al., 2003). Fibroblast
cells from BWS patients with loss of maternal DNA methyla-
tion at KCNQIOT-DMR have shown diminished expression
of the CDKN1C (Diaz-Meyer et al., 2003). H3m2K9 at the
CDKNIC promoter, however, could not be detected in any
samples, irrespective of DINA methylation status at
KCNQ10OT-DMR (Higashimoto, unpublished data) (Fig. 2B).
These findings suggest that H3m2K9 at the CDENIC pro-
moter region is not associated with allelic expression of
CDKNIC in human, and that histone modification at
KCNQIOT-DMR, as well as DNA methylation, is important
as an epigenetic factor. Taken together, imprinting disrup-
tions of the CDKNIC/KCNQIOT] domain would cause di-
minished CDKNIC, leading to the development of BWS.

The CDKNTC/KCNQTOTT domain and cancer

Loss of heterozygosity (LOH) of 11pl5 occurs frequently
in several sporadic cancers, including embryonal tumors and
some common adult cancers (Henry et al., 1989; Kiechle-
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Fig. 2. Histone modification of CDKNIC promoter in mouse and
human. (A} Histone modification at mouse CDKNIC promoter. Chro-
matin of primary fibroblasts derived from (C57BL/6 x PWK)F1 {BPF1)
mice was analyzed by chromatin immunoprecipitation (ChIP) with an-
tibodies against H3Ac, H4Ac, H3m2K4, and H3m2KS. ChIP DNAs
from fractions representing input (i}, no antibody (n), and antibody («)
were subjected to hot-stop PCR. The PCR products were digested with
Eco01091 and intensity of the PCR products was measured. Ratios of
matemnal infensity to paternal intensity {M:P), corrected by M:P in the
input fraction chromatin, are indicated below each lane. H3Ac, HdAc,
and H3m2K4 are abundant on the maternal allele, whereas H3m2K9 is
abundant on the paternal allele. The results of ChIP from reciprocal cross
BPF| fibroblasts were the same (data not shown). These results indicate

that histone modification is associated with allelic expression of Cdknlc
in mice. Eco: a polymorphic FcoO 1091 site in C57BL/6. (B) H3m2K9 at
the human CDKN1C promoter. Lymphoblastoid cells were derived from
normal individuals (1 and 2), BWS patients with normal KCNQI10T-
DMR (3 and 4), and BWS patients with loss of DNA methylation at
KCNQIOT-DMR (5, 6, 7, and 8). ChIP-PCR for ChIP 1 and 2 regions
failed to detect H3m2K9 in any sampie. The chromosome 16 centromere
region was amplified as a positive control for H3m2K9. The results show
that H3m2K9 is not associated with allelic expression of CDENIC. The
open boxes and broken arrows show exons and the transcription start
sites, respectively, A CpG island is indicated by the gray box. Regions
analyzed by ChIP-PCR are indicated by double-ended arrows.
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Fig. 3. Possible mechanisms causing di-
minished expression of CDENIC in cancer.
(A) Normal situation in the CDENIC/
KCNQIOTI domain. An explanation of the
imprinting mechanism is shown in Fig. 1. The Mat
CDKNIC promoter is unmethylated on both
alleles in the normal imprinting state (small
white ovals). (B) LOH of 1ipl15.5. The LOH
oceurs on the maternal aliele, where CDEKNIC
is predominantly expressed. (C) DNA hyper-
methylation at the CDKNIC promoter. As a
result, the CDKNIC promoter cannot function.  E_appormal HELLS may affect COKNC expression
(D) Imprinting disruption of the CDKNIC/

KCNQIOT! domain. Loss of DNA methyla-

tion at KCNQ10T-DMR leads to the repression

of the surrounding maternally expressed genes,

including CDKNIC, on the maternal allele. Pat
(E) HELLS abnormalities may affect CDENIC

expression. Because loss of Hells leads to reac-

tivation on the silenced paternal Cdianfc with

loss of promoter methylation in mice, it is spec- Mat
utated that over-expression or gain of function

mutations of HELLS may modulate methyla-

tion of the CDKNIC promoter. DNA methyl-

ated regions are shown by black ovals. Pat: pa-
ternal allele; Mat: maternal allele.

Pat

HELLS?

310 Cytogenet Genome Res 113:306-312 (2006)

— 182 —



Schwartz et al., 1993; Bepler and Garcia-Blanco, 1994; Baffa
et al., 1996). The lost allele is commonly maternal. Approxi-
mately 5% of BWS patients have embryonal tumors. These
findings suggest that at least one maternally expressed gene
in 11pl5.5 functions as a tumor suppressor. To date, only
CDKNIChas been identified as a candidate tumor suppressor
in the CDKNIC/KCNQIOTI domain. Although no somatic
mutations of CDKNIC have been found in sporadic cancers,
CDKNIC expression is decreased in various turnors {Chung
et al., 1996; Hatada et al., 1996a; Schwienbacher et al., 2000;
Shin et al., 2000; Kikuchi et al., 2002; Li et al., 2002; Shen et
al., 2003; Sogjima et al., 2004; Hoffmann et al., 2005).

At least three mechanisms may be responsible for the de-
creased expression of CDKNIC (Fig. 3). The first is maternal
LOH of 11p. Matermal LOH causes diminished expression of
CDKN1Cbecause it is expressed predominantly from the ma-
ternal allele (Fig. 3A, B). It has been reported that the expres-
sion of CDKNICwas diminished in Wilms’ tumors with LOH
less than that in normal fetal kidney and that CDEKNIC was
down-regulated by LOH in some bladder cancer cell lines
(Chunget al,, 1996; Hoffmann et al., 2005). The second mech-
anism is DNA hypermethylation at the CDXNIC promoter
region (Fig. 3C). It is well known that DNA hypermethylation
of promoters contributes to silencing of tumor suppressor
genes in human cancers (Jones and Laird , 1999). Hypermeth-
ylation at the CDKNIC promoter region was reported in var-
ious adult tumors, but not in Wilms’ tumor (Chung et al.,
1996; Shin et al., 2000; Kikuchi et al., 2002; Li et al., 2002;
Shen et al., 2003; Hoffmann et al., 2003; Satoh and Soejima,
unpublished data}. These findings suggest that there are dif-
ferences in the frequency of CDKNIC promoter hypermeth-
vlation among tumor types. The last mechanism is ‘Tmprint-
ing disruption’, that isloss of DNA methylation at KCNQIOT-
DMR on the maternal allele (Fig. 3D). Scelfo et al. (2002)
reported that aberrant methylation occurs at KCNQIOT-
DMR in various adult tumors. Weksberg et al. (2001) report-
ed thatnot only patUPD of 1 1p15 and HI9-DMR hypermeth-
ylation but also loss of methylation at KCNQIOT-DMR are
all associated with embryonal tumor development in BWS.
We have previously shown that diminished CDENIC expres-
sion was correlated with loss of DNA methylation at
KCNQIOT-DMR in esophageal cancer, but that it was not
correlated with DNA methylation within its own promoter
(Soejima et al., 2004). A similar result was reported in some
bladder cancers (Hoffmann et al., 2005). Furthermore, loss of
H3m2K9 was accompanied by loss of DNA methylation at
KCNQIOT-DMR. At the CDKNIC promoter region, how-
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ever, H3m2K$9 was scarcely detectable in any esophageal can-
cers, regardiess of DNA methylation status at KCNQIOT-
DMR (Soejima et al, 2004). These findings are the same as
the results observed for the CDENIC/KCNQI10OT! domain in
BWS as described in the preceding section.

However, all cancers showing diminished CDENIC ex-
pression cannot be explained by the three mechanisms men-
tioned above, suggesting the existence of other mechanism(s).
For example, Hells (alias Lsh), a member of the SNF2 family
of chromatin remodeling proteins, controls DNA methylation
in mice. Loss of Hells leads to reactivation on the silenced
paternal allele of CDENIC, and it correlates closely with loss
of DNA methylation at the promoter on the paternal allele.
However, KCNQIOT-DMR and other DMRs were not sig-
nificantly changed in the mouse embryo (Fan et al., 2005).
This suggests the existence of a trans-factor for CDENIC
regulation separate from the effects exerted by KCNQIOT-
DMR. Abnormalities involving human HELLS, e.g. over ex-
pression or gain of function mutations, may influence the
imprinting status of CDKNIC, although human CDKNIC
expression is not dependent on promoter methylation. Fur-
ther studies will be necessary to elucidate the mechanisms for
the diminished expression of CDKNIC,

Conclusions and perspective

Loss of DNA methylation and of H3K9 methylation
at KCNQIOT-DMR causes imprinting disruptions of the
CDKNIC/IKCNQIOTI domain, changing the maternal epi-
genotype to the paternal one. It can lead to reduced CDENIC
expression and is involved in approximately 50% of BWS
patients and in certain cases of cancer. However, many ques-
tions remain to be solved. For example, why and how are
specific sequences differentially methylated as ICs during ga-
metogenesis to establish imprinting? How is imprinting main-
tained in somatic cells? What are the molecular mechanisms
that transmit the imprint signal from the IC to target genes?
Further experiments are required to answer these questions.
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Association of 11 q Loss, Trisomy 12, and Possible 16q
Loss with Loss of Imprinting of Insulin-Like Growth
Factor-ll in Wilms Tumor

Naoki Watanabe,'? Hisaya MNakadate,’ Masayuki Haruta,1 Waka Sugawara,l Fumiaki Sasaki,’
Yukilco Tsunematsu,® Atsushi Kikuta,’ Masahiro Fukuzawa,® Hajime Okita,” Jun-ichi Hata?
Hidenobu Soejima,’ and Yasuhiko Kaneko'**
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‘“‘Department of Pediatrics, Juntendo University Nerima Hospital, Tokye, Japan
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We evaluated the WTT and IGFZ status and performed chromosome and/or comparative genomic hybridization analysis in 43
tumor samples from patients with Wiims tumor. On this basis, we classified them into 4 groups: WT1 abnormality, loss of
heterozygosity (LOM) of IGFZ, loss of imprinting (LOI} of IGFZ, and retention of imprinting (ROI} of IGF2, which were seen in
12%, 30%, 16%, and 42% of the tumors, respectively. Patients in the LOI group were older than those in other groups (P <
0.01}, and tumors in the WT/ group had fewer cytogenetic changes than did those in the other groups (P < 0.01). It was found
that I 1g— and +2 were more frequent in the LOI group than in the WTI+LOH+ROI group (P < 0.0l and P < 0.01). There
was no difference in the incidence of f6q— between the LOI group and the other groups; however, when we excluded
16 cumors with LOH on i [pl3, 16q— tended to be more frequent in the LOI group than in the WT{ 4ROl group (P = 0,06).
The assoctation of 11q— or -+ 12 with LOI of IGF2 found in the present study suggests that many tumors with no WT} abnor-
ralities need overexpression of IGF2 together with blallelic inactivation of the tumor-suppressor gene on 1 1q andfor over-
expression of growth-promoting genes on chromosome 12. The |1q gene may code for one of the proteins that constitute a
CTCF insulator complex, and its mutation, deletion, or hapleinsufficiency may cause insulator abnermalities that might lead to
LOI of IGF2. @ 2006 Wiley-Liss. Inc.

INTRODUCTION

Wilms tumor is the most common kidney tumor

and LOH analyses of Wilms tumors showed gain
of loss of specific chromosomes or chromosomal

in childhood. A tumor-suppressor gene, V77, was
isolated in the I1pl3 chromoesomal region, but
deletion or mutation has been found in only 15%-
20% of Wilms tumors (Huff, 1998; Nukadate et al.,
2001). Loss of imprinting (LOD of insulin-like
growth factor-11 (/GF2), a paternally expressed
gene at TIp15.5, has been reported to occur in
40%-70% of tumors {Ogawa ¢t al., 1993; Rainier
etal, 1993), und it was assoctated with a pathologi-
cal subtype that occurs in a lager swage of renal
development (Ravenel et al.. 2001). Several studies
found the type of loss of heterozygosity (LQOH) on
11p thar is alwavs cavsed by loss of the maternal
chromosome in 30%-40% of tmors investigated
(Schroeder et al., 1987; Grundy et al., 1994; Naka-
date et al., Z001). LOI or LOH of IGF2 may cause
overexpression of a gene that gives tumor cells o
growth advanage or madifics their differentiation
stage (Sakatani ee al., 2005), and JGF2 is the pri-
mary candidate for being the W72 genc. Crroge-
netie, comparative genomic hybridization (CGITY.

& 2006 Wiley-Liss, Inc.

regions, indicating that W77-wild-type tamors had
more genomic alterations than WI'/-mutant-type
tumors {Nakadate et al., 1999; Hing et al., 2001;
Ruteshouser et al,, 2005). Furthermore, association
of the long arm loss of chromosome 16 (16¢-) with
LOI of /GF2 in Wilms tumor was recently reported
{(Mummerc et al., 2005). However, 16g— was fonnd
in only a small pordon of the tumors with LOJ
investigated, and no other cytogenetic abnormal-
ities are known to be associated wich 1O in the
tumors. These studies indicate that Wilms tumor is
a genetcally heterogencous disease, and further
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studies are needed to clarify the genetic/epigenetic
and cviogenetic background of the rumor.

We evaluated the W77 and JGFZ status and per-
formed chromosome andfor CGIT analysis of 43
Wilms tumors, on the basis of which we classified
them into 4 geneticfepigenetic groups: W77 abnor-
mality, LOH of IGF2, LLOT of IGF2, and retention of
imprinting (ROD of IGFZ. We anaivzed the relation-
ship between cytogenede and  genctic/epigenetic
changes and found an association of LO1 of IGF?
with 11y- and + 12 and possibly also with 16¢—.

MATERIALS AND METHODS

Patient Samples

Tiumor samples were available from 68 Japanese
infancs or children ranging in age from 2 months to
8 years who underwent surgery or biopsy between
August 1984 and February 2003, These samples
were selected on the hasis of dissue availability and
were not gathered consecutively. Of the 68 pa-
tents, 21 were registered in the Japan Wilms -
mor Group Study (JWITS). Samples of normal tis-
siie were obtained from either the peripheral blood
or normal renal tissue adjacent to the tumeor from
the same patients. Informed consent was obtained
from the parents, and the study design was ap-
proved by the ethics commitcee of Saitama Cancer
Center. The twmors were staged according to the
National Wilms' Tumor Study group (NWTS)
staging system, and most patients were treated
according to NWTS protocols (d'Angio et al,
1989). None of the 68 patients had a family history
of Wilms tumor. One patient (275) had Drash syn-
drome, and another patient (953) had bilateral
twmors; the remaining pacients had sporadic and
unilateral tumors (Table 1).

Histological Examination

Inn all cemors, the diagnosis of Wilms tumor was
made with routine hematoxylin- and cosin-stained
pathology slides by local pathologists from each
mstitntion according 1o the classification proposed
by the Japanese Pathological Society andfor the
NWTS pathology panel (Beckwith et al., 1978;
Japanese Pathological Sociery, 1988). Twenty-one
cases that were registered at the JWI'TS were also
reviewed by the pathology pancl.

Cytogenetic, Fluorescence In Situ Hybridization,
and CGH Studies

Chromosomes from tumor cells were studied by
methods reported  previously (Nakadare er al,,
1999), and karyvorypes were deseribed according to

the International System of Human Cyrogenetic
Nomenclature (ISCN, 1995). Fluorescence n situ
hybridization (FISH) using Vysis probes [CEP 3
(chromosome 3 centromere), CLEP 12 {(chromosome
12 centromere), CBIB (16422), and ML (119q23)%
Downers Grove, 1L) were carried out as described
previousty (Watanabe et al, 2002). CEP 12 was
used to detect trisomy 12 and CEP 3 was used as a
control because chromasome and CGI analyses
detected 2 copies of chromosome 3 in almost all
Wilms wimors, and the GBFB and MLL probes
were used to detect 16¢— and 11g-—, respectively.
Karyotypes of 11 of the 43 tumors described in
Table 1 were reported previousty (Nukadate et al,,
1999).

CGH analysis was performed as deseribed previ-
ously (Kamon et al., 2000). A chromosomal region
was considered overrepresented or underrepresented
i the average ratio profile was above 1.25 or below
0.75, respectvels.

Analyses of WTI Abnormalities and Allelic Loss
on lipandiig

DNA preparation and digestdon and Southern
blot analvsis using a W77 ¢DDNA probe (WT33;
Call et al., 1990), PCR-single-strand conformartion
polymorphism (85CP) and subsequent direct-
sequencing analvsis, and allelic loss analvsis on 1p
and 11q were performed as described previoushy
(Nakadate et al., 2001). Whether there was allelic
loss on 1ip and Flq was determined by PCR using
microsatellite markers of 12118922, TH, [GF2Z,
118932, PAXG, DI11S903, DI1184100. NCAJ,
121181885, 1311529, and DM151364 and using the
restriction fragment lengrh polvmorphism (RFLP)Y
sites of WT7 (Tadokero et al.,, 1993). The primer
sequences used for PCR were obtained from the
Genome Database (hup/fvww.gdboorg). The re-
sufts of the aliclic loss analysis on Hp and 11q for
21 of the 43 umors described in Tables 1 and 2
were reported previeusly {(Nakadate et al., 2001).

The results of the study of promoter hyperme-
thylation of W77 were reported previously (Sacoh
etal., 2003).

Analysis of IGF2 Allelic Expression and Loss

The Apalidvall polymorphism site in exon 9
was used to evaloate allelic expression of IGF2,
PCR swith genomic DNA from normal rissuc
and identification of heeerozygous specimens after
Avall and Hinfl digestion were performed as
described previeusty (Watanahe et al., 2002). R'1=
PCR produects from the tumor RNA also were
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TABLE 2. Allelic Status of | 1p and 11qand IGFZ Imprinting Status in WT!, LOR of IGF2, and LO of IGF2 Wilms Tumor Groups

pts pi3 pll q2i-22 11923 i1 g-detected
o WTI by CGH/
$922 IGFZ IGF2-LOI THO! 5932 PAX6 WT] S903 54100 NCAM SIBSS $29 51364 abnormality cytogenetics

Tumors with WT 1 abnormalities and LOH, LOI, or ROl of IGF2 (n = 5)

275 — @ — e e - & — o) — O - Mutatdon MNot detected
in exon 8
832 - — @ @ e @ — O O e — O Mucation Mot detected
inexon 2
99—  — — e — _— @ e @ — — — @ Promoter Not detected
methylation
M8 — O 3 O @) O @ @ — — O O ¢ Muration Mot detected
in exon 7
2375 O O O @) O — A — O O w3 Homozygous Not detected
deletion
Tumors with LOH of IGF and no WT! abnarmalities (n = {3)
325 @ — — - - % O O — O O  None Not detected
528 . @ — L ® e _ _ @ — @ — @ None Not detecred
575 e e — L] & —_ 0 - ) O — — O None Nort detected
a7l ® — @ — @ — = - O O O O  None Not detected
98 e — — — O O O e — O [®] QO None Mot detected
1075~  — — L] e — o0 o0 O O C — O None Not detected
1390~ — — @ —_— — @ O @) ) O —  —  None Not detected
1570 ~— @ — — ® e - - - @ S @ —  None Not detected
1658~ — — @ —_— — = = —— C O — MNone Nat detected
1752 @ — — @ e - & e - p— — O O None Not detected
2488 @ — @ ] ® — O — O O O None Not detected
M4 — @ — —_ @ [} @ L] C O O O — MNone Not detected
M204 — — — — @ @ @ . _— @ —  — 0O MNone Not detected
Tumers with LOI of IGFZ and no WT/ abnormalities (n = 7)
548 — O B O c - O - G — — O (O None Not detected
1206 — O B O O O O @) O — — @ @  None Detected
1207 — O B O T § — — — — @ None Detected
1435 — O B — e @) o - O O — 0 O None Not detected
1535 O O & Q - - 0O — _ @ @ & -~ None Detected
M9 O O a O cC o O 0 @] — — O O MNone Not detected
M29E O — | o - o O — @ — © ©® @ None Detected

"Details of WT 1 abnormality are described in the rext.
D Loss of heterozygosity; O Retention of heterozygosity: — Not informative; Bl Loss of {GF2 imgrinting: [J Retention of IGFZ imprinting; A Homozy-
gous WT I deletion.

digested with Acwll and Hinfl. and allelic expres- uve 11pl5 loci were found in normal tissue from
sion of [GFZ was determined. 64 of the patients; the 11p15 loci in the tissue from
Statistical Analysis the other 4 patients were uninformative. Of the 64

informative tumors, 16 showed LOH. Of the 48
tumors without LLOIE, 27 were informative for the
Apalfdvall polymorphism site of the IGF2 gene,
Thus, 43 rumor samples were the subject of the
o ; ) - present study.

Differences in the mean age of the patents and in Three tumors (949, 528, and 1570) showed LOM
the average number of chromosomc. changes for the entire chromosome 11; 1 tumor (M204)
hetween any 2 of the 4 groups were examined with showed LOH on 11pl5-11q23. retaining hetero-

Veleh's f te o . -
Welch's 7 test. zygosity in the more distal 11g locus; 3 tumors

The significance of differences in various clinical
and cyrogenetie aspects of the disease among the 4
geneticfepigenetic groups of tumors was deter-
mined by the chi-square or Fisher's exact tests.

RESULTS (575, 918, and 107%) showed LOU limited 1o the

11pi5 region: and 9 (275, 832, 325, 871, 1390, 1658,

Allefic Losson | lpand 11q 1752, 2488, and M134) showed LOH limited 1o
Alielic toss on llp and Hlg was analyzed in the 11pi5-11p13 region (Table 2). Of the 27 w-
Wilms tumor samples from 68 patients. Informa- mors without LOH an 1pl5, 1 (M289) showed

Cienes. Chranasunes & Cancer DO 101002100
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LOM limited to 11pl3-11ptl, and 4 (G206,
1207, C15335, and M291) showed 1LOIT on 11q
{Table 2),

WTI Abnormalities

Of the 9 wwmors with LOH lmited t the
Fipl5=1pl3 region, 2 showed a WY/ murtation;
one {275} had a missense mutagion in exon 8 (G tw
A conversion in nucleotide 1064 Haber et al,
1991), and the other (832) had a nonsense mutation
(C to T conversion in nucleotide 550} in exon 2
(Table 2). Another tumar (CG949) was found to have
W't promoter methylation, which was examined
tn 21 of the 43 tumors, of which only 1 showed the
methylation (Satoh er al,, 2003). This tumor had =
ring, chromosome containing chromosomes 1 and
11, Because the incidence of promoter methylation
was quite low, and no other timors showed a ring
chromosome containing chromosome 1§ and 1LOH
for the entire chromosome 11, the other 22 tumors
whose W77 promoter methylation status was not
examined were assumed to be unmethylated.

Of 27 wumors without LOH on 1ipl5, 1 (M289)
with LOH limited to the [1pi3-11pli region had
a missense mutation in exon 7 (G to T conversion
in nucleotide 895), and another (C2375) with
retention of heterozygosity (ROHD) for the entire
chromosome 1 had homozygous deletion of the
6.6-kb fragment of W77, detected by Southem
blotting with a W77 cPINA probe and EcoRI diges-
tion (Call et al., 1990; Table 2).

LOI of IGF2

Of the 27 tamors with ROH in 11p15 and the in-
formative Apalfdvall polymorphism site of /GF2, 7
showed LLOI of IGFZ (Tables 1 and 2, Fig. 1), Of
the 20 ROT cumors, 2 (M289 and C2373) showed
W7 abnormalites as deseribed before.

Four Groups of Tumors Classified by
WT! and IGF2 Status

We classifhed 43 Wilms tumors into 4 groups on
the basis of major genetie abnormalities: W/ ab-
normality, LOH of /GF2, 1O] of IGF2, and tumors
without W77 or {GF2 abnormalities, Three tumors
with 2 W7/ abnormalice and T.OH on 11p15-11pl3
were included in the W77 group because W77
abnormalitics are believed tn have a stronger
impact on romorigenieity than LOT of [GF2
Thus, of the 43 twmors, 5 were classified into the
W77 group, 13 into the LOI group. 7 into the 1LOT
group, and 18 into the ROL group (Table 1.

CGH patterns andfor karyorvpes were available
for ali 43 tumors CTable 1) Four cumors (528, 12006,

w oo 2 09 N
0 & o 9 O g
3 ¢ 2 2 8 3 2 =
Genomic DNA
PCR

VY vy

AvalliHinll
digestion
RT-PCR
Lol LOE ROF LOE RO
Figure |. Electrophoretic patterns of products of genomic DNA

PCR or reverse-transeription PCR after Avell and Hinfl digestion. Nor.
mal tissue from samples 548, £535, 2385, M269, and M233 was
observed to have heterozygous IGFZ alleles, and normal tissue from
sample 2052 was observed to have homozygous IGF2 alletes, in upper
lanes; loss of imprinting was found in tumor tissue from samples 548,
1535, and M269 and retention of impzinting in tumor tissue from sam-
ples 2385% and M233, in fower lanes [NC, negative control {H,O}: M,
size marker].

1435, and 1570} with a hyperdiploid karyotvpe
(>50 chromasomes) and trisomy 12 with or without
other changes were also studied by FISTE using the
CGEP 3, CEP 12, and CBEFB probes. All 4 umons
were shown to have trisomy 12, and 1 was shown
1o have 16¢g—. One tumor (1200} was shown to
have 11q— using FISI] with the JHLL probe.

Clinical Characteristics of Patients
in Each Tumor Group

‘The mean age of the parients was higher in
the LOI group than in che W77 (P = 0.03), the
LOIL (P = 0.01), the RO (# < 0.01), or the
W7 4 LOH + ROIGP < 0.01) groups (Table 3)
There were no differences in stage distribution
among the 4 groups. The wwimors of 42 patienes
were classified as having a favorable histology, and
the timor of T patent (1390) was classified as hav-
ing unfavorabie histology (the diffuse anaplasia
tvpel. Of the 43 patients, 41 were alive with no evi-
dence of discase at the last follow-up (November
30, 2004} Two patients had died: the patient who
had the diffuse apaplasia~type tomor died of the
disease, and the patient in the W77 group who had
Drash syndrome (275) died of renal failure.

Association of Chromosome Abnormalities with
1GF2 and WT/! Status

Ten chromosome/CGH abnommalities were seen
in 4 or more mmaors (Table 3). Loss Emited to 11q
was more frequent in the 1.O1 group than in the
0777 (P = 0.08), the LLOH (£ < 0.01) the RO
(P < 0.0, 0r the UT7 4 LOH + ROL(P < (LOD)

Ceewes. Chrgarasantes & Cancer 1301101002/ a0
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TABLE 3. Relationship between Cytogenetic Abnormalities with 4 Wilms Tumeor Groups Classified by WT/ or IGF2 Status

Mean age of Mean number

Tumors classified by WTI Number of  patients in  of cytogenetic

and {FGZ status tumors  months {range})  changes  41q +6 +7/47q 7p- +8 +10 11g +12° 413 [6g-

A. Tumors with WTI 5 24,2 (9-64) 0.4 (R 0 1 ¢ 0 0 0 0 0
abnormalities and LOH
or ROl of IGF2

8. Tumors with LOR of JGF2 and 13 28.7 (3-54) 1.5 31 2 1 4 2 0 2 2 2
no WT[ abnormalities

C. Tumors with LO| of IGFZ and 7 57.4 (37-96) 27 2 2 | PP 0 4 5 ] 2
no W71 abnormalities

D. Tumors with ROl of IGF2 and 18 23.2 (2-63) .3 4 4 0 & 2 0 4 3 0

no WT! abnormalities

Mean age: C versus A, P = 0.03; C versus B, P == 0.0; Cversus D, P < 0.01; C versus A+B+D, P < 0.01.

ean number of cytogenetic changes: A versus B, P = 0.12; Aversus C, P < 0.01; Aversus D, P = 0.13; A versus B-+C+D, P < 0.01.
“*1ig- C versus A, P = 0.08; C versus B, P < 0.01; Cversus D, P < 0.01: C versus A+B+D, P < 0.0); C versus A (2 tumors with ROIJ+D, P < 0.01,
B.+12: C versus A, P = 0,03; C versus B, P = 0.02; C versus D, P = 0.06: C versus A+B+D, P < 0.01; C versus A (2 tumors with ROI}+D, P = Q.02
“léq-: C versus A, P = 0.46; C versus B, P == 0.6; C versus D, P = 0.06; C versus A+B+D, P = 0.12; C versus A (2 tumors with ROJ4D, P = 0.06.

groups. When we added 4 tumors with LOH in
the entire chromosome 11 or in the 11pl5-1123
region to the 11g-— category, 11g- was sull more
frequent in the LOl group than in the
WTT4+LOHAROI group (£ = 0.02),

Trisomy 12 was more frequent in the LOI group
than in the W77 (7 = (.03), LOH (P = 0.02), ROI
(P = (0.06), or LOH+ROILWTY (P < 0.01) groups.
Loss of 16g was found only in the LOI or the
LOH group, but there was no significanc difference
wmong the 4 groups, or berween the LOT and the
W+ LOH+ROT groups (P = .12). Mummert
et al. (2005) excluded umors with LOH on 11p15
in a correlation analysis of 16g— and LOI of IGF2
because LOI of the maternal /GFZ allele prior to
its deletion conld not be ascertained. When we
excluded 16 tumors with LOH on 11pl5, 16g-
rended to be more frequent in the LOI group than
in the W77 group with the ROI of IGF2 + ROI
group (£ = 0.06). No other associations berween
chiromosome  abnormalides with any of the 4
groups were found (Fig. 2).

For the 10 chromosome/CGH  abnormalities
observed in 4 or more tumors, the mean number
per tumor was fowee in the WT7 group (0.4/tumor)
than in the LOH (1.5/tumor;, P = 0.12), 1O (2.7/
tamor; £ < (L01), ROl (1L.3/tumor; £ = (.13), or
LOH+ALOT+ROI (1.7/tumor; P < 0.01) groups
{Table 3).

BISCUSSION
Wilms tumor is a heterogencous disease showing
various genetic/epigenetic abnormalities, including
mutationsfdeletions of the W77 gene, LOIT or
LOI of the 1GF2 gene, and CTNVRT mutations fre-

Goaes, Chromasonies & Cencer 1308 10.10G2/ 200

quently assoctated with W77 abnormalities (Ogawa
et al, 1993; Rainier et al., 1993: Koesters et al.,
1999; Man et al., 2000; Ravenel et al,, 2001). In
addition, we previously reported that hyperdiploid
tumors, usuvally including trisomy 12, might be a
unigue subgroup of tumors with no W77 abnormal-
ities (Nakadate et al., 1999). Cytogenetic, CGH,
and LOH studies have found recurrent abnormal-
ities, including gains of 1q, 2,6,7,8, 10,12, 13, and
18 and losses of 1p, 7p, 9q, 11p, 11q, 16g, and 22q
{Nakadate et al, 1999; Hing et al, 2001; Ruze-
shouser et al., 2005). None of the previous studies
simultancously examined the status of 7/, LOH
or LOL of 7GF2, 1.LOH on [1p and 11q, and all
chromosomef/CGH patterns. The present study
showed W77 abnormalities, LOH of IGF2, LO1 of
fGFZ, and ROI of /GFZ in 12%, 30%, 16%, and
42%, respectively, of 43 Wilms cumors,

Recently, Mommert et al. (2005) reported that
Wilms tumors with 16— had expression of CTCF
half that of expression in tumors with normal chro-
mosomes 16 and that LOI of IGFZ was associated
with loss of L6g. The CTCF gene, at 1622, codes
for an insulator protein. Acecording to Mummert
et al. (2005), when less CTCF was available to
bind the differentially methylated region (DMR)
upstream of H/2, access of maternal JGFZ to an
enhancer downstream of A79 might occur. The
present study confirmed that tumors with 16—
showed either LOT or LLOH of {GF2 (Yeh et al,
2002; Mummert e al., 2003) and provided support
for the association of 16g— with LLOI of /GFZ. Fur-
thermore, the present study disclosed that 11g—
and +12 were more frequent in tumors with
LOI than in those with LOHM, ROIL or W77
abnormalities.
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Figure 2. Summary of chromosome changes in the LCI group detected by CGH. chromosome, FISH,
and/or LOH analyses. Gains and losses are shown on the right and left sides, respectively.

Overexpression of JGF2 can be caused by LOI
or by duplication of the parernal chromosome 11
with loss of the maternal chromosome 11 ({.OH).
LOT or LOH of IJGFZ has been detected in various
embryonal tumeors, including Wilms eumor, rhabdo-
myosarcoma, and hepatoblastoma (Ogawa et al..
1993; Rainier et al, 1993, 1995; Zhan et al., 1994).
More recently, micradeletion of the maternal H/79
MR was reporeed ina large family of people with
Beclowith-Wiedemann syndrome (Prawitt et al,,
2005). Although LOI of JGF2 was found in fibro-
blasts from all 4 individuals with the microdcle-
tion, 3 with a second genetic lesion (duplication of
the microdelered maternal fGF2 locos), but not
the one without it, developed Beckwith-Wiede-
mann svndrome and Wilms tumor. These findings
suggest that 1O of JGF2 or doplication of the
paternal [GFZ mav be one of several genetic
and epigeneric events that promote mmor cell
proliferation.

The present study found an associzton of 11g—
with Ol of 71GF2. Very recently, Yuan et al. (2005)
stadied LOI of fGEF2 by assessing DNA methyla-

tion of the A/2 DMR and LOIT by single-nucleo-
tide polymorphism (SNP) chips in 58 sporadic
Wilms tamors, 22 of which showed [LOL Parcial
lass of T1q and loss of whole chromasome 1T were
tound in 6 and 0, respectvely, of the 22 1O}
tumors, and in 1 oand 13, respectively, of the 36
non-LOI tumors. They stated chat 11g— was not
associated with LOL When we added 4 tumors
with LOH for the entire chromosome 11 or the
Fp and 11q regions into the Thq— category in the
present seres, lg— was stll more frequent in
the LOI group than in the W77 + LOM + ROI
group. Whale loss of chromosome 11 may play a
role in loss of the wild-tvpe WTT allele or in loss of
the maternal /GF2 allele, and [Tg— may be a
bystander in wmors wich whole loss of chromo-
some 11 and W77 muration or duplication of the
paternal JGEFZ2 (LOLD. When the 13 tumors with
loss of the entire chromosnme 11 from the series
reported by Yuan et af. (2005) were excluded, par-
tial loss of Llg was more frequenc in the LOI
tumors (6 of 22 tumors) than in the non-1.OI
tumors (F of 23 tumors). P < 0.01, Fisher's exact

CGraes, Cdvamnsones & Caneer DO 11002 a0
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tese. Thuy, the present study and that of Yoan et al,
(2005} lead to the same conclusion: chromosomal
loss limited to 1q is associated with LOI of /GF2
in Wilms rumor,

It has been hypothesized that 11q harbors a -
mor-suppressor gene involved in the development
of Wilms tumor (Radice et al,, 1995; Nakadate
et al,, 2001). The association berween 1ig— and
LOI of IGF2 found in the present study suggests
thae Wikms tumors with overexpression of fGF2
require deletion/murtation of the putative 11q gene
in order to develop to full-blown twmors. As we
have shown (Tables | and 2, Fig. 2), the present
CGH and cytogenetic study detected physical loss
of 11y DINA, rather than mitotic recombination, in
the 4 tumors with LOI and 11q LOH. The gene
on 11q may vode for one of the proreins that con-
stitute & CTCF insulator complex, and mutation,
deletion, or hapleinsufficiency of the gene may
canse insulator abnormalities thar might lead o
LOI of IGF2 (Ohlsson et al., 2001),

The present study also found an association
between trisomy 12 and LOI of /1GF2. We previ-
ously propesed that hvperdipleid tumors (250
chromosomes) make up a unique subgroup of
Wilms tumors characterized by the absence of WTf
abnormalitics and nonrandom gains of chromo-
somes, usually including trisomy 12 (Nakadate
et al, 1999). The present study added another
characteristic, namely, the endency w show LOI
of IGF2, t the list of characteristics of hyper
diploid twmors. CCNDZ2 and CDK4, which are
growth-promoting genes on chromosome 12, are
overexpressed in Wilms rumors (Faussiflon et al,,
2005), and it is speculated that tumors wich LOT of
[GEF2 also need trisomy 12 in order to proliferate in
an accelerated manner.

Ravened et al. (2001} reporced that patients who
had Wilms twmors with LOI of IGFZ were older
than those who had wmors with normal imprinting
and that the tumors with LOT were more likely to
be of a pathological subtype associated with a later
stage of renal development. The present study
confirmed thar patients with tumors with LO1 were
older than those who had tumors of other subtypes.
Chromosome changes wese most frequeant in the
LOT group and least frequent in the W7/ group
(Table 3). We suggest from the findings described
above that tumors with LOI need far more genetic
events o develop iato full-blown tumors than do
those with certain genetic types of tumors; it will
take tme to accumulare the genetie and epigenetic
events that mighe explain why patients with L.OI
oA 1G22 are older.
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Genetic and epigenetic alterations on the short arm of
chromosome |1 are involved in a majority of sporadic
Wilms' tumours
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Wilms' tumour is one of the most common solid tumaurs of childhood. |1p13 (WT1 locus) and | 1pl5.5 (WT2 locus) are known to
have genetic or epigenatic aberrations in these tumaours, In Wilms' tumours, mutation of the Wiims tumour | {(WT1) gene at the WT{
locus has been reperted, and the WT2 locus, comprising the two independent imprinted domains IGF2/H! 9 and KIP2/LITI, can
underge maternal deletion or alterations associated with imprinting. Although these alterations have been identified in many studies,
it is stilt not clear how frequently combined genetic and epigenstic alterations of these loci are involved in Wilms' tumours or how
these alterations occur. To answer both questions, we performed genetic and epigenetic analyses of these loci, together with an
additional gene, CTNNB/, in 35 sporadic Wilms' tumours. Loss of heterozygosity of |1 pl35.5 and loss of imprinting of IGF2 were the
most frequent genetic (29%) and epigenetic (40%) alterations in Wilms' turnours, respectively. In total, 83% of the tumours had at
feast one zlteration at | 1pl5.5 andfor | 1pi3. One-third of the tumours had alterations at multipte loci. Our results suggest that

Published onfine 8 August 2006
© 2006 Cancer Research UX

Wilms® tumour, also known as nephroblastoma, is one of the most
common solid tumours of childhood, accounting for approxi-
mately 6% of all childhood malignancies. Chromosomal region
11p13 was first identified as a Wilms’ tumour locus, WT1, because
the region was found to be deleted in Wilms' tumours (Kaneko
et al, 1981; Huff, 1998; Dome and Coppes, 2002, OMIM 194070).
The Wilins tumour 1 (WTI) gene, isolated from the WTI locus, was
the first causative gene for Wilms® tumour {Cali ef al, 1990; Gessler
et al, 1990). However, WTI aberrations, such as deletions and
point mutations, are observed in only approximately 10-20% of
Wilms® tumours (Huff, 1998; Nakadate et af, 2001). The small
number of WTI mutations in Wilms® tumours suggests that WTI
can be inactivated by alterations that would not be detected by
mutational analysis (Huff, 1998), On the other hand, although WT1
mutation is not frequent, WI'1 mutation and CTNNBI (f-caternin)
mutation at 3p21 are significantly correlated with Wilms’ tumours
(Maiti et al, 2000).

Loss of heterozygosity (LOH) of 11p15.5, which is known as the
WT2 locus (OMIM 194071), is observed in Wilms' tumours, LOH
occurs on the maternal chromosome, suggesting the involvement
of genomic imprinting in Wilms® tumorigenesis. This imprinted
region is well characterised, and is divided into two imprinted

*Correspondence: Dr H Soejima; E-mail sogjimah@med.saga-uacjp
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chromosome | Fp is not only genetically but also epigenetically criticat for the majority of Wilms' tumours.
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domains, IGF2/H19 and KIP2/LIT! (Feinberg, 2000). It has been
reported that IGF2 and HI9 within the IGF2/H19 domain are
expressed abnormally in Wilms’ tumours. IGFZ encodes an
embryonal growth factor and is transcribed exclusively from the
paternal allele {Reik and Murrell, 2000), and Hi9 is a noncoding
RNA with reciprocal transcription from the maternal allele, In
Wilms’ tumours, abnormally high levels of IGEZ mRNA and loss of
imprinting (LOI) of IGF2, aliowing both paternal and maternal
alleles to be transcribed, have been observed (Reeve et al, 1985;
Ogawa et al, 1993; Rainier et al, 1993). LOI of IGF2 is always
accompanied by Hi9 biallelic hypermethylation, leading to
inactivation of H19 (in the normal situation, the region upstream
of H19 is methylated only on the paternal allele) (Moulton et al,
1934; Steenman et al, 1994). Demethylation of DMR-LITI, an
imprinting control region (ICR) of the KIP2/LITI domain, occurs
in half of all patients with Beckwith - Wiedemann syndrome (BWS)
(OMIM 130650), which predisposes patients to embryonal
tumours, and in & variety of adult tumours. The p57*'F? (KIp2)/
CDKNIC gene within the KIP2/LIT! domain, which is expressed
predominantly from the maternal allele, encodes a cyclin-
dependent kinase inhibitor and is a putative tumour SUPPressor.
In several adult tumours, KIP2 expression is epigenetically reduced
(Shin et al, 2000; Kikuchi ef al, 2002; Li et al, 2002; Soejima et al,
2004). However, KIP2 expresston has been found to be reduced in
Wilms’ tumours in some studies, but not in others (Chung et al,
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Maps of regions analysed in this study. (A) WTI locus and WT2 locus on the short arm of chromosome [ 1. Representative genes are

shown. Broken armrows indicate transcriptional direction. Grey boxes and shaded boxes indicate maternal and patermal expression, respectively, DMRLT! and
Hi9-DMR are the ICRs for each domain, respectively. DMR-LITT is differentially methylated on the matemal allele. The HI9-DMR and H/9 promoter are
differentially methylated on the paternal allele. The iterns examined in this study are shown below each gene or DMR_ {B) CTNNB | locus. Maps are not to scale.

1996; Hatada et al, 1996; Thompson et al, 1996; O’Keefe et al, 1997;
Taniguchi et al, 1997; Soejima et al, 1998).

Although several genes involved in Wilms' tumour have been
identified, as described above, the alteration frequencies of these
genes (loci} and how many loci are altered in the tumour are still
unknown. To investigate this, we comprehensively investigated
genetic and epigenetic alterations of three loci - WTI (11pl13),
WT2 (11p15.5), and CTNNBI (3p21) — in 35 sporadic Wilms’
tumours (Figure 1). Our data indicate that genetic andfor
epigenetic alterations of genes at these loci, especially WTI and
WT2, is involved in the majority of Wilms’ tumours, and that
alterations of multiple loci occur in one-third of tumours. These
findings suggest that genetic and epigenetic alterations on the
short arm of chromosome 11 play an important role in Wilms’
tumorigenesis.

MATERIALS AND METHODS
DNA and RNA

In all, 35 tissue samples from sporadic Wilms™ tumours and five
tissue samples from mid-gestational fetal kidneys were obtained
from Saitama Cancer Center Hospital (Saitama, Japan) and the
fetal tissue bank at the University of Washington, (WA, USA),
respectively. Genomic DNA and total RNA were extracted with a
QIAamp DNA mini kit (Qiagen, Hilden, Germany) and Isogen
(Nippon Gene, Tokyo, Japan), respectively.

Mutation and LOH analyses

Genetic analyses of WTI were carried out as previously described
(Nakadate et al, 1999, 2001). Briefly, WTI loci were screened for
mutations by single-strand conformation polymorphism (SSCP)
analysis of all exons and splice-donorfacceptor sites. When an
aberrant band was identified by SSCP, the band was excised and
sequenced. Loss of heterozygosity was also analysed using
polymorphic DNA markers as follows to compare tumour tissue
with adjacent normal tissue or peripheral blood: D11516, D11§325,
PAX6, D115324, WT1, and CAT for 11p13; and D11512, D118922,
D115932, IGF2, INS, and TH for 11pl5.5. Mutations in exon 3 of
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the CTNNB1 gene were investigated by PCR-directed sequencing as
previously described {Satoh et al, 2003).

Quantitative real-time reverse transcription
(RT}-polymerase chain reaction (PCR)

Total RNA (500ng) was treated with RNase-free DNase I (Roche,
Basel, Switzerland) and reverse-transcribed with ReverTra Ace
reverse tramscriptase (Toyobo, Japan) and random primers
(TaKaRa, Japan). Quantitative real-time RT-PCR was performed
with the LightCycler™ system (Roche) according to the manufac-
turer's protocol. The expression of WTI was normalised with that
of f-actin, as previously described (Satoh et al, 2003). The average
WTI expression of four mid-gestational fetal kidneys was employed
as a standard. All experiments were performed in triplicate.

Allele-specific expression of IGF2

Genotyping of IGF2 was performed by PCR-restriction fragment
length polymorphism (RFLP) using a polymorphic Haelll (Apal or
Avall) site in exon 9, as previously described (Soejima and Yun,
1998). To eliminale genomic DNA contamination, the RNA-
specific product (1120bp) was amplified by using an exon
connection primer pair (5-TCCTGGAGACGTACTGTGCTA-3
and 5-GGTCGTGCCAATTACATTTCA-3). To further eliminate
contaminating DNA, the RNA-specific product was excised from
1% agarose gel after electrophoresis and purified. Then, the
purified product was subjected to nested PCR and RFLP analysis
with Haelll (Yun et al, 1999).

Methylation analyses

Combined bisulphite restriction analyses (COBRA) using the
hot-stop method were employed to determine the extent of
methylation at the differentially methylated region (DMR) of the
HI9 promoter (H19-pro-DMR), DMR-LIT1, and WT! promoter.
Although an ICR of the IGFZ/HI9 domain exists between 2 and
5kb upstream of the HI9 gene, we analysed HIS-pro-DMR
because JIGF2 LOI uniformly correlates with hypermethylation of
HI9-pro-DMR (Moulton et al, 1994; Steenman ef al, 1994).
The primer pairs and restriction endonucleases used were as
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