follows: 5-GGGAGGGTTTTGTTTTGATTGGT-3, 5-ACTCTCCT
CCAACACCCCATCTTC-¥, and Hinfl for HIS-pro-DMR; and 5'-
CGTATTCGATTTTGTTCGGATTT-3'; 5-ACTACCCTCAACTTCC
CAAAACT-¥, and Hinfl for the WT! promoter. For several
samples, methylation of H19-pro-DMR was confirmed by using
hot-stop COBRA for a region immediately downstream of CTCF
binding site 6 (CTCF6) in Hi9-DMR. The primer pairs and the
restriction endonuclease used were 5-GAGTTYGGGGGTTTTTG
TATAGT-3', 5-TAAATAATACCCRACCTAAAAATCTAA-Y, and
Miul. DMR-LITI was analysed as previously described (Soejima
et al, 2004). The hot-stop COBRA products were separated by 7.5%
polyacrylamide gel electrophoresis (PAGE) and quantified with
BAS2000 (Fujifilm, Japan). All experiments were performed three
times independently.

RESULTS

Genetic and epigenetic alteration of the IGF2/HI9
imprinted domain at 11p15.5

Of 35 tumours, 10 (29%) showed LOH of 11p15 and 25 showed
retention of heterozygosity (ROH) at this locus (Tables 1 and 2).
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11p15.5 LOH involved loss of both the IGF2/HI9 and KIP2/LIT!
imprinted domains. Although three tumours (#33, #34, and #35)
were not informative for polymorphisms, these were considered to
have undergone LOH because of hypermethylation of HI9-pro-
DMR and hypomethylation of DMR-LITI, indicating loss of the
maternal chromosomal region. For another three tumours that
were not informative for polymorphisms (#6, #8, and #10),
methylation of H19-pre-DMR and DMR-LIT! was maintained, so
they were considered to show ROH.

We examined allelic expression of IGFZ to screen for epigenetic
alterations of the IGF2/H19 imprinted domain. Genotyping
revealed that eight tumours (#1 -4, #11-14) were heterozygous
for polymorphism in IGF2 exon 9. Reverse transcription-PCR
revealed that three of these (#12-14) expressed IGF2 biallelicaly,
that is, LOI had occurred (Table I). We also examined the
methylation status of Hi9-pro-DMR because IGF2 LOI uniformly
correlates with biallelic hypermethylation of H19-pro-DMR (Moulton
et al, 1994; Steenman e al, 1994). Five normal mid-gestational
fetal kidneys were used as controls for the methylation status of
H19-pro-DMR. The average percentage methylation of the fetal
kidneys was 42.5+84% (data not shown), and we defined
methylation of more than the average of the fetal kidneys +2s.d.

Table | Genetic or epigenetic alterations in Wilms' tumours
[ipl5.5 (WTZ locus) 1tp13 (WTT locus) 3p2i
Sample no.  Lipl5.5 LOH IGF2 LOI DMR.LITI  11p13 LOH WTI mutation WT! express® CTNNB/ mutation  Alteration type®
| - RO! (p) Neormal - - 128.1 - None
2 - RO () Normal ND — 1143 - None
3 - RO (p) Normal - - 128.6 - None
4 - ROI (p) Normal ND - 3857 - None
5 - ROI (m) Normal - - 57.1 - None
6 -y RO (m) Normal ND - 385.7 - None
7 - ROt (m) Normal - - 0.0 - E
8 - RO (m) Normal NO - 0.0 - E
9 - ROH (m) Normal HD HD 286 - G
H - RCI (m) Normal HD HD 286 - G
[ - ROI (p) Hypo HD HD 0.0 Pro44Ala Serd5Pro G, G, E
12 - Lol (p) Naorrnal - - 143 - E
03 - LOI ()  Normal - - 857 - E
4 - LOI (p) Narmal - - 286 - E
5 - LOI (m) Normal - - 57.1 - E
i6 - LOI(m)  Nomal - - 1143 - E
i7 - LOI (m) Normal - - 4429 - E
8 - 10§ (m) Normal NI - 286 - E
i9 - LOl (m) Normat NI - 857 - E
20 - LO1 (m) Normal NI - 1557.1 - E
2% - LO1 (m) Normat - - 157.1 ThrdlAla G, E
21 - LOI (m) Norrmal - - 0.8 - E,E
23 - LO1 {m) Hypo ND - 1429 - E
24 - L.O1 (m) Hypo Ni - 1714 - E
25 - LOI {m) Hypo ND - 0.6 - E E
26 + Hyper Normal + - 1.2¢ - G,G,E
27 * Hyper Hypo + - 143 - G, G
28 + Hyper Hypo + - 286 - GG
29 + Hyper Hypo + - 858 - GG
30 + Hyper Hypo + - 2286 - G, G
31 + Hyper Hypo NI - B57.1 - G
32 + Hyper Normal ND - 5.7 - G, E
33 (+° Hyper Hypo NI - 3857 - G
34 [CoN Hyper Hypo NI — 14.3 - G
35 H° Hyper Hypo ND - 1000 Serd5Tyr GG

Genetic and epigenetic alterations are indicated by blue and red bold, respectively, IGF2 LOI was examined by RT—PCR-RFLP with Hoelll polymorphism (p) or methylation
armalysis of H1 9-pro-DMR (m). Hypermethylation of H19-pro DMR in 11p15.5 LOH cases was not indicated by red color because it was due to LOH. WT! expression in #11 is
not indicated by red color because the reduction of this sample was secondary alteration caused by a genetic alteration, homozygous deletion. LOl = loss of imprinting;
hyper = hypermethylation of Hi9-bro DMR; hypo = hypomethylation of DMR-LITT; ND =not done; Nl=not informative; HD = homozygous deletion, *WT! expression less
than 10% of fetal kidneys is considered epigenetic alteration. ®Genetic ateration and epigenetic alteration are indicated by G and E, respectively. Number of G or E indicates
nurnber of altered loci. “These were considered ROH because methylation of H19-pro-DMR and DMR-UT! were maintained. “This sample showed promoter hypermethylation,
“These were considered 1OH because of HI9-pro-DMR hypermethylation and DMR-UTI hypomethylation.
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Table 2 Frequency of each genetic or epigenetic alteration in Wilms' fumours

Alteration type (genetic (G)

Locus Alteration or epigenetic (E})} Sample number Frequency
Ipl55 (WT2 locus) 11pl5.5 LOH G 26-35 $0/35 (29%)
iGF2 LOI E 12-15 14135 (40%)
DMR-UT] hypomethylation E 11,23-25 4135 {11%)
iip13 {WT1 locus) I1p13 LOH G 26-30 5120 (25%)
WT! homozygous deletion G 9-13 3/35 (9%)
WT1 reduction E 7,822,125, 26% 32 /35 (17%)
3p2i CTNNB! mutation G I1,21,35 3435 (9%)

*WT1 promoter in #26 was hypermethylated.

#15

A s
-+

Unmethylated
Methylated

et

442 84.1 % methylation

C Mk #4 #2828

D #2

48.8

133 0 % methylation

#11
COAC TACCAL G THCTRIIC

420 i 210 l lzzl
AsG
Control (forward)

G0
CCATACCARCAGCTCCTICTC ACTCM A6 AMG
194 200 270

il il

#35 (revarse)
ACTONG AMARG

Control (reverse)

Figure 2 Representative results of this study. (A) Methylation analysis of the HI9-pro-DMR by hot-stop COBRA. Tumour #5 showed normal
meathylation, whereas #15, #17, and #24 showed hypermethylation. —: not digested by Hinfl, +: digested by Hinfl. (B) Methylation analysis of DMR-UT/ by
hot-stop COBRA, #5 and #8 showed normal methylation, whereas #25, and #27 showed hypo- or demethylation. —: not digested by Acdll, +: digested
by Acclt. (C) Methylation analysis of the WTI promoter region by COBRA. #4 and #28 showed no methylaticn, whereas #26 showed methylation.
(D) Mutation analysis of CTNNBI, Arrows indicate bases that were mutated. Cantrof sequences are shown below.

as hypermethylation. The total number of tumours showing HI9-
pro-DMR hypermethylation was 21, comprising 11 with ROH and 10
with LOH {Table 1, Figure 2A}. Because LOH occurs with the
maternal chromosome, only the methylated paternal chromosome
remains in LOH tumour cells, resulting in hypermethylation. Thus,
biallelic hypermethylation leading to JGF2 LOI occwrred in 11
tumours with ROH. Indeed, all three tumours (#12, #13, #14) that
were heterozygous for the polymorphism and showed biallelic
expression also showed hypermethylation (data not shown).
Furthermore, representative samples with hypermethylation at
Hi9-pro-DMR alse underwent hypermethylation at HI9-DMR
CTCF6 (data not shown). A total of 14 out of 35 tumours (40%)
had LOI (Tables 1 and 2); and LOI occurred in 56% of ROH tumours
{14 out of 25).

Epigenetic alteration of the KIP2/LIT! imprinted domain
at 11pl15.5

We investigated methylation of DMR-LITI in the KIP2/ILITI
imprinted domain (Tables 1 and 2, Figure 2B) relative to the
average percentage methylation in fetal kidneys, which was
44.3+7.5% (data not shown). We defined methylation of less
than the average of the fetal kidneys - 2s5.d. as hypomethylation.
Although 12 tumours, eight with LOH and four with ROH, showed

British Journal of Cancer (2006) 95{4), 541 -547

hypomethylation, the four with ROH had biallelic hypomethyla-
tion because maternal DMR-LIT1 is normally methylated. In spite
of LOH, two tumours {#26 and #32) did not have a methylation
level that was less than the average for the fetal kidneys - 2 s.d., but
still had a low level of methylation (29.7 and 39.8%). These
findings might be due to contamination with nentumour cells.

We also investigated expression and promoter methylation of
KIP2, because this imprinted gene is a putative tumour suppressor
gene, but no somatic mutation has been found in tumours to date.
KIP2 expression varied from zero to approximately 800% of that of
the control fetal kidneys, and the promoter region was not
methylated in any sample (data not shown). In addition, there was
no correlation between KIP2 expression and DMR-LIT! methyla-
tion.

A total of 25 (719%) tumours showed alteration of IGF2/HI9 or
KIP2/LIT1 or both of the domains, of which 10 showed LOH, 11
showed IGF2 LOI only, one showed DMR-LIT1 hypomethylation
only, and three showed both IGF2 LOI and DMR-LITI hypo-
methylation (Table 1).

Genetic and epigenetic alteration of WIT at 11p13

A total of 20 tumours were informative for pelymorphisms on
1ip13: 12 of these had preserved heterozygosity and five (25%)
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showed 11pl13 LOH, and these had concurrent 11pl5.5 LOH,
indicating a large LOH region (more than 30 Mb) in the short arm
of chromosome 11 (Tables 1 and 2). WTI gene mutation was also
examined as a genetic alteration. Only three tumours had
homozygous deletion of WTI, as previously described (Nakadate
et al, 1999; Watanabe et al, 2006). )

As epigenetic alterations, the expression and promoter methyla-
tion of WTI were examined. We determined the quantity of WTI
expression normalised with B-actin expression. We defined
expression of less than 10% of that of the control fetal kidneys
as a significant reduction, and found seven tumours with such a
reduction (Table 1). Two tumours (#% and #10} expressed a certain
level of WTI in spite of a homozygous deletion, which might be
due to contamination with nontumour cells. Excluding tumours
with homozygous deletions, six tumours (17%) had a reduction in
WTI expression (Tables 1 and 2). Methylation analysis, however,
revealed that only one tumour {#26) had promoter methylation, as
previously described (Table 1 and Figure 2C) (Satoh et al, 2003}
Promoter methylation was not found in any other tumours with
reduction in WTI expression.

In summary, genetic alterations of WTI such as LOH or WTI
homozygous deletion were found in a total of eight tumours, and
epigenetic alterations (i.e. reduction of WTI expression) were
found in six (Table 2).

CTNNB! mutation

We found four missense mutations of the CTNNBI gene in three
tumours: Prod44Ala (CCT to GCT) and Ser45Pro {TCT to CCT) in
#11, ThralAla {(ACC to GCC) in #21, and Ser45Tyr (TCT to TAT) in
#33 (Tables 1 and 2, Figure 2D). The tumours with CTNNBI
mutation had concurrent WT1 homezygous deletion and DMR-
LIT! hypomethylation, IGF2 LOI, and 11pi5.5 LOH, respectively.

Table 3 Number of altered loci in Wilms' tumour
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DISCUSSION

In this study, we investigated genetic and epigenetic alterations of
three loci that are thought to be involved in Wilms’ tumour: the
WT2 locus (11pl5. 5) including the IGF2/H19 and the KIP2/LITI
imprinted domains, the WTI locus (11p13) including the WTI
gene, and 3p2l1 locus including the CTNNBI gene. Loss of
heterozygosity of 11p15.5 was the most frequent genetic alteration
(29%), and IGF2 LOI was the most frequent epigenetic alteration
(40%) (Table 2). In ROH tumours only, IGF2 LOI frequency
occurred in approximately 56% of cases (14/25). The data were
consistent with the results of previous reports (Ogawa et al, 1993;
Rainier et al, 1993; Steenman et al, 1994; Moulton et al, 1994, Yuan
et al, 2005). It is intriguing that three tumours (#23-25) showed
alterations of both IGF2/H19 and KIP2/LIT1 imprinted domains,
because each domain is independently regulated, and BWS with
both alterations is very rare (DeBaun et al, 2002). Furthermore, #25
had a reduction of WT1 expression. The data suggest that 1lp is
epigenetically unstable in Wilms’ tumours. With regard to the
number of altered loci, 18 tumours (51%) showed alteration at only
one locus and 1@ (31%) showed alterations at multiple loci
{Table 3). Six (18%) tumours did not show any alteration. Thus,
83% (29 out of 35} of Wilms’ tumours had alterations at one or
more of the three loci. Furthermore, no tumour had mutation of
CTNNBI alone. These results indicate that the alterations observed
in Wilms’ tumours are concentrated on the short arm of
chromosome 11, that is 11p15.5-p13, and that the region is not
only genetically but also epigenetically critical for Wilms
tumorigenesis.

As shown in Figure 3, there were 10 and 15 tumours,
respectively, with only genetic or only epigenetic alterations. Four
tumeours had both genetic and epigenetic alterations. The average
age of patients at diagnosis for tumours with only genetic and only

Genes and loci One locus Two loci Three loci None
WT2 locus (1 1pl5.5) + o+ + + -
WTI tocus (1 1p13}) + + + + -
CTNNBT (3p21) + + + + -
i4 4 0 7 b3 ] 2 [

+indicates genetic or epigenetic alteration at each locus. WT2 locus: | 1p15.5 LOH or IGF2 LOI or DMR-LIT! hypomethylation, WTT locus: | 1p13 LOH or WT mutation or W}

reduction, CTNNB[: mutation,

/ Total (35) \

Genetic alterations (10}

(#9, #10, #27, #28, ¥29,
#30, #31, #33, #34, #35)

\-

Noalteration (6)

(#7, #8, #12, 13, #14,
#15, #16, #17, #18, #19,
#20, #22, #23, #24, #25)

#1, #2, #3, #4, ¥5, #6)

S/

Figure 3 Schematic diagram summarising alterations of the three lodi in a total of 35 sporadic Wilms' tumours, Genetic atterations comprise LOH, WTI
mutation, and CTNNB/ mutation. Epigenetic alterations comprise IGF2 LOI, DMR-LIT) hypomethylation. and WT! reduction.
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epigenetic alterations was 34.8+33.3 and 46.51+24.1 months,
respectively, but there was no significant difference between them.

Because maternal LOH of 11p15.5 is uniformly accompanied by
paternal duplication, it results in two paternal copies of the IGF2
gene and an increase of IGF2 expression. In addition, IGFZ LOI is
observed in non-neoplastic kidney parenchyma and frequently in
early-stage tumours, indicating the importance of IGF2 in Wilms’
tumerigenesis (Moulton ef al, 1994; Okamoto et al, 1997; Yuan
et al, 2005). However, in a recent study, IGF2 LO1 was not observed
in any of 21 Wilms' tumours from Japanese patients (Fukuzawa
et al, 2004). In that study, the Hpall site near the CTCF6 in HI9-
DMR, which is approximately 2kb upstream from the HI$
transcription initiation site, was used to analyse IGF2 LOI using
real-time PCR. In the present study, we employed RT-PCR-RFLP
and hot-stop COBRA for analysis of the methylation of HI9-pro-
DMR. Further, the results of H19-pro-DMR were confirmed by
H19-DMR CTCF6 with hot-stop COBRA. Our results clearly show
that IGF2 LOI occurs in Japanese patients with Wilms’ tumour. At
present, we are not able to explain the discrepancy, but having a
small sample size might have influenced the results.

Although KIP2 expression is epigenetically reduced in several
adult tamours (Shin et al, 2000; Kikuchi e af, 2002; Li et al, 2002;
Soejima et al, 2004), expression levels in Wilms® tumour as
measured in previous studies have varied (Chung et al, 1996;
Hatada et al, 1996; Thompson et al, 1996; O’Keefe et al, 1997;
Taniguchi et al, 1997; Soejima et al, 1998). In the present study,
KIP2 expression also varied, suggesting that at least in Wilms’
tumour, KIP2 may not be involved.

WT! gene expression was reduced in six (17%) tumours. It is
noteworthy that the frequency of WT! reduction in expression is
similar to that of WTI mutation. WT! expression reduction is
correlated with predominant stromal histology (Pritchard-Jones
et al, 1990; Miwa et al, 1992), Our tumours comprised one stromal,
two triphasic, and three blastemal types. Although the precise
histologic composition of tumours in the present study was
unknown, whether or not there is a correlation between the WTI
expression reduction and histology is not clear because the
number of tumours was small. Only one tumour (#26) had
promoter hypermethylation, as described previously {Satoh et al,
2003). Since this tumour also had concurrent 11p13 LOH, “two-hit’
inactivation (LOH and methylation) led to a reduction of WTI
expression. However, methylation was not found in any other
tumours with WT! expression reduction, thus promoter methyla-
tion might not be fundamentally involved in W1 transcriptional
repression, W1 transcriptional regulation is remarkably complex,
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The human chromosome region 11p15.5 contains a number of

maternally and paternally imprinted genes, and the LITIZKCNQTOT?
locus acts as an imprinting center in the proximal domain of 11p15.5.
Loss of imprinting (LON of LIT? and its correlation with methyla-
tion status at a differentially methylated region, the KvDMR1, were
investigated in 69 colorectal cancer tissue specimens. LITT expression
profiles were also examined by RNA-fluorescencein situ hybridization
in 13 colorectal cancer cell lines. In 69 colorectal cancer tissue speci-
mens, LO1 of LITT was observed in nine of the 17 {53%) informative
cases. Moreover, LOI of LIT? was only chserved in tumor samples. In
the cell lines, methylation status at the KvDMR1 correlated well with
LIT1 expression profiles. Loss of expression of LITT also correlated
with enrichment of H3 lysine 9 (H3-K9) dimethylation and reduction
of H3 lysine 4 (H3-K4) dimethylation. Thus, LIT7 expression appears
to be controlled by epigenetic modifications at the KvDMR1, although
CDKNIC expression, which is considered to be controlied by LIT?,
was not associated with epigenetic status at the KvDMR1 in some
colorectat cancer cell lines. Therefore, these findings suggest that LOI
of LITT via epigenetic disruption plays an important role in colorectal
carcinogenesis, but it is not necessarily associated with CDKNIC
expression. (Cancer Sci 2006; 97: 1147-1154)

G enomic imprinting is an epigenetic modification that leads
to the preferential or exclusive expression of & gene from one
of the two parental alleles in somatic cells™” The imprint, such as
DNA methylation and histone modification, is established as the
gene passes through the parental germ line and it is reversible.®*
Imprinted genes play important roles in embryonic development
as revealed by the highly restricted developmental potential of both
androgenotes with two paternal genomes and of either gynogenotes
or parthenogenotes with two matemal genomes.** Abnormal
imprinting is also involved in a number of human diseases.
In particular, the loss of imprinting (LOI} is one of the most
frequent genetic alterations in cancers.™ LOI is a phenomenon
that involves abnormal activation of a normally silent allele. A
large amount of evidence suggests that disruption of imprinting
mechanisms may play a critical role in the de velopment of
cancer.®?

Imprinted genes, of which more than 70 have already been
identified, tend to be present as a cluster spreading over a mega base
of DNA. The genes in the cluster are regulated under the control
of long-range regulatory elements. This notion is corroborated
by the fact that the dif ferentially methylated regions (DMR)
associated with imprinted clusters play a crucial role in maintenance
of the parent-of-origin-specific gene expression pattem, which
is called an imprinting control region (ICR).

The cluster on human chromosome 11p15.5 comprises two ICR.
The HI9 ICR controls the imprinted gene expression of H19 and
IGF2 "% whereas the KvDMRI functions by silencing at least
eight maternally expressed genes, including CDKNIC/p57%*

doi: 10,11114,1349-7006.2006.00305.x
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on the paternal ailele.'*'* An enhancer blocking assay suggests
that the KvDMR1 may function as a methylation-sensitive insulator
or silencer.?+1¢ However, the exact mode of action of the
KvDMR]1 is still unknown. The KvDMR] is located in intron
10 of KCNQ! and it is normaily not methylated on the patemnally
inherited allele, but is methylated on the maternal allele. In addition,
it is unmethylated and also acts as a promoter for a paternally
expressed antisense RNA, LITI/KCNQIOTL %% More than half of
all patients with Beckwith-Wiedemann syndrome (BWS) show
LOI of the LITI transcript, closely accompanied by a loss of
methylation (LOM) of the maternal allele of the KvDMR1.19
Moreover, LOM of the KvDMRI1 strongly correlates with loss
of H3K9 dimethylation in cells derived from BWS patients,(®
We previously reported that LITI LOI is observed with a high
frequency in colorectal cancer patients.®? LOM was observed
in adult tumors, including colorectal cancer, although the
imprinting status of LIT! was not examined in that report.*"
Silencing of CDENIC is well comrelated with ezpigenetic status at
the KvDMR1 in BWS and esophageal cancer.2%9

Thus, the corretation between LITI LOI and LOM in cancers
has not been studied. We herein investigate LIT!, IGF2, HI9
and CDKNIC expression and epigenetic status at the KvDMR1
in colorectal cancer. The data provide strong evidence that LOI of
LIT1 is closely associated with ¢pigenetic status at the KvDMR1
locus in colorectal cancer cells, suggesting that LITT plays an
important role in colorectal carcinogenesis.

Materials and Methods

Tissue samples and cell lines. Tumor samples and corresponding
adjacent normal tissue specimens were surgically resected
from 69 colorectal cancer patients with approval (#329) of the
Institution Review Board at the Faculty of Medicine of Tottori
University (Tottori, Japan). Tumor lesions and their adjacent non-
tumoral tissue regions were removed and stored at —80°C until
analysis. A part of each removed specimen was fixed in 10%
formalin and embedded in paraffin wax. The sections were stained
with hematoxylin-eosin and were examined histopathologically by
light microscopy. Thirteen colorectal cancer cell lines were used
for the present study. Of these, 10 were grown in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum (FBS;
DLD-1, HCT-15, CoLo0320, SW480, CoLo205, Widr-TC, Caco-2,
T84, LoVo, WiDr), two were grown in RPMI-1640 with 10%
FBS (CoL0201, TCO), and one was grown in Leibovitz L-15
medium with 10% FBS (SW837). Genomic DNA and total
RNA from these samples and cell lines were extracted using the
Puregene DNA isolation kit (Gentra Systems, Minneapolis, MN,
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USA) and RNeasy columns (Qiagen, Tokye, Japan) according
to the manufacturers’ instructions.

Assessment of allele-specific expression and semiquantitative reverse
transcription-polymerase chain reaction. Total RNA was treated
with RNase-free DNase I (Takara, Tokyo, Japan) to remove
contaminating DNA. First-strand ¢DNA synthesis was carried out
with olige-(dT,,) primer (Roche Diagnostics, Tokyo, Japan) and
Superscript ITI reverse transcriptase (Invitrogen, Tokyo, Japan). The
allelic expression analyses for LIT1, IGF2 and H19 were carried out
as described previously.®” Semi-quantitative reverse transcription-
polymerase chain reaction of CDKNIC was carried out twice,
The expression of CDKNIC was normalized with that of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and the
signals were quantified using Scion image software.

Methylation analysis of the KvDMR1. Methylation status at the
KvDMR1 locus was examined by Southern hybridization and
bisuifite sequencing. For Southem hybridization, genomic DNA
of colorectal cancer cell lines (5 pg) was digested with BamHI
and Notl, and separated on a 0.8% Seakem GTG agarose gel. The
DNA was then transferred to Hybond-N* filters and hybridized with
[v-**P]dCTP-labeled oligonucleotide probes. Hybridization was
carried out overnight at 65°C in 5X saline-sodium phosphate-
EDTA buffer (§5PE), 0.5% sodium dodecylsulfate (SDS), The
filters were washed with 0.1X saline-sodium citrate buffer (SSC)
and 0.1X SDS at 65°C. The probe used for analysis of the
KyDMR1 was generated by polymerase chain reaction (PCR).
Hybridization signals were quantified using the Scion image
software package and the methylation index (MI) was thus
determined where MI = intensity of methylated band/(intensity
of the unmethylated band + intensity of the methylated band).
For bisulfite-PCR and sequence analyses, 1 pug genomic DNA
was treated with sodium bisulfite using the CpGenome DNA
modification kit (Millipore, Billerica, MA, USA) according to
the manufacturer’s instructions. The bisulfite primers were designed
to amplify 22 CpG (position 68 119—68 771 of PAC U90095). To
sequence the bisulfite-PCR products, fragments were purified and
concentrated with a MiniElute Gel Extraction kit (Qiagen) and
cloned into the pGEM-T vector using a pGEM-T Easy Vector
System I (Promega, Madison, W1, USA). At least 10 independent
clones were thus obtained from the colorectal cancer cell lines
and they were sequenced using an ABI 3100 automated sequencer
(Applied Biosystems, Foster, CA, USA).

Chromatin immunoprecipitation analysis. Polyclonal antibodies
recognizing the following antigens were used in the present
study: acetylated histone H3 (H3Ac), acetylated histone H4 (H4Ac),
dimethylated H3 lysine 4 (FI3K4diMe; Upstate Biotechnology,
Charlottesville, VA, USA). In addition, we used a monoclonal
antibody that recognizes dimethylated histone H3 lysine 9
(H3K9diMe)* and a no-antibody contro! sample was processed
along with the others. To cross-link the DNA in chromatin
to histones, 1 10%cells were incubated for 10 min in 1%
formaldehyde at 37°C. After washing with phosphate-buffered saline
(PBS) with protease inhibitor (Complete, ethylenediaminetetracetic
acid (EDTA)-free; Roche Diagnostics), cells were resuspended
in lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI, pH 8.1,
with Complete). Next the DNA was broken into 200-1000 bp
fragments by sonication (UD-201; TOMY, Nerima, Tokyo, Japan).
After dilution, samples containing 1% [0 cells of the resultant
solution were used as an internal control for the amount of
chromatin {(input). The mmainder was immunoprecipitated for
16 h at 4°C using each antibody. Next, protein A~ or G-agarose was
used to collect the immunoprecipitated complexes with antibodies
that recognize H3Ac, H4Ac, H3K4diMe or H3K9diMe, DNA in
the samples was then purified by phenol—chloroform extraction,
precipitated with ethanol, and resuspended in distitled water.

Fluorescence in situ hybridization. Fluorescence in situ hybridiza-
tion (FISH) analysis was used to determine the LiTI copy
number and its expression profile. The PAC probe U90095

1148

consists of a majority of intron sequences on KCNQI and can
detect LITI transcripts but not KCNQI transcripts. DNA-FISH
was carried out using standard methods. The probes were
labeled with digoxigenin-11-UTP by nick translation (Roche
Diagnostics). The digoxigenin signal was detected with an
antidigoxigenin—rhodamine complex. At Ifeast 50 nuclei were
analyzed for each cell line. RNA-FISH was carried out with
several modifications, as described in a published protocol.®®
The cells were seeded in Laboratory-Tek chamber slides (Nalgene
Nunc International, Rochester, NY, USA) and fixed for 20 min
at room temperature with 4% paraformaldehyde. After washing
with PBS, the cells were permeabilized with 0.1% pepsin in
0.01 M HCI for 10 min. The slides were post-fixed for 5 min at
room temperature with 1% paraformaldehyde. They were then
dehydrated through an ethanol series (70%, 90%, 100% ethancl)
and air-dried at room temperature. The biotin-16-dUTP-labeled
probes were dropped onto the slide, co vered with parafilm
and incubated at 37°C for 15 h in a humidified chamber. After
hybridization, the slides were washed and incubated in 4x S8C
with 1% BlockAce (Dainippon Pharmaceutical Corporation, Tokyo,
Japan} containing 5 pg/mL fluorescein isothiocyanate (FITC)-
avidin (Roche Diagnostics) for 1h at 37°C, They were then washed
for 5min each with 4x SSC, 4x SSC containing 0.05% Titon-X
100, and 4x SSC. The slides were incubated in 4% S8C with 1%
BlockAce containing 3 pig/mL biotinylated anti-avidin D (Vector
Laboratories, Butlingame, CA, USA) for 1h at 37°C. After washing,
another layer of FITC-avidin was added for amplifcation. The slides
were washed and mounted in antifide solution (1% diazabicyclooctane
in glycerol with 10% PBS), which contained 250 ng/ml. 4°,6'-
diamidino-2-phenylindole and 1 mg/mL p-phenylenediamine, At
least 100 nuclei were analyzed for each cellline. Images of DNA
or RNA signals were captured using a microscope (Nikon, Tokyo,
Japan) equipped with a photometric charge coupled device (CCD)
camera, processed digitally, and visvalized with the Argus system
(Hamamatsu Photonics, Shizucka, Japan).

Results

Loss of imprinting at LIT1, IGF2 and H19 in colorectal cancer tissues.
The cluster of imprinted genes on human chromosome 11p15.5
consists of two domains: IGF2-HI9 and LITI-CDKNIC (Fig. 1).#7
We examined the status of genomic imprinting of theLIT/, IGF2 and
H19 genes in 69 independent colorectal cancers by PCR-restriction
fragment length polymorphism (RFLP) analysis (Fig. 2a-c).
The allelic expression of the genes in informative, heterozygous
cases is shown in Table 1 (17, 20 and 21 cases for LIT!, IGF2
and HI19, respectively). LIT! LOI was cbserved in nine of the 17
(53%) informative cases, and its LOI was observed in tumor tissues
but not in adjacent histologically normal tissues. IGF2 1.OI was
observed in 11 of the 20 (55%) informative cases, and all the
cases showed LOI in the adjacent normal tissues. In one case,
LOI was observed in the normal tissue, but not in the cancer
tissue. These data were similar to those in our previous study,®®
There were only two informative cases for both LIT? and IGF2
{cases 41 and 49). One (case 41) showed LOI for both genes
and the other (case 49) showed LOI only for LIT! (Table 2), We
divided colorectal cancer tissues into three differentiation types:

Table 1. Summary of allele-specific expression in 69 colorectal cancess

Gene Informative Normat Tumor '“‘E‘f‘e"ce of

)] Imprint 1Ol Imprint Lot LOlintumor
Lirt 7 17 1} 8 9 9/17 (53%)
IGF2 20 8 12 9 1 11720 {55%}
H1g3 21 20 1 19 2 2/21 (8.5%)

LOI, loss of imprinting.
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Fig. 1. Schematic representation of the imprinted chuster on human chromosome region 11pi5.5. Imprinting status is indicated as follows:
paternally expressed genes (white box), maternally expressed genes {gray box), biallelically expressed genes and unknown (black box). Below the
map is an enfargement of the KVDMR1 region showing relative positions of sequences analyzed by bisulfite sequencing and chromatin
immunoprecipitation. The putative transcription start site for LITH/KCNQTOT? is indicated by an arrow. The transcriptional direction of each gene

is indicated with arrow heads.

IGF2

LITI Hi9

Case 14 Case 60

Fig.2. Allelic expression analysis of LIT1, IGF2 and H19 in colorectal cancer
tissues, Allelic expression of three genes was assessed by restriction
fragment length polymorphism analysis, as described previously.®%
Representative results are shown for (a) LIT1 loss of imprinting (LOW,
(b} IGF2 LOV and {c) H19 LOL. N and T are normal and tumor tissues,
respectively. Each number of samples is shown below the photograph.

Case 28

peordy differentiated, moderately differentiated and well differentiated
(Table 2). Of the nine cases with LITT LOI, moderately differentiated
and well differentiated were three (cases 14, 45 and 64) and six
(cases 8, 34, 38, 40, 41 and 49) of these cases, respectiely. Of the 11
IGF2 LOI cases, moderately differentiated and well differentiated
were six (cases 19, 28, 44, 46, 61 and 67) and four (cases 2, 6,
26 and 41) of these cases. One (case 65) was not tested. Neither
LITI 1Ol nor JGF2 LOI were observed in the few cases that fell into
the poor differentiation category. There was no significant difference
between the frequencies of JGF2 LOI and LIT! LOI in tumor
differentiation types. No other clinicopathological differences were
observed; the estimated percentage of tumor cells (~25-50%) in
tumor samples, the numbers of stroma or fibroblasts and infiltrating
lymphocytes. Thus, clinicopathological significance and the correlation
of IGF2 and LITI LOI in colorectal carcinogenesis were still
unknown. In contrast to IGF2 and LiT1, we observed LOI at HI9
in only two of the 21 (9.5%) cases, and two cases (cases § and 60)
showed LOI in cancer tissues. In one case {case 9), LOI was
observed in the normal tissue, but not in the cancerous tissue.
Methylation status of the KvDMR1 in colorecta! cancer. Methylation-
sensitive Southern hybridization revealed that the differential

Nakano et al,

methylation pattern at the KvDMR1 region was maintained in
all cases {data not shown), This may be due to a high frequency
of normal cells in the tumor tissues. In the present study, we
showed LITI LO1 in 53% by expression analysis in colorectal
cancer tissues. This is reasonable because these normal cells
do not influence the detection of biallelic expression in cancer
tissues as normal cells are monoalielic. Therefore, to clarify that
the epigenetic status of the KvDMR1 plays a critical role in
LITI expression status, we examnined methylation status at the
KvDMR]1 in 13 colorectal cancer cell lines (DLD-1, HCF-15,
Col.0320, SW480, CoLo205, Widr-TC, Caco-2, T84, SW837,
Col.0201, LoVo, WiDr, TCO; Figs 1,3a). The 6.0-kb and 4.2-kb
bands represent the methylated and unmethylated alleles, respec-
tively. Hypomethylation was observed in four cell Iines (SW480,
Widr-TC, Caco-2 and SW837) and hypermethylation was observed
only in CoL0320. All of the other cell lines maintained
nommal methylation status, The MI varied from 0 to 100%. To
investigate both broadly and in detail methylation status at the
KvDMRI, bisulfite sequencing was carried out on three repre-
sentative cell lines (CoLo320 for hypermethylation, CoLo205
for differential methylation and Widr-TC for hypomethylation).
The results were consistent with methylation-sensitive Southern
hybridization (Fig. 3b).

Methylation status at the KvDMR1T and LIT{ expression profiles.
The LIT] expression profiles were determined by DNA- and RNA-
FISH in 13 colorectal cancer cell lines. First, DNA-FISH was
used to analyze the copy number of LITI in each cell line. At
least 50 nuclei were analyzed for each cell line. Representative
resuits of DNA-FISH are shown and summarized (Figs 4a—¢,5).
The analysis also revealed that the copy numbers of SW480 and
Caco-2 varied more than in other cell lines, suggesting that the
karyotypes of these cell lines are more unstable than those of
the other cell lines. Next, to determine the expression profiles
of LIT1, RNA-FISH was conducted. RNA-FISH detects primary
transcripts in our assay, as the cells were hybridized under non-
denaturing conditions and therefore cellular DNA was inaccessible.
The FITC signals were detected and RNA-FISH data are shown
and summarized alongside the DNA-FISH results (Figs 4d-£,5).
DNA- and RNA-FISH analyses revealed that the number of
DNA- or RNA-spots was variable. HCT-15, Wide-TC, SW837
and LoVo showed two DNA spots in the majority of cells. Three
or more DNA spots were observed in the other cell lines. All cell
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Table 2.  Allelic expression profiles of LITT, IGF2 and H19 in informative cases

Case no. state LTt H1% 1GF2 Differentiation Case State LTt H19 IGF2 Differentiation
RMA RNA RNA type no. RNA RNA RNA type

N ab 40 N b

2 T a/b Wwell T ab Well
N b 41 ] a ab

4 T a Well T ab a/b Well
N a/b 42 N b

6 T a/b Well T b Moderately
N 2 a 43 N a

8 T alb ab Well T a NT
N ab 44 N ab

9 T b Well T a/b Moderately
N a b 45 N a

14 T ab b Moderately T a/b Moderately
N b 46 N a

15 T b Moderately T afb Moderately
N a 47 N a alb

i8 T 2 Moderately T a a Moderately
N 48 N a

19 T Moderately T a poor
N a 49 N a a

21 T a Weli T afo a well
N b 52 N a

22 T b Weli T a Moderately
N E) a 54 N b

23 T a a Well T b Moderately
N b alb 55 N a a

26 T b alb Well T a a Moderately
N ab 59 N a

28 T alb Meoderately T a Moderately
N a 60 N a

29 T a NT T alb Wel
N a a 61 N a’b

30 T a a well T a/b Moderately
N a 62 N b

N T a NT T b Moderately
N b 63 N b

32 T +] Well T b Well
N af 64 N b

33 T a Well T alb Moderately
N b a 65 N alby

34 T ab a Well T a'b NT
N b b 66 M a

35 T b b Well T a NT
N a 67 N a'b

37 T a NT T alb Moderately
N a 68 N b a

38 T a/b Well T b a Maderately

N, normal; NT, not tested; T, tumor.

lines were divided into three groups according to their methyla-
tion status: hypermethylation, hypomethylation or differential
methylation. We constructed a histogram from the FISH analyses
based on methylation status. In the hypermethylation group, there
was no RNA signal, although there were mainly three copies of
LITI (Fig. 5a). These data suggest that LIT/ expression is repressed
by hypermethylation at the KvDMRI. In the hypomethylation
group, DNA signals coincided with RN A signals at each
spot (Fig. 5b), indicating that LIT! was expressed in all alleles,
although there was some spot variation. Spots were non-coincidental
in the differential methylation group (Fig. Sc), indicating that silenced
alleles were present. Thus, these data showed that methylation status
at the KvDMR1 correlated well with LIT] expression profiles in
colorectal cancer cell lines, as was shown in BWS studies.®®

1150

Histone modification status at the KvDMR1 correlated with LITT
expression. To investigate histone modification at the KvDMR1,
we carried out a chromatin immunoprecipitation assay (ChIP)
followed by PCR with CoL0320, CoLo205 and Widr-TC (cell
lines in hypermethylation, differential methylation and hypome-
thylation, respectively). Of particular interest were modifications
of histone H3 and H4 that are characteristic of transcriptionalty
active chromatin (H3-Ac, H4-Ac and H3K4diMe) and of trans-
criptionally inactive chromatin (H3K9diMe). We first searched the
single nucleotide polymorphism (SNP) to separate the parent-
specific allele, but unfortunately we could not find SNP in this region,
Next, to compare the enrichment of these histone modifications,
the ratios of immunoprecipitated DNA (IP)/finput were examined
(Fig. 6a). Strikingly, CoLo320 appears to repress LITI expression,

doi: 10,1111/.1349-7006.2006.00305.x
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CoLo320 Col.o205 Widr-TC

Fig. 3. Analysis of methylation status at the KvDMR1. (a) A 6.0-kb BamH! fragment encompassing the KvDMR1 was digested with Noti, resulting
in a 4.2 kb fragment. A control (left side) was digested with BamHI alone and only a 6.2-kb fragment was observed. The experimental Southern
blot analysis differentiates between methylated {6.0 kb) and unmethylated status (4.2 kb). Densitometry analysis of the bands was calculated using
the Scion image software package. The relative ratio of the methylated band was indicated as a methylation index (Mi} value. (b} Bisulfite
sequencing was carried out on a region containing 22 CpG located 3’ of the second Eagl site at the KvDMR1 (see Fig. 1, an open square is indicated
for the sequencing regicn). We analyzed three representative cell lines (Colo320, Colo205 and Widr-TC), which contained only the methylated
band, both bands and only the unmethylated band, respectively. Each line represents the result for a single doned DNA molecule. Black circles
represent methylated CpG, whereas white circles indicate unmethylated CpG.

Fig. 4. Fluorescence insitu hybridization (FISH)
analysis of LITT in 13 colorectal cancer cell lines.
DNA- and RNA-FISH were carried out in 13 colorectal
cancer cell lines, Shown are photomicrographs
of (a-c) DNA-FISH and (d-f} RNA-FISH for the
representative cell lines Colo320, DLD-1 and
Widr-TC. Red signals, DNA; green signals, RNA.
These signals are indicated with an arrow,

CoLo320 DLD-1

Widr-TC

as we observed more robust hypermethyiation of the KvDMR1,
decreased H3-Ac and H3-K4 dimethylation levels and increased
H3-K9 dimethylation in CoLo320 compared with the other two
cell lines. Thus, these data suggest that a repressive chromatin
structure exists at KvDMR1 in CeLo320, which is consistent with
LIT1 silencing. CoLo205 maintaining LIT! imprinting increases
H3-Ac and H3-K4 dimethylation levels and heavily decreases H3-K9
dimethylation in CoL.0203. Moreover, Widr-TC, as we observed

Nakano et al,

with LITI LOI, showed the greatest increase in transcriptionally
active chromatin among the three cell lines and H3-K9 dimetiylation
was not detectable, consistent with LI77 LOI and active chromatin
structure. Thus, histone modification was linked to DNA methylation
status at the KvDMRI1 and the expression profiles of LITI.
Expression of COKNIC in cell lines. To investigate whether CDENIC
expression is regulated by the KvDMR1, we examined the
correlation between CDKNIC expression and methylation status
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Fig. 5. Correlation between LITT expression and methylation status at the KvDMR1. Histograms of the DNA- and RNA-fluorescence in situ
hybridization (FISH) analyses were divided according to methylation status. A representative case is shown for each group. (a) Hypermethylation,
{b) hypomethylation and () differential methylation. {a) No RNA signals were detected in Colo320, indicating a lack of detectable LITT expression,
{b) The RNA and DNA signals were detected in each numbered spot and the DNA and RNA signals coincided at each spot. {c} In the differential
group, the peaks of RNA and DNA signals are indicated by humbered spots, White bar, DNA; black bar, RNA.

at the KvDMRI1 (Fig. 6b). Statistical analysis was carried out
for all cell Kines. Four cell lines (SW480, Widr-TC, Caco-2 and
SW837) showed differential levels of CDKNIC even with
hypomethylation at the KvDMRI. However, differentially
methylated cell lines showed very different CDENIC expression
levels. Thus, there was no correlation between CDENIC and
methylation status at the KvDMR1 {correlation factor = 0.02303).

Discussion

The cluster of imprinted genes on human chromosome 11p15.5
consists of two domains: IGF2-HI9 and LITI-CDENIC.%%
LOI of IGF2 has been observed in 10% of the lymphocytes from
normal individuals.®® In addition, JGF2 LOI is a significant risk
factor for human colorectal carcinogenesis and is thought to
promote turnorigenesis by inhibiting apoptosis.” Igf2 LOI with
Apc™in mice showed a shift toward less differentiation and an
increase in tumeor initiation.®®? The present findings showed
that JGF2 and LIT! 1.OI were cbserved at a high frequency in
colorectal cancer. A concurrent and high frequency of /GF2 LOI
was observed in tumor and adjacent normal tissues, indicating
that JGF2 LOI occur at an early stage in cancer dev elopment,
This idea is consist with a previous report.®” However, LIT! LO]
was observed only in tumor tissues, suggesting that LIT] LOI
takes advantage of cancer progression to activate or inactivate
a target sequence. This idea supports a recent study showing
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global LOI in Dnmtl conditional knockout cells.®? The study
concluded that imprinted loci other than HI9 ICR and Igf2r are
primarily responsible for the altered growth characteristics and
transformed phenotype of cells with LOI, although H19 ICR
has been shown to be highly susceptible to de novo methylation
during cancer progression.®" Thus, the KvDMR1 may be primarily
responsible for the altered growth characteristics and transformed
phenotype of cells with LOI, and our data suggest that LIT7 LOI
and LOM at the KvDMR1 may therefore be associated with
colorectal cancer tumorigenesis in a manner that differs from
what has been proposed for IGF2 LOL

KvDMR1 is thought to be an imprinting center at the LITI-
CDKNIC domain and has been shown to have a bidirectional
‘silencer’ or ‘insulator’ activity.t4-'® A number of studies have
shown that LOM of the KvDMRI is associated with LITI
LOI in BWS patients.!'™® Another report showed that LOM at
KvDMR1 was observed in adult turors.2? Qur results in colorectal
cancer cell lines suggest that LIT] expression is controlled by
epigenetic status at the KvDMRI1. A ChIP assay showed that
H3-Ac and H3-K4 dimethylation increased and H3-K9 dimethyla-
tion decreased, consistent with the LIT! expression profile in
three cell lines. In particular, H3-K9 dimethylation was heavily
decreased in CoL0205, suggesting that H3-K9 dimeth ylation
was correlated strongly with LIT! expression. However, H4-Ac
of Widr-TC with LIT/ LOI was increased a little more than in
the other two cell lines, suggesting that H4-Ac is less responsible

doi: 10.1111/.1345-7006.2006.00305.x
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for LIT! expression status than other histone modifi cations.
Thus, histone modifications, as well as DNA methylation, are
important for the regulation of LIT! expression to form active or
repressive chromatin structure, similar to esophageal cancer cell
lines.®® The KvDMR] is also thought to be a LITI promoter.
LITI is a non-coding RNA, like Xist, Tsix and Air. The Xist gene
has been well characterized. Xist RNA transcribed from X
inactivation center coats the X-chromosome to inactivate gene
expression, which is followed by sequential epigenetic modifica-
tion.®*3 Study of the truncated Air gene showed deregulation
of gene expression in the proximal region.®¥ Previous study of
an episome-based vector system has pointed to the possibility
that the production of LIT] RNA plays a critical role in the bidi-
rectional spreading of inactive chromatin structures.®® A recent
study in vive showed that premature termination of the LIT!
transcript leads to LOI in the proximal region. This indicates
that elongation of the LIT! transcript is needed for genomic
imprinting in neighboring genes.®® Moreover, an in vitro study
showed that repressive chromatin-specific histone modifications
depend on the length of LIT! transcript.®?

There are at least three silencing mechanisms for CDENIC:
(1) DNA hypermethylation at its own promoter region;*® (2)
repressive chromatin structure ¢histone medifications) at its
own promoter;®™ and (3) changes in epigenetic status at the
KvDMR1.%¥ Sosajima et al. reported that CDENIC expression
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Mouse Grbl0 is a tissue-specific imprinted gene with promoter-specific expression. In most tissues, Grblo
is expressed exclusively from the major-type promoter of the maternal allele, whereas in the brain, it is
expressed predominantly from the brain type promoter of the paternal allele. Such reciprocally imprinted
expression in the brain and other tissues is thought to be regulated by DNA methylation and the Polycomb
group (PcG) protein Eed. To investigate how DNA methylation and chromatin remodeling by PcG proteins
coordinate tissue-specific imprinting of Grb10, we analyzed epigenetic modifications associated with Grbi¢
cxpression in cultured brain cells, Reverse transcriptase PCR analysis revealed that the imprinted paternal
expression of GrbI0 in the brain implied neuron-specific and developmentat stage-specific expression from the
paternal brain type promoeter, whereas in glial cells and fibroblasts, Grb10 was reciprocally expressed from the
maternal major-type promoter. The cell-specific imprinted expression was not directly related to allele-specific
DNA methylation in the promoters because the major-type promoter remained biallelically hypomethylated
regardless of its activity, whereas gametic DNA methylation in the brain type promoter was mazintained during
differentiation. Histone modification analysis showed that allelic methylation of histonc H3 lysine 4 and H3
Iysine ¢ were associated with gametic DNA methylatien in the brain type promoter, whereas that of H3 fysine
27 regulated by the Eed PcG complex was detected in the paternal major-type promoter, corresponding to its
allele-specific silencing. Here, we propese a molecular model that gametic DNA methylation and chromatin
remodeling by PcG proteins during cell differentiation cause tissue-specific imprinting in embryonic tissues.

2 Graduate School of Biomedical Sciences, Nagasald University,

Genomic imprinting in mamimals describes the situation
where there is nonequivalence in expression between the ma-
ternal and paternal alleles at certain gene loci, depending on
the parental origin. Genomic imprinting plays essential roles in
development, growth, and behavior (6, 30, 31). Such parental
origin-specific gene regulation is caused by epigenetic modifi-
cations that occur during gametogenesis without any nucleic
acid changes. One of the well-known epigenetic modifications
is DNA methylation. In the imprinted loci, differentially meth-
ylated regions between the maternal and paternal alleles are
often found and associated with parental allele-specific expres-
sion (7). Another well-known epigenetic modification is his-
tone modification, which represents the determinant of epige-
netic features associated with imprinted genes. It has been
reported that parental origin-specific gene expression on some
imprinted genes is determined by DNA methylation and/or
histone modifications (12, 13, 16, 23, 29, 40). Polycomb group
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Sakamoto 1-12-4, Nagasaki 852-8523, Japan. Phone: 81-95-849-7120,
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{PcG) proteins also play an important rele in various epige-
netic phenomena (3), such as maintaining the silent state of the
homeotic genes, maintaining X-chromosome inactivation (36},
and silencing imprinted genes in mammals (24, 33). PcG pro-
tein complexes are thought to maintain long-term gene silenc-
ing during development through alterations of local chromatin
structure (3, 27).

Mouse Grbl0 encoding the growth factor receptor-bound
protein 10 (Grb10) is an imprinted gene with tissue-specific
and promoter-specific expression. In most tissues, the major-
type transcript of Grbl0 is expressed exclusively from the ma-
jor-type promoter of the maternal allele, whereas in the brain,
the brain type transcript is expressed predominantly from the
brain type promoter of the paternal allele (1, 17). DNA meth-
ylation analysis has revealed that the CpG island (CGI) in the
brain type promoter (CGI2) was gametically methylated in the
oocyte as a primary imprint and remained methylated exclu-
sively on the maternal allele in somatic tissues, while the CpG
island in the major-type promoter (CGI1) was biallelically hy-
pomethylated in somatic tissues (see Fig. 1 and 4} (17). Hikichi
et al. proposed the model for tissue-specific imprinting of
Grb10 that the major-type tramscript is regulated by DNA
methylation-sensitive insulator {(CT'CF) binding in CGI2 and
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the brain type transcript is regulated by putative brain-specific
activators (17). They suggested that allelic DNA methylation in
CGI2 can orchestrate reciprocal imprinting of the two promot-
ers of the GrbI0 gene. This model was partially supported by
the imprinting analysis of knockout mice of the Dmmt3L gene,
encoding a factor for acquisition of maternal methylation im-
print in germ cells (14, 18). In the embryos (Dnmt3L™ /"),
produced from Drmi3L ™" females, matemal chromosome-
specific DNA methylation in CGI2 was lost and null expression
of the major-type transcript was detected (2). Recently, the PcG
protein Eed (embryonic ectoderm development) was identified
as a member of a new class of irans-acting factors, which
regulate the expression of some paternally repressed imprinted
genes, Cdknlc, Ascl2, Meg3, and GrbI0 (24). In Eed ™'~ em-
bryos, the major-type transcript of GrbI0Q was biallelically ex-
pressed from the major-type promoter without major alter-
ation of DNA methylation in gametically methylated CGI2,
albeit various hypomethylated patterns were observed on the
paternal allele (24). The expression analysis of these knock-
out mice suggests that DNA methylation and chromatin
remodeling by PcG proteins represent the epigenetic factors
that are necessary for establishing andfor maintaining the
imprinted expression of Grbl0. It remains unknown how
they coordinate the tissue-specific and promoter-specific im-
printing of GrbI0.

Recently, mouse genes with brain-specific imprinting pat-
terns were reported. They are Ube3a and Murrl, with neuron-
specific and brain developmental stage-specific expressions,
respectively. Ube3a is biallelically expressed in most tissues but
expressed exclusively from the maternal allele only in neurons,
leading to apparent partial imprinting with predominant ma-
ternal Ube3a expression in the whole brain (38). Munri is
imprinted in the adult brain, especiafly in mature neurons, but
not in embryonic and neonatal brains (37). These lines of
evidence suggest that brain-specific imprinting may be regu-
lated in part by epigenetic modifications, depending on speci-
fication and maturation of cell lineages in the developing brain
(9, 19).

Since Grb10 is a tissue-specific imprinted gene, we hypoth-
esized that tissue-specific reciprocal imprinting of GrbI0 also
depends on cell-specific epigenetic modifications acquired dur-
ing cell differentiation. To examine our hypothesis, we per-
formed an epigenetic analysis of brain cells with the aid of
primary cortical cell cultures, in which neurons or glial cells
were cultured separately from products of reciprocal crosses
between the C57BL/6 and PWK strains (divergent strains of
Mus musculus). In each cultured brain cell, GrbI0 expression
and epigenetic factors such as DNA methylation and histone
modifications were analyzed to investigate how DNA methyl-
ation and chromatin remodeling by PcG proteins establish and
maintain the tissue-specific and promoter-specific imprinting
of Grbl0.

MATERIALS AND METHODS

Mice. All procedures were performed with approval from the Nagasaki Uni-
versity Institutional Animal Care and Use Committee. F, hybrid mice were
obtained by mating CS7BL/6 females with PWK males [(CS7TBL/6 %X PWK)F)]
and vice versa [(PWK X C57BL/6)F;]. Telencephalon/cerebral cortices and
embryonic fibroblasts were prepared from embryonic day 10 (E10) to E15.
Tissues were used for RNA and DNA extraction or primary cultures. Brain tissue
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for reverse transcriptase (RT) PCR was dissected at E10, E16, postnatat day 1,
postnatal day 5, 2 weeks, 4 weeks, 6 weeks, and 14 months.

Primary culture. Methods of primary cultures of cortical neurons, glial cells,
and embryonic fibroblasts have been described clsewhere (38). In brief, E15
cerebral cortices without meninges were trypsinized to dissociate brain cells. For
neuronal culture, dissociated cells were cultured in neurobasal medium {Gibeo
BRI, Carlsbad, CA) with B27 supplement {Gibco BRL). Cultures were main-
tained in 5% CO, at 37°C for 5 days. For the long culture, half of the culture
medium was changed every 3 to 4 days. For glial cell culture, dissociated brin
cells were cultured overnight in Dulbecco’s modified Eagle’s medium (Sigma, St.
Louis, MG} supplemented with 109 fetal calf serum, and then the medium was
changed to Neurobasal medivm (Gibeo BRL) with GS supplement (GIBCO
BRL). After 5 to 7 days in the primary culture, cultured glial components were
subcultured. Cultures were maintained in 5% CO, at 37°C for a total of 14 days.
For embryonic fibroblast culture, embryonic fibroblasts derived from E15 em-
bryonic skin were cultured in Dulbecco's modified Eagle's medium supple-
mented with 109 fetal calf serum.

cDRA synthesis, Total RNA was isolated from cultured cells and tissues with
RNeasy (QLAGEN, Hilden, Germany) according to the manufacturer’s protocol.
The RNA was treated with amplification grade DNase I (Invitrogen, Carlsbad,
CA) to degrade any genomic DNA present in the sample. The cDNA was
generated from total RNA by SuperScript IT reverse transcriptase (Envitrogen)
primed with oligo(dT}, ;.4 primers. The first-strand cDNA was synthesized at
42°C for 50 min. Then, mRNA-cDNA chains were denatured and the reverse
transcriptase activity was arrested by heating at 70°C for 15 min. An identical
reaciton was carried ouf without reverse transcriptase as a negative control.

RT-PCR for expression analysis. The ¢cDNA obtained was used to perform
RT-PCR for expression analysis. The expression of each Grbl0 transcript was
analyzed using primers IaF and IR for the major-type transeript and wsing
primers 1bF and IR for the briin type transcript. Other transcripts, including
exon lc, were amplified by primer sets 1cF/e2R and 1aF/1cR. PCR amplification
with primers 1aF and 1R was performed for 32 to 35 cycles of 15 s at 96°C, 20 5
at 60°C, and 60 5 at 72°C, with primers 1bF and IR for 32 to 38 cycles of 15 s at
96°C, 20 s at 60°C, and 60 s at 72°C, and with primer sets 1cF/e2R and 1aF/}cR
for 35 cycles of 15 s at 96°C, 20 s at 60°C, and 60 s at 72°C. The primers for Map2,
Gfap, and Gapdh used for evaluation of the cultured cells have been deseribed
elsewhere (38). For a semiquantitative RT-PCR, optimal template ¢cDNA con-
centrations were determined according to Gapdh amplification. PCR products
were amplified for 25 to 30 eycles of 15 5 at 96°C, 20 5 at 55°C, and 30 s at 72°C.

Quantitative analysis of gene expression by real-time PCR. cDNA was applied
to real-time PCR for quantitative analysis of each transcript using SYBR green
and an ABI Prism 7900 (PE Applied Biosystems, Foster City, CA). PCR was
performed on samples at least in triplicate according to the manufacturer’s
protocol to contrel for PCR variation. To standardize each experiment, the
results were represented as a percentage of expression, calculated by dividing the
average value of the expression of the target gene by that of an internal control gene,
Gapdh (38). The primers used for real-time PCR were primers IaF andiIR for the
major-type transcript and primers Q-16F and Q-1bR for the brain type transcript,
Each experiment was repeated with independent RNAs two to three times.

Sequencing for allelic differences. A sequence chromatogram was used 1o
detect allelic differences of PCR products. Parental expression of major/brain
type transcripts in the brain and kidney was analyzed by RT-PCR wsing primer
sets laF/coR and 1bF/coR for 35 to 38 cycles of 15 s at 96°C, 20 5 at 60°C, and
120 5 at 72°C. Parental chromosome-specific histone modifications in the major-
type promoter were analyzed by PCR, using the primer set ChIP-F/ChYP-R for 30
cycles of 30 s at 95°C, 30 5 at 58°C, and 30 s at 72°C. The PCR products were
analyzed by direct sequencing with a BigDye Terminator cycle sequencing kit
(PE Applied Blosystems) on an automated sequencer, the ABI Prism 3100
genetic analyzer (PE Applied Biosystems).

DNA methylation analysis, Isolated DNA was treated with sodium bisulfite
using a CpGenome DNA modification kit (Chemicon International Inc., Te-
mecula, CA) according to the manufacturer’s protocol. Bisulfite-treated DNA
samples were subjected to nested PCR amplification vsing the following first and
second primer pairs, respectively, for each CGI; CGII, MelF/Me-IR and Me-
1F/Me-1R"; CGI2, Me-2FMe-2R and Me-2F'/Me-2R"; and CGI3, Me-3F/
Me-3R and Me-3F'/Me-3R’, After the first PCR using the first primer set, the
products were used as templates for nested PCR using the second primer set.
The nested PCR products were cloned into the TA cloning vector (Invitrogen),
and at least 32 clones for each sample were sequenced.

ChIP. A chromatin immunoprecipitation (ChIP) assay was performed with a
ChIP assay kit (Upstate Biotechnology, Lake Placid, NY) according to the
manufacturet’s protocol. In brief, the chromatin of cultured cells was prepared
from ~1.0 X 10° cells and treated with formaldehyde to cross-link DNA to
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TABLE 1. Primers used in this study

Function(s) and primer

Sequence (5'-3'} Annealing temp (°C)

(PCR cycle no.)*
Expression and imprinting analysis
1aF® CACGAAGTTTCCGCGCA
1bF GCGATCATTCGTCTCTGAGC
1R? AGTATCAGTATCAGACTGCATGTTG
icF ATCGCCATCTACAGTTTCIG
1cR CAAGGTACAGAGCTAGGACG
e2R CTGGTTGGCTTCITTGTIGTGG
coR TACGGATCTGCTCATCTTCG
ChIP-F TCACTTTAGAAACCGGGCA
ChIP-R AAACTCGGGCTTGCTCA
Quantitative analysis
Q-1bF TCATTCGTCTCTGAGCGGCA
Q-1bR ATACGTGTTACATGCGCCAA
Q-CHPIF TCACTITAGAAACCGGGCA
Q-ChiPIR AAACTCGGGCTTGCTCA
Q-ChIP2F GATCATTCGTCICTGAGC
Q-ChIPZR ATGCGGCAACATGCGCTGACA
Hot-stop PCR and SSCP analysis
ChlIP2F-1 TCATTCGTCTCTGAGCGGCA 60 (32)
ChIP2R-1 TCTGGAGCCTAGAGGAGCG
ChIP2F-2 AAGCGCGTGCTGGTTIGTA 60 (35)
ChIP2R-2 ATACGTGTTACATGCGCCAA
DNA methylation analysis
CGI1 1st 53 (35)
Me-1F TGGGGTTITAATATTAAGTTTGA
Me-1R TTACATCTCTTAAATAAAACA
CGI1 2nd 53 (35)
Me-1F TGGGGTTTAATATTAAGTTTGA
Me-1R’ AAATCACCTATAACTCTCCTAC
CGIZ 1st 50 (40)
Me-2F TGGAGTTTAGAGGAG
Me-2R AATAGTTATTTITAGTAAGGG
CGI2 2nd 50{10)
Me-2F TGGAGTTITAGAGGAG
Me-2R’ TAAGTGAAGTAATATAGTT
CGI3 Ist 53 (40)
Me-3F AAAGAAGGTITGGAGAGATTATTT
Me-3R CAAACCAAAACTTACTATATTTAATTTAAAC
CGI3 2nd 53 (10)
Me-3F AAGGTTTGGAGAGATTATTTTTIGATT
Me-3R’ TAATTTAAACTTAACACTATTAAATACC

“ For cxpression and imprinting analysis, the annealing femperature and PCR cycle number depend on the combination of primers used for each analysis. See details
in Materials and Methods. For quantitative anatysis, the PCR conditions were decided according to the manufacturer’s protocol.

& Also used for quantitative analysis.

protein in sity, sonicated to an average size of 0.5 kb, and immunoprecipitated
with antibodies. Antibodies against acetyl histone H3 (H3Ac; catalog no. 06-
599), acetyl histone H4 (H4Ac; catalog no. 09-866), Lys4 dimethylated histone
H3 (H3mK4; catalog no. 07-030), Lys? trimethylated H3 (H3me3K9; catalog no.
07-212), and Lys27 trimethylated H3 (H3mK?27; ecatalog no. 07-449} were ob-
tained from Upstate Biotechnology. The moncclonal antibody against Lys% di-
methylated histone H3 (H3me2K9) was developed previously (26). Immunopre-
cipitated samples withowt antibodies or with rabbit immunoglobulin G
precipitation were used as negative controls for precipitations with specific an-
tibodies in each experiment.

Quantitative analysis of iImmunoprecipitated DNA by real-time PCR. Immu-
noprecipitated DNA and input DNA were analyzed by real-time PCR using the
same protocol as that used for gene expression analysis. For DNA immunopre-
cipitated with H3Ac, H4Ac, and H3mK4 antibodies, the quantitative value of
immunoprecipitated DNA in each CGI was normalized by dividing the average
value of each CGI by that of the internal control, Gapdh. For DNA immune-
precipitated with H3me2K9 and H3me3K9 antibodies, the average value of
D13Mit55 was used instead of the value of Gapdh. Each nommalized value of
nmunoprecipitated DNA was further divided by the normalized value of the

corresponding input DNA. For the evaluation of IXNA immunoprecipitated with
H3mK27 antibody, the results were presented as a percentage of immunopre-
cipitation, calculated by dividing the average value of immunoprecipitated DNA
by the average value of the corresponding input DNA. Each experiment was
performed three times with independent chromatin extracts. The primers wsed
for real-time PCR were primers G-ChIP1¥ and Q-ChIP1R for CGI1 analysis and
primers Q-ChIP2F and Q-ChIP2R for CGI2 analysis. The primers for Gapdh
and DI3Mii55 have been described elsewhere (16).

Hot-stop PCR and SSCP analysis, Hot-stop PCR was performed for the
analysis of allele-specific histone modifications as follows. After a number of
PCR cycles sufficient to detect a product wsing primers ChlP2F-1 and ChIP2R-1,
primer ChIP2R.1 labeled by [v-*2PJATP was added lo the mixture, and then one
cycle of PCR was performed. The PCR products were digested with the restric-
tion endonuclease Hpyl88I and electrophoresed in & 4% polyacrylamide gel,
Single-strand conformation polymorphism (S$CP} analysis of PCR products was
performed for allele-specific histone methylation in the presence of [y-"2P]ATP-
labeled primers ChiP2F-2 and ChIP2R-2. PCR products were resolved by elec-
trophoresis in an MDE nondenaturing acrylamide gel {FMC BioProduct, Rock-
land, ME).
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FIG. 1. Tissue-specific transcripts of Grbi0, Filled boxes, open
boxes, and shaded boxes represent protein-coding regions, 5° untrans-
fated regions, and extended exons 1c, respectively, The dashed lines
indicate the CpG islands (CGI1 and CGI2) in the promoters. The
primers used for RT-PCR are shown. The asterisk indicates the poly-
morphic site (G/A) between the C57BL/6 and PWK strains,

Primers, The primers used for the analysis are Hsted in Table 1,

RESULTS

Mouse Grb10 has several tissue-specific promoters. Three
different promoters of GrbI0 have previously been reported to
initiate tissue-specific transcripts (Fig. 1). We first analyzed the
expression of each transcript in E16 fetal tissues. The major-
type transcript amplified by PCR using primers 1aF and e2R in
exons la and 2, respectively, was detected in the fetal brain but
was less detected in other tissues, while the brain type tran-
script amplified by primers I1bF and 2R in exons 1b and 2,
respectively, was detected exclusively in the fetal brain (Fig.
2A). Another transcript which was previously reported to be
brain specific in adult tissues (1) was examined in fetal tissues.
PCR using primers 1cF and e2R in exons 1c and 2, respec-
tively, showed that exon 1c was expressed not only in the fetal
brain but also in the fetal liver and kidney (Fig. 2A). To assess
whether exon Ic is an alternatively spliced exon of the major-
type transcript with exon 1a, we performed PCR using primers
iaF and 1¢R in exons ia and 1c, respectively. The PCR prod-
uct containing exons 1a and Ic was detected in the fetal tissues
(Fig. 2A). Sequence analysis of the RT-PCR product revealed
that exon 1c was extended 67 bp upstream of the previously
published exon 1c with the consensus splicing site (Fig. 1). Any
RT-PCR products with both exons 1a and 1b or both exons 1c
and 1b were not found (data not shown). Furthermore, we
identified another putative exon, 1d, located 1.2 kb upstream
of exon 1a in the expressed sequence tag database (GenBank
accession no. CA751271). The existence of the novel exor 1d
was confirmed by RT-PCR in the embryonic liver but not in
other tissues, including the brain (data not shown).

Expression of Grbl0 shifts from the major-type to the brain
type transcript during brain development. To confirm whether
the expression level of the brain type transcript changes during
brain development, the major-type and brain type transeripts
arising from exons 1a and 1b, respectively, were quantitatively
analyzed at various developmental stages of the brain. Real-
time PCR analysis showed that in the brain, the major-type
transcript was highly expressed at E10 and decreased accord-
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FIG. 2. Expression analysis of each transcript in embryonic tissues
by RT-PCR. (A) Semiquantitative analysis of tissues from the EI6
embryo. Exon Ic-2 and exon ia-1c represent RT-PCR products am-
plified by primer sets IcF/e2R and 1aF/1cR, respectively. The concen-
tration of eack cDNA was adjusted for Gapdit amplification as an
intemal control. (B) Quantitative evaluation of major-type and brain
type transcripts in brain tissues from different developmental stages by
real-time PCR. The relative amounts of major-type and brain type
transcripts are shown. The relative amount of each transcript was
calculated by normalizing each value with an internal control, Gapdh.
Standard errors of the means are indicated by bars. (C) Expression
analysis of major-type and brain type transcripts in the primary cell
culture. (D) Evaluation of expression of marker genes and each Grb10
transcript according to the culture period. Iw (1 week), 2w (2 weeks),
and 3w (3 weeks} indicate the periods of neuron culture. P1, postnatal
day 1; 14M, 14 months.

ing to brain development, while expression of the brain type
transcript was high in the perinatal period and gradually de-
creased thereafter (Fig. 2B). The result indicates that GrbI0
transcripts shift from the major type to the brain type during
early brain development.

The brain-specific transcript is expressed in neurons but
not in glial cells. Is the brain type tramscript expressed exclu-
sively in the brain restricted to the cell type? To know which
type of brain cells, neurons or glial cells, express the brain type
transcript, expression analysis of cultured neurons and glial
cells was carried out. Prior to the analysis, we confirmed by
immunostaining and RT-PCR with the brain precursors, neu-
ronal and glial markers, that over 95% of the two cultured cell
types were posimitotic neurons and astrocytes, respectively
(data not shown). RT-PCR in cultured cells revealed that the
major-type transcript was expressed in all cultured brain cells
but that the brain type transcript was expressed only in neurons
{Fig. 2C). We next tried to investigate whether these tran-
scripts in the brain were associated with the maturation of
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FIG. 3. Imprinting analysis of promoter-specific expression of
GrbI0 by sequence chromatograms. Upper panels show the chromate-
grams of the genomic PCR products from each strain. Middle and
lower panels show the chromatograms of the RT-PCR products from
tissues and cultured cells of the Fy hybrid, in which alleles were dis-
tinguished by the single-nucleotide (G/A) polymorphism (*) at exon 9.

neurons. Neurons were cultured for 1, 2, and 3 weeks, and
semiquantitative RT-PCR was carried out. Before expression
analysis of Grbl10, the status of cell proliferation and differen-
tiation by long culture was evaluated by primers for Map2 as a
marker for neurons and Gfap as a marker for astrocytes under
the normalization of cDNA. concentration to Gapdh (Fig. 2D).
The expression of Map2 never changed in 3-week-cultured
cells, while that of Gfap was detected in the cells cultured for
3 weeks. In these long-culture cells, the brain type transcript
was continuously expressed during culture periods, while the
major-type transcript was Iess expressed than the brain type
transcript. These results suggest that both types of transcripts
are expressed in neurons and that the switching of the pro-
moter from the major type to the brain type is observed during
long culture periods.

Promoter-specific paternal expression of Grb10 in the brain.
To investigate the imprinted expression of Grb10, we first
examined parental expression of the major-type and the brain
type transcripts in the brain and kidney from F; hybrid mice by
direct sequencing of the RT-PCR product, A polymorphic site
{G/A) in exon 9 between the C57BL/6 and PWK strains was
used to determine the paternal allele (Fig. 1). As previously
reported by Hikichi et al. (17), the major-type transcript was
expressed exclusively from the maternal allele in the kidney
and brain, while the brain type transcript was expressed from
the paternal allele only in the brain (Fig. 3). We next examined
promoter-specific imprinting in neurons, glial cells, and fibro-
blasts. Expression of the major-type transeript originated ex-
clusively from the maternal allele in all cultured celis, but that
of the brain type transcript detected only in neurons originated
from the paternal allele (Fig. 3). Thus, predominant paternal
Grbl0 expression in the brain, as previously described, can be
explained by a combination of paternally expressed brain type
transeript in neurons and maternally expressed major-type
transcript in all cells,

Differentiolly methylated CGI2 is maintained in cultured
neurons and glial cells, As we found that the brain type tran-

MoL. CeLL. BioL.

script was initiated from exon 1b of the paternal allele only in
neurons, we analyzed the methylation status of the brain type
promoter in neurons and glial cells by the bisulfite method. As
shown in Fig. 44, three promoters are located within different
CGIs: exon 1a in CGI1, exon 1b in CGI2, and exon 1cin the
“weaker” CpG island, CGI3. The parental origin of the meth-
ylated allele was identified by polymorphic sites in F; hybrids
between the CS7BL/6 and PWK strains. The methylation anal-
ysis of CGI2 showed that the differential methylation estab-
lished in the germ cells (I, 17) was maintained in neurons and
glial cells (Fig. 4B). That in other CpG islands, CGI1 and
CGI3, revealed biallelic hypomethylation and hypermethyl-
ation, respectively. CGI1 and CGI3 did not show any differ-
ential methylation in the cells, although CGI3 was reported to
be a putative differentially methylated region in the mouse
brain with uniparental disomy for chromosome 11 (1) The
methylation status in CGIs, except CGI3, in cultured cells was
consistent with that previously reported for tissues (1, 17).

Parental chromosome-specific histone modifications in
CGI2 correlate with allele-specific expression of the brain type
transcript in neurons, Parental origin-specific histone modifi-
cations are reported to represent the determinant of epigenetic
features as well as DNA methylation. Using specific antibodies
against acetylated histone H3 (H3Ac), acetylated histone H4
(H4Ac), dimethylated Lys4 histone H3 (H3mK#4), and di- and
trimethylated Lys9 histone H3 (H3me2K9 and H3me3K9), we
performed a ChIP assay with cultured cells. After evaluation of
ChIP DNA by allele-specific histone modifications in the Lit]
promoter region as a conmtrol (16), histone modifications in
CGl1, CGI2, and CGI3 were analyzed by real-time PCR to
quantify their precipitated chromatins in these CGIs. To nor-
malize each value, Gapdh and DI3Mit55 were used as internal
control sequences, where acetylated and methylated histones
were known to be biallelically immunoprecipitated, depending
on the corresponding antibodies, In CGI2, where the maternal
allele-specific DNA methylation was established in the oocyte,
H3Ac, H4Ac, H3mK4, and H3me3K9 were clearly immuno-
precipitated in neurons, while in glial cells and fibroblasts,
although H3mK4 and H3me3K9? were well immunoprecipi-
tated, H3Ac and H4Ac were less precipitated (Fig. 5A). The
results obtained with the antibody against H3me2K9 {data not
shown) were similar to those obtained with the antibody
against H3me3K9.

To elucidate the parental chromosome-specific histone
modifications in CGI2 in neurons, bot-stop PCR was per-
formed (15, 32). The restriction endonuclease Hpy1881 was
used to recognize the polymorphic site in CGI2. For each of
the precipitated samples, the ratio of the paternal to maternal
band intensities was determined. These ratios were corrected
for the paternal-to-maternal ratios in the input chromatin,
because the maternal and paternal alleles were not equally
represented in the input chromatin. One of the parental
alleles is possibly more sensitive to sonrication in these re-
gions because of relaxed chromatin (12, 16, 39). The result
revealed that histones H3 and H4 were hyperacetylated and
that H3K4 was hypermethylated predominantly on the pa-
ternal chromosome (Fig. 5B). To investigate allele-specific
histone trimethylation of H3K9? in neurons and fibroblasts,
SSCP analysis of PCR products was also performed. In
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FIG. 4. Methylation status of CpG islands in neurons and glial cells. (A) Schematic structure of CpG islands, The dashed lines indicate the
registered regions of CGI1, CGI2, and CGI3 (1, 17). Open boxes and arrows represent exons and primers used for methylation analysis and ChIP
analysis, respectively. (B) Allele-specific DNA methylation analysis of cultured cells by bisulfite PCR and sequencing. Numbers on the line in the
upper panel represent nucleotide positions, given according to GenBank accession no. AL663087. Each line shows an individual clone, and each
oval represents a CpG nucleoside; the filled and open ovals indicate hypermethylated and hypomethylated CpGs, respectively, The numbers with
“X” given at the right end of the clone lines represent the number of individual clones that show the same pattern of DNA methylation, Parentat
alleles (M, maternal; P, paternal) are distinguished by DNA polymorphisms between the C57BL/6 and PWK strains.

neurons and fibroblasts, H3K9 was hypermethylated on the
maternal chromosome (Fig. 5C).

Parental chromoesome-specific methylation of histone H3K27
but not H3K9 in CGII correlates with allele-specific expression
of the major-type transeript. Histone modifications in CGTI,
where CpGs were biallelically hypomethylated in tissues and
cuitured cells, were next analyzed. In CGI1, H3Ac, H4Ac, and
H3mK4 were clearly precipitated in glial cells and fibroblasts,
while the precipitations were not obsetved in neurons (Fig.
5A). H3me3K9 and H3me2K9 in CGII were not precipitated
in neurons and glial cells (Fig. 5A; data not shown). The
maternal chromosome-specific histone H3/H4 acetylation and
H3K4 methylation in CGI1 were detected in glial cells and
fibroblasts (Fig. 5D}, We further analyzed histone H3K27 tri-
methylation, which is directly regulated by the PcG proteins,
because imprinted expression of the major-type GrbIQ tran-
script was reported to be relaxed in the knockout embryos of
the PcG gene, Eed (24). In neurons and fibroblasts, H3mK27
was clearly precipitated in CGI1 but not in CGI2 (Fig. 6A).
The paternal chromosome-specific methylation of H3K27
was observed in fibroblasts, but a significant allelic differ-
ence was not detected in neurons (Fig. 6B). These data
suggest that the paternaily null expression of the major-type
transcript in fibroblasts correlates with paternal chromo-
some-specific methylation of H3K27 in CGIL, In CGI3, his-
tones H3 and H4 were hypoacetylated and H3K4 was hy-
pomethylated (data not shown). We could not detect
significant differences in histone acetylation and methyl-
ation in CGI3 between cultured cells.

DISCUSSION

It has been known that mouse Grbl0 shows reciprocal im-
printing depending on the tissue-specific promoters. In most
tissues, Grb10 is expressed exclusively from the maternal allele,
whereas in the brain, it is expressed predominantly from the
paternal allele (1, 17). Such reciprocal imprinting of Grb10 in
a tissue-specific and promoter-specific manner is a good model
to elucidate how promoter-specific imprinting is epigenetically
controlled in tissues. In this study, we have developed a cell
culture system with which cell-type-specific ‘imprinting of
Grbl@ can be characterized in the mouse brain. We demon-
strated that promoter-specific and developmental stage-spe-
cific imprinting of Grbl0 expression in the brain is associated
with parental allele-specific epigenetic modifications in brain
cell lineages.

Two previous reports described that reciprocal imprinting of
Grbi0 occurs in a tissue-specific and promoter-specific manner
(1, 17). Our studies with cultured cortical cells revealed that
the brain type transcript containing exon 1b was expressed in
neuroas but not in glial cells, while the major-type transcript
containing exon 1a was expressed in all cultured cells, including
newrons (Fig. 2C}. These findings indicate that the brain-spe-
cific promoter actually implies the neuron-specific promoter
and that the major-type promoter works as the common pro-
moter in all tissues. Imprinting analysis of these transcripts
clearly showed that the brain type transcript is expressed ex-
clusively from the paternal allele and the major-type transcript
is expressed exclusively from the maternal allele (Fig. 3). These
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FIG. 5. Histone modification analysis of the GrbI0 promoter in cultured cells. (A) Quantitative amalysis of immunoprecipitated DNA. by
real-time PCR. Quantitative values of precipitated DNA in CGI1 and CGI2 were normalized by dividing the average value of each CGI by the
average value of Gapdh or DI3Mit55. Standard errors of the means are indicated by bars. (B) Allele-specific histone modifications in CGI2 in
neurons by hot-stop PCR. Digested PCR products of C57BL/6 and PWK genomic DNA are shown as homozygous controls in the first two lanes.
M and P represent the products from the maternal allele and the paternal allele, respectively. The ratio of the paternal to maternal (P:M) band
intensities, corrected by the ratio in input chromatin (Inp), is indicated below each lane. (C) Allele-specific histone H3K9 methylation in CGI2 by
SSCP. PCR products of CS7BL/6 and PWK genomic DNA were shown as controls in the first two lanes, (D) Allele-specific histone modifications
in CGIl by sequence chromatograms. Glial cells and fibroblasts derived from F; hybrids [(CS7BL/6 X PWK)F,] were used for analysis. The
single-nucleotide (G/A) polymorphism is detected in the input sample (Inp); “G” originated from the maternal allele and “A” from the paternal

allele,

results in vitro can explain the previous data that the brain type
transcript was not detected in whole embryo at E9.5 (17), when
neurogenesis has not yet cccurred. In addition, our data on
Grbl0 expression, i.e., brain development-dependent switching
from the major-type to the brain type transcript, can also
support the previous report that GrbI0 is expressed predomii-
nantly from the paternal allele in the aduit brain (17}, which
consists of neurons and glial cells.

In our expression analysis, we detected both brain type and
major-type transcripts in cultured neurons (Fig. 2B). Recently,
it was reported that the Pedh (protecadherin) gene was mono-
allelically expressed in individual neurons (10). The Pedh gene
family (Pcdha, Pedhb, and Pedhc) has variable exons and al-
ternative splice forms. Esumi et al. analyzed the expression of
transcripts in the variable exons of Pcdha by using a single-cell
RT-PCR approach for the determination of the allelic origin
for each variable exon at the individual cell level (10). The

individual cells showed monoallelic expression for each vari-
able exon. In our analysis of Grbi0, the discrepancy between
the modifications in CGI1 and the expression of the major-type
transcript in neurons was recognized. Similar to a monoallelic
expression pattern of variable Pcdha exons in individual neu-
rons, the discrepancy may be explained by the existence of two
different cell populations in cultured neurons, each of which
expresses either the major-type or the brain type transcript
exclusively. As shown in Fig. 2D, the brain type transcript was
obviously highly expressed compared to the major-type tran-
script during long culture periods. The larger population of
cells with the brain type transcript may affect the result of
histone modifications more than the smaller population of cells
with the major-type transcript.

It has been reported that histone modifications and DNA
methylation are not synchronized as a transcriptionally active/
silent signal in some imprinted genes, such as NDN, Gnas, and
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