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RESULTS AND DISCUSSION

Although the translocation of Patient A looked
balanced (Fig. 2A) [Hou, 2004], there was actually a
relatively large deletion at the 3ql3.2 breakpoint
region of her derivative chromosome 3. FISH analysis
revealed that the 3q proximal end of the deleted
segment was confined to 3ql1.2 between BAC
clones, RP11-12H14, and RP11-481M14, and the
distal end to 3q13.31 between RP11-5H2 and RP11-
1030E24 (Figs. 2B and 3). Since lacking signals were
confirmed for 16 other BACs that are located
between the two ends, the deletion extended to
approximately 19 Mb in size from 3q11.2 to 3q13.31
(UCSC Genome Browser). As for the other derivative
chromosome 12, as two neighbor BAC clones, RP11-
412121, and RP11-55L17, in a contig were identified
to cover the 12p11.22 breakpoint, there was no
deletion at the breakpoint.

To know whether any other chromosomal aberra-
tions exist in the genome of the five patients
examined, whole-genome array CGH was per-
formed. Consequently, the array CGH confirmed in
Patient A the presence of the 3q deletion (Fig. 4)
without deletions or duplications in any other
chromosomes. In Patient D, four regions were
suspected to have duplication, but this could not be
confirmed by subsequent FISH, because her chro-

mosome preparation was not available. There was
no chromosomal aberration in the remaining three
patients.

A literature search for deletions for 3qll1.2-
3q13.31 found eight reported cases [Arai et al,
1982; Jenkins et al., 1985; McMorrow et al., 1986;
Okada et al., 1987; Fujita et al., 1992; Genuardi et al.,
1994; Ogilvie et al., 1998). The smallest region of
overlap (SRO) for deletion among them is almost
confined to 3q12-3q13.31 (Fig. 5). The deletion in
one patient (Case 8 in Fig. 5) [Jenkins et al., 1985] was
reported to lie between 3q11 and 3q21. However, the
exact location of the proximal border in this patient
was not clear since either FISH or molecular analysis
was not carried out. None but one patient [Arai et al.,
1982] had any nose anomaly, and none of the eight
patients manifested microphathalmia that is virtually
accompanied with arhinia [Graham and Lee, 20006].
The exceptional patient whose deletion involved
3q13—q21 (Case 7, Fig. 5) had alobar holoprosence-
phaly, arhinia, and cleft lip [Arai et al, 1982l
Although arhinia of this case seems atypical and to
be a holoprosencephaly-associated median facial
anomaly, the patient might provide possible infor-
mation for localization of the arhinia locus. If the
locus exists at the long arm of chromosome 3, it
might be confined to a segment between 3q11.2
and the proximal border of the deletion of Case 8
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Fig. 4. Array CGH analysis in Patient A, showing a deletion on 3q. The clone at the proximal end within the deletion was RP11-262019 (3q11.2), and the distal end
clone was RP11-342J15 (3q13.31), the results suggesting that the deletion is approximately 18 Mb in size.
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Fic. 5. Extent (bars) of 3q11.2-3q13.31 deletion in Patient A and eight
reported cases. Lanes 1—8 are from McMorrow et al. [1986), Ogilvie etal. [1998],
Okada et al. [1987], Fujita et al. [1992), Genuardi et al. {1994], Arai etal. (1982]), and
Jenkins et al. (1985), respectively.

(Fig. 5). We selected two genes, COL8AI and CPOX,
from 3q11.2 within the deletion of Patient A, and
analyzed for their mutations in Patients B-E.
According to the Craniofacial and Oral Gene Ex-
pression Network (COGENE, http://hg.wustl.edu/
COGENE/index .html), COL841 and CPOX are
expressed in the frontnasal prominence at the 4th
week, and between the 4th and 5th weeks, respec-
tively, suggesting they play some roles in the nasal
development. However, there was no pathogen-
omonic mutation of COL8AI or CPOX in the four
arhinia patients with normal karyotypes.

As for the other breakpoint of Patient A, we have
confirmed that any known genes were not disrupted
at 12p11.22. Two genes, ARG99 and IPOS8, located
near the breakpoint, seem to have no functions
related to the human nasal development. However,
it cannot totally be ruled out that there may be
unknown RNA transcript(s) on the breakpoint or the
breakage may affect a long-distance position effect
[Velagaleti et al., 2005].

The nasal placode, the anlage of the nose, begins to
develop from the 12th to the 13th Carnegie stage, at
the end of the fourth embryonic week. The stage
between the end of the 4th week to the 7th week is

the most active, important period in the human nose
development [O’Rahilly, 1967; Kim et al., 2004]. A
failure of the developmental process may result in
arhinia, for example, failure of growth or overgrowth
of the medial and lateral nasal process sequentially
leads to premature fusion of the medial nasal
processes [Albernaz et al., 1996].

In conclusion, analysis of five patients with arhinia
revealed, although a 19 Mb large deletion involving
3q11-q13 was identified in one patient, no chromo-
some aberrations or gene mutations were found in
the other four patients. Nevertheless, our findings
may become a clue to isolate the putative arhinia
gene. Further molecular studies in new patients, as
well as that on other genes within the deleted region
in Patient A, are needed to unravel the underlying
cause of arhinia. This is the first report of molecular-
genetic study on congenital arhinia.
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Mouse Grbl0 is a tissue-specific imprinted gene with promoter-specific expression. In most tissues, Grb10
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 Grb10
expression in cultured brain cells. Reverse transcriptase PCR analysis revealed that the imprinted paternal
expression of Grb10 in the brain implied neuron-specific and developmental stage-specific expression from the
paternal brain type promoter, 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 maintained during
differentiation. Histone modification analysis showed that allelic methylation of histone H3 lysine 4 and H3
lysine 9 were associated with gametic DNA methylation in the brain type promoter, whereas that of H3 lysine
27 regulated by the Eed PcG complex was detected in the paternal major-type promoter, corresponding to its
allele-specific silencing. Here, we propose a molecular model that gametic DNA methylation and chromatin
remodeling by PcG proteins during cell differentiation cause tissue-specific imprinting in embryonic tissues.

Genomic imprinting in mammals 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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(PcG) proteins also play an important role 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 Grb10 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 Grb10 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
Grbl0 that the major-type transcript is regulated by DNA
methylation-sensitive insulator (CTCF) 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 Grb10 gene. This model was partially supported by
the imprinting analysis of knockout mice of the Dnmt3L gene,
encoding a factor for acquisition of maternal methylation im-
print in germ cells (14, 18). In the embryos (Dnmt3L™ /"),
produced from Dnmt3L ™'~ females, maternal 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 trans-acting factors, which
regulate the expression of some paternally repressed imprinted
genes, Cdknlc, Ascl2, Meg3, and Grb10 (24). In Eed”’™ em-
bryos, the major-type transcript of Grbl0 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 and/or maintaining the
imprinted expression of Grbl0. It remains unknown how
they coordinate the tissue-specific and promoter-specific im-
printing of Grbl10.

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). Murrl is
imprinted in the adult brain, especially 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 Grbl0 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, Grb10 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 Grb10.

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 C57BL/6 females with PWK males {(C57BL/6 X PWK)F,]
and vice versa [(PWK X CS57BL/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, postnatal 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 eclsewhere (38). In brief, E15
cerebral cortices without meninges were trypsinized to dissociate brain cells. For
neuronal culture, dissociated cells were cultured in neurobasal medium (Gibco
BRL, 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 brain
cells were culiured overnight in Dulbecco’s modified Eagle’s medium (Sigma, St.
Louis, MO) supplemented with 10% fetal calf serum, and 1hen the medium was
changed to Neurobasal medium (Gibco BRL) with G5 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 10% fetal calf serum.

cDNA synthesis. Total RNA was isolated from cultured cells and tissues with
RNeasy (QIAGEN, 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 11 reverse transcriptase (Invitrogen)
primed with oligo(dT),,.,s 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
reaction was carried out 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 GrbI0 transcript was
analyzed using primers 1aF and IR for the major-type transcript and using
primers 1bF and 1R for the brain type transcript. Other transcripts, including
exon 1c, 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 s
at 60°C, and 60 s at 72°C, with primers 1bF and 1R 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/1cR
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 described
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 cycles of 15 s at 96°C, 20 s at 55°C, and 30s 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
pratocol to control 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 1aF and1R for the
major-type transcript and primers Q-1bF and Q-1bR for the brain type transcript.
Each experiment was repeated with independent RNAs two to three times. '

Sequencing for alielic differences. A sequence chromatogram was used to
detect allelic differences of PCR products. Parental expression of major/brain
type transcripts in the brain and kidney was analyzed by RT-PCR using primer
sets 1aF/coR and 1bF/coR for 35 to 38 cycles of 15 s at 96°C, 20 s at 60°C, and
120 s at 72°C. Parental chromosome-specific histone modifications in the major-
type promoter were analyzed by PCR using the primer set ChIP-F/ChIP-R for 30
cycles of 30 s at 95°C, 30 s 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 Biosystems) 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 using the following first and
second primer pairs, respectively, for each CGI; CGI1, Me1F/Me-1R and Me-
1F’/Me-1R’; CGI2, Me-2F/Me-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
manufacturer’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

Annealing temp (°C)

Sequence (5'-3') (PCR cycle no.)

Expression and imprinting analysis

laF® CACGAAGTTTCCGCGCA

1bF GCGATCATTCGTCTCTGAGC

1R® AGTATCAGTATCAGACTGCATGTTG
1cF ATCGCCATCTACAGTTTCTG

1cR CAAGGTACAGAGCTAGGACG

e2R CTGGTTGGCTTCTTTGTTGTGG
coR TACGGATCTGCTCATCTTCG
ChIP-F TCACTTTAGAAACCGGGCA
ChIP-R AAACTCGGGCTTGCTCA
Quantitative analysis
Q-1bF TCATTCGTCTCTGAGCGGCA
Q-1bR ATACGTGTTACATGCGCCAA
Q-ChIP1F TCACTTTAGAAACCGGGCA
Q-ChIP1R AAACTCGGGCTTGCTCA
Q-ChIP2F GATCATTCGTCTCTGAGC
Q-ChIP2R ATGCGGCAACATGCGCTGACA
Hot-stop PCR and SSCP analysis
ChIP2F-1 TCATTCGTCTCTGAGCGGCA 60 (32)
ChIP2R-1 TCTGGAGCCTAGAGGAGCG
ChIP2F-2 AAGCGCGTGCTGGTTTGTA 60 (35)
ChIP2R-2 ATACGTGTTACATGCGCCAA
DNA methylation analysis
CGII 1st 53(35)
Me-1F TGGGGTTTAATATTAAGTTTGA
Me-1R TTACATCTCTTAAATAAAACA
CGI1 2nd 53(35)
Me-1F' TGGGGTTTAATATTAAGTITGA
Me-1R’ AAATCACCTATAACTCTCCTAC
CGI2 1st 50 (40)
Me-2F TGGAGTTTAGAGGAG
Me-2R AATAGTTATTTTAGTAAGGG
CGI2 2nd 50 (10)
Me-2F' TGGAGTTTAGAGGAG
Me-2R’ TAAGTGAAGTAATATAGTT
CGI3 1st 53 (40)
Me-3F AAAGAAGGTTTGGAGAGATTATTT
- Me-3R CAAACCAAAACTTACTATATTTAATTTAAAC
CGI3 2nd 53 (10)
Me-3F' AAGGTTTGGAGAGATTATTTTITGATT
Me-3R’ TAATTTAAACTTAACACTATTAAATACC

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

b Also used for quantitative analysis.

protein in situ, 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), Lys9 trimethylated H3 (H3me3K9; catalog no.
07-212), and Lys27 trimethylated H3 (H3mK27; catalog no. 07-449) were ob-
tained from Upstate Biotechnology. The monoclonal antibody against Lys9 di-
methylated histone H3 (FH3me2K9) was developed previously (26). Immunopre-
cipitated samples without antibodies or with rabbit immunoglobulin G
precipitation were used as negative controls for precipitations with specific an-
tibodies in each experiment.

Quantitative analysis of immunoprecipitated 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 immuno-
precipitated with H3me2K9 and H3me3K9 antibodies, the average value of
DI3Mit55 was used instead of the value of Gapdh. Each normalized value of
immunoprecipitated DNA was further divided by the normalized value of the

corresponding input DNA. For the evaluation of DNA 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 used
for real-time PCR were primers Q-ChIPIF and Q-ChIPIR for CGI1 analysis and
primers Q-ChIP2F and Q-ChIP2R for CGI2 analysis. The primers for Gapdh
and DI13Mit55 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 using primers ChIP2F-1 and ChIP2R-1,
primer ChIP2R-1 labeled by [y-*?PJATP was added to the mixture, and then one
cycle of PCR was performed. The PCR products were digested with the restric-
tion endonuclease Hpy188I and electrophoresed in a 4% polyacrylamide gel.
Single-strand conformation polymorphism (SSCP) analysis of PCR products was
performed for allele-specific histone methylation in the presence of [y->2PJATP-
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 Grbl0. Filled boxes, open
boxes, and shaded boxes represent protein-coding regions, 5’ untrans-
lated regions, and extended exons lc, 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 listed in Table 1.

RESULTS

Mouse GrbI0 has several tissue-specific promoters. Three
different promoters of Grb10 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 1a 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 1bF and e2R 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 Ic 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 1c is an alternatively spliced exon of the major-
type transcript with exon 1a, we performed PCR using primers
1aF and 1cR in exons 1a and 1c, respectively. The PCR prod-
uct containing exons 1a and 1c 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 1la in the expressed sequence tag database (GenBank
accession no. CA751271). The existence of the novel exon 1d
was confirmed by RT-PCR in the embryonic liver but not in
other tissues, including the brain (data not shown).

Expression of Grb10 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 transcripts
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 E16
embryo. Exon 1c-2 and exon la-1c represent RT-PCR products am-
plified by primer sets 1cF/e2R and 1aF/IcR, respectively. The concen-
tration of each cDNA was adjusted for Gapdh amplification as an
internal 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 Grbl0
transcript according to the culture period. 1w (1 week), 2w (2 weeks),
and 3w (3 weeks) indicate the periods of neuron culture. P1, postnatal
day 1; 14M, 14 months.
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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 transcript 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 postmitotic 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
Grb10 by sequence chromatograms. Upper panels show the chromato-
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 celis of the F, 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 Grb10, 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 less 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 GrbI0, 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 patcrnal 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 transcript originated ex-
clusively from the maternal allele in all cultured cells, 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
cxplained by a combination of paternally expressed brain type
transcript in neurons and maternally expressed major-type
transcript in all cells.

Differentially methylated CGI2 is maintained in cultured
neurons and glial cells. As we found that the brain type tran-
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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. 4A, three promoters are located within different
CGlIs: exon la in CGII, exon 1b in CGI2, and exon Ic in the
“weaker” CpG island, CGI3. The parental origin of the meth-
ylated allele was identified by polymorphic sites in F, hybrids
between the C57BL/6 and PWK strains. The methylation anal-
ysis of CGI2 showed that the differential methylation estab-
lished in the germ cells (1, 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 CGls, 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 (H3mK4), and di- and
trimethylated Lys9 histone H3 (H3me2K9 and H3me3K9), we
performed a ChlP assay with cultured cells. After evaluation of
ChIP DNA by allele-specific histone modifications in the Lit]
promoter region as a control (16), histone modifications in
CGl1, CG12, 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, hot-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 sonication 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 istands. 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. Parental
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 chromosome-specific methylation of histone H3K27
but not H3K9 in CGI1 correlates with allele-specific expression
of the major-type transcript. Histone modifications in CGI1,
where CpGs were biallelically hypomethylated in tissues and
cultured cells, were next analyzed. In CGI1, H3Ac, H4Ac, and
H3mK4 were clearly precipitated in glial cells and fibroblasts,
while the precipitations were not observed in neurons (Fig.
5A). H3me3K9 and H3me2K9 in CGI1 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 GrbI0 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 paternally null expression of the major-type
transcript in fibroblasts correlates with paternal chromo-
some-specific methylation of H3K27 in CGI1. 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 Grbi0 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
Grbl0 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
Grbl0 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
neurons but not in glial cells, while the major-type transcript
containing exon 1a was expressed in all cultured cells, including
neurons (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 Grb!0 promoter in cultured cells. (A) Quantitative analysis of immunoprecipitated DNA by
real-time PCR. Quantitative values of precipitated DNA in CGI1 and CGI2 were normalized by dividing the average value of cach CGI by the
average value of Gapdh or D13Mit55. 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 producis of C57BL/6 and PWK genomic DNA were shown as controls in the first two lanes. (D) Allele-specific histone modifications
in CGI1 by sequence chromatograms. Glial cells and fibroblasts derived from F, hybrids [(C57BL/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 allcle 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 occurred. In addition, our data on
Grb10 expression, i.e., brain development-dependent switching
from the major-type to the brain type transcript, can also
support the previous report that Grb10 is expressed predomi-
nantly from the paternal allele in the adult 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 Pcdh (protocadherin) gene was mono-
allelically expressed in individual neurons (10). The Pcdh gene
family (Pcdha, Pcdhb, 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 Grb10, 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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FIG. 6. Histone H3K27 methylation analysis of CGI1 and CGI2 in
cultured cells. (A) Quantitative analysis of immunoprecipitated DNA
by real-time PCR. The percentage of immunoprecipitation (IP) was
calculated by dividing the quantitative valuc of precipitatcd DNA by
that of the corresponding input DNA. Standard errors of the means
are indicated by bars. (B) Allele-specific histone modifications in CGI1
by sequence chromatograms. Neurons and fibroblasts derived from F,
hybrids (C57BL/6 X PWK; PWK X C57BL/6) were used for analysis.
The single-nucleotide (C/T) polymorphism is detected in the input
sample (Inp); “C” originated from the C57BL/6 aliele and “T” from
the PWK allele. IgG, immunoglobulin G.
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Igf2r (21, 22, 23, 33, 35). Our data also showed an epigeneti-
cally unsynchronized active/silent signal between DNA meth-
ylation and histone modifications in Grb10 (Fig. 7). In this
study, we showed that the brain type transcript is expressed in
neurons but not in glial cells (Fig. 2C), where both differential
methylation in CGI2 and biallelic hypomethylation in CGI1
were maintained regardless of expression (Fig. 4B). The result
that allele-specific DNA methylation is not sufficient to direct
imprinted expression in brain cells implies that other epige-
netic modifications may affect cell lineage-specific imprinting.

In our analysis of histone modifications, histone acetylation
status correlated with the expression status of the major-type
transcript in glial cells and fibroblasts and the brain type tran-
script in neurons (Fig. 7). Such histone acetylation status in
Grbl0 expression is consistent with the findings that allele-
specific histone acetylation was associated with allelic gene
expression in the imprinted gene, NDN (21). Histone acetyla-
tion offers the best example of a direct link between tissue-
specific gene expression and histone modifications.

Unlike that of histone acetylation, the status of histone
methylation has been implicated as an early event for chroma-
tin conformations. Methylation of histoncs H3K4 and H3K9 is
associated with active chromatin and silent chromatin, respec-
tively. According to our results, allele-specific H3K4 and H3K9
methylation in CGI1 and CGI2 did not correlate with allcle-
specific gene expression in each cultured cell. In glial cells,
H3K4 in CGI2 was hypermethylated in the paternal chromo-
some, which was silent with no brain type transcript. It seems
that H3mK4 is maintained during differentiation as an imprint
mark with H3mKO9 but is not related to promoter activity (28),
although histone modifications in oocytes remain unknown. In
CGI1, H3me2K9 and H3me3K9 were hypomethylated in both
parental chromosomes independent of the expression of the
major-type transcript in cultured cells. It is likely that H3K9
methylation in germ cells is maintained as a stable and herita-
ble imprint mark but may not be secondarily acquired during
development.

Then, how is maternal chromosome-specific expression of
the major-type transcript regulated without differential DNA
methylation in CGI1? The PcG protein Eed complex is known
10 be a part of a memory system that maintains repression of
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FIG. 7. Summary of epigenetic modifications across promoter regions of Grb]0. M and P represent maternal and paternal chromosomes,
respectively. Large and small arrows indicate expression levels. The nucleosome mode! shows DNA wrapping around a histone octamer with some
histone modifications. White and'black flags represent hypoacetylated/hypomethylated and hyperacetylated/hypermethylated statuses, respectively.



740 YAMASAKI-ISHIZAKI ET AL.

MoL. CELL. BioL.

Oacyte Undifferentiated cells Differentiated cells
cen cGIz AT A™C
i — N —. oy e-em T TTTTTeeal - e -
= T M= "o | ="
Sperm T 2T =
rc toatater b-- rG oot |- - -
T — , Aﬁ:Jl::_o_D. P A {
Neurons
PG vy T T
MY X W T
b
e lomlatar oot .
P Aor— Qv?b—f}
el Neweed

FIG. 8. Working models for tissue-specific reciprocal imprinting of Grb10. The previous enhancer/insulator model by Hikichi et al. was
modified based on the analysis of DNA methylation and histone modifications mediated by the PcG complex containing Eed (17). Tissue-specific
imprinting of Grb10 implies neuron-specific imprinting that is different from imprinting in other undifferentiated and differentiated cells. Black and
white lollipops indicate hypermethylated and hypomethylated DNA, respectively. Circles and squares indicate putative major enhancer and
neuronal enhancer, respectively, which accelerate Grb10 expression from the major-type promoter and the brain type promoter, respectively. The
PcG complex containing Eed is represented by a triangle. CTCF is thought to be a putative insulator (gray oval). M, matemal; P, paternal.

the imprinted X chromosome (36) and silencing of some im-
printed genes (24, 33). GrbI0 is reported to be one of the
imprinted genes that are regulated by the PcG protein Eed
complex. Interestingly, in Eed”’~ embryos, the major-type
transcript was biallelically expressed without major alteration
of allelic DNA methylation (24). The Eed/Ezh2 PcG complex
possesses histone methyltransferase activity on H3K27 (5, 8,
25) and interacts with histone deacetylases (34). Methylation
of H3K27 is a repressive epigenetic mark regulated by the SET
domain containing Ezh2/Eed complex (5, 8, 20, 25). In our
analysis, H3mK27 was clearly precipitated in neurons and fi-
broblasts in CGI1 but not in CGI2 (Fig. 6A). The paternal
chromosome-specific methylation of H3K27 in CGI1 was ob-
served in fibroblasts but not in neurons (Fig. 6B). These data
indicate that the Eed PcG complex can biallelically interact on
CGI1 as a trans-acting factor in neurons but paternally in other
cells. In the absence of DNA methylation in CGI1, PcG com-
plexes may mediate a nonpermissive chromatin state for tran-
scription, leading to repressive histone modifications. Interest-
ingly, other genes, Cdknlc and Ascl2, imprinting of which was
reported to be regulated by Eed (24), show tissue-specific
imprinting, and their imprinted expression in trophoblasts is
associated with repressive histone H3K27 methylation rather
than DNA methylation (22, 33).

Figure 7 shows the summary of our data. In CGI2, DNA
methylation in a gametically methylated CpG island on the
maternal allele was maintained throughout development. Al-
lelic methylation of H3K4 and H3K9 associated with gametic
DNA methylation was also stable as an epigenetic mark, inde-
pendent of GrbI0 expression. Histone acetylation status was
correlated with the expression status of the brain type tran-
script: histones H3 and H4 were paternally acetylated only in
neurons, where the brain type transcript was paternally ex-
pressed. H3K27 was not methylated biallelically. In CGI1, bi-
allelic DNA hypomethylation and biallelic hypomethylation of
H3K9 were observed. Acetylation of histones H3 and H4 and
methylation of H3K4 and H3K27 were allelically detected,

corresponding to the allelic expression of the major-type tran-
script, although the discordance in histone modifications and
expression in neurons was detected, probably depending on
maturation of neurons. Methylation of H3K9 and H3K27 is
thought to be a repressive chromatin marker, but it is not
completely clear whether PcG-mediated silencing involves
methylation of H3K9 synchronized with H3mK27 in all PcG
target genes. We did not observe coexistence of H3mK27 and
H3mK9 in both CGI1 and CGI2 of Grb10. Umlauf et al. also
reported discordance between localizations of H3mK27 and
H3mK9 in some imprinted genes in the Kcngl domain (33).
Further work should determine how histone modifications,
especially methylation of H3K9 and H3K27, are coordinated
or uncoordinated as epigenetic determinants in tissue-specific
imprinting.

These data about epigenetic modifications analyzed at the
cell level, in addition to the evidence for Dnrmu3L™™'~ and
Eed™’~ embryos, lead to a working model for tissue-specific
reciprocal imprinting of Grb10 (Fig. 8). The previous model by
Hikichi et al. (17) was modified in our model based on the data
of DNA methylation and repressive histone modifications me-
diated by the PcG complex in brain cell lineages. In undiffer-
entiated cells, a DNA methylation-sensitive insulator, CTCF,
binds to the paternal CGI2 and blocks the paternal activity of
the downstream major enhancer, resulting in silent expression
of the major-type transcript on the paternal allele. On the
maternal allele, the major enhancer works on the major-type
promoter to recruit transcription factors. In CGI1, the Eed/
Ezh2 PcG complex binds on the paternal allele, whereas it
competes with transcription factors on the maternal allele. The
Eed/Ezh2 PcG complex methylates H3K27 and interacts with
histone deacetylases, leading to silencing of the chromatin on
the paternal CGI1. In Dnmt3L™ '~ embryos, biallelic hypom-
ethylation in CGI2 makes CTCF bind biallelically on CGI2,
resulting in null expression of the major-type transcript, re-
gardless of the PcG complex. In Eed ™'~ embryos, the silent
state on the paternal CGI1 regulated by the Eed PcG complex
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is released to the biallelically active state without major alter-
ation of DNA methylation in maternal CGI2. In neurons, the
other molecular mechanism of imprinting works in a promoter-
specific manner, different from that in other differentiated
cells. During neurogenesis, expression of Grbl0 shifts from the
major-type to the brain type transcript by switching from the
major-type promoter to the brain type promoter. The neuronal
enhancer instead of the major enhancer may work on the brain
type promoter, depending on DNA methylation in CGI2. The
maternally active major-type promoter becomes silent without
transcription factors, and consequently, the Eed/Ezh2 PcG
complex binds to make the chromatin structure silent. This
implies that the PcG complex is necessary to maintain cell-
type-specific imprinting. It remains unknown how neuron-spe-
cific imprinting is regulated by DNA methylation and/or his-
tone modifications mediated by the PcG complex, because
Dnmt3L™~'~ and Eed™'~ embryos are lethal by E10.5 (4, 14)
and E8.5 (11), respectively, just before neurogenesis.

As far as we know, this is the first report of an epigenetic
analysis of cultured cells where DNA methylation and chro-
matin remodeling by PcG proteins establish and maintain cell-
type-specific imprinting at one gene locus. Although allelic
DNA methylation established in the gamete contributes pri-
marily to tissue-specific imprinting, tissue-specific Grb10 im-
printing is directly regulated by the repressive chromatin me-
diated by the PcG complex during development. Our analysis
of promoter-specific and cell-type-specific imprinting of Grb10
gives an important clue for understanding the mechanism of
tissue-specific imprinting.
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Abstract Paroxysmal kinesigenic choreoathetosis
(PKC) is a paroxysmal movement disorder of unknown
cause. Although the PKC-critical region (PKCCR) has
been assigned to the pericentromeric region of chro-
mosome 16 by several studies of families from various
ethnic backgrounds, the causative gene has not yet
been identified. In the present study, we performed
linkage and haplotype analysis in four new families
with PKC, as well as an intensive polymerase chain
reaction (PCR) based mutation analysis in seven.fam-
ilies for a total of 1,563 exons from 157 genes mapped
around the PKCCR. Consequently, the linkage/haplo-
type analysis revealed that PKC was assigned to a
24-cM segment between D1653131 and D165408, the
result confirming the previously defined PKCCR,
but being unable to narrow it down. Although the
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mutation analysis of the 157 genes was unsuccessful at
identifying any mutations that were shared by patients
from the seven families, two nonsynonymous substi-
tutions, ie., 6186C>A in exon 3 of SCNNIG and
45842A>G in exon 29 of ITGAL, which were segre-
gated with the disease in Families C and F, respec-
tively, were not observed in more than 400 normal
controls. Thus, one of the two genes, SCNNIG and
ITGAL, could be causative for PKC, but we were not
able to find any other mutations that explain the PKC
phenotype.
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Introduction

Paroxysmal kinesigenic choreoathetosis (PKC; MIM

128200) is a paroxysmal movement disorder charac-
terized by recurrent and brief attacks of unilateral or
bilateral involuntary movements, including dystonic
posturing, chorea, athetosis, and ballism, which are
precipitated by the sudden onset of movements (Kato
et al. 2006). The attacks can last as long as a few sec-
onds to a few minutes, occur up to 100 times daily, but
usually manifest in childhood or early adolescents, and
commonly decrease with age. There is no loss of con-
sciousness during these attacks. The attacks are
responsive to anticonvulsants such as carbamazepine
or phenytoin. Electroencephalogram (EEG) analysis
demonstrates” normal or nonspecific abnormalities.
Neuroimaging and neuropathological studies resulted
in unremarkable findings (Sadamatsu et al. 1999; Na-
gamitsu et al. 1999). The etiology and pathophysiology
of PKC still remain unclear. Some neurologists con-
sider PKC as a form of reflex epilepsy, whereas others
believe that basal ganglia dysfunction may play a role
in its cause (Kato et al. 2006). Most (40-70%) were
familial cases in which PKC was transmitted in an
autosomal dominant mode of inheritance with incom-
plete penetrance (Tomita et al. 1999; Valente et al.
2000). Males are affected more often than females,
with an estimated ratio of 3—4:1 (Bhatia 1999).

We previously performed a genome-wide linkage
and haplotype analysis in eight Japanese families with
PKC and defined the disease locus within a 12.4-cM
region between DI1653093 and DI16S416 at 16pll1.2-
ql2.1 (Tomita et al. 1999). This PKC-critical region
(PKCCR) was confirmed by others (Bennett et al.
2000; Swoboda et al. 2000; Valente et al. 2000; Cuenca-
Leon et al. 2002). In addition, mapped regions for
other conditions probably allelic to PKC, such as
infantile convulsions and paroxysmal choreoathetosis
(ICCA; MIM 602066) and benign familial infantile
convulsions (BFIC2; MIM 605751), shared with that
for PKC (Lee et al. 1998; Hattori et al. 2000; Swoboda

Fig. 1 Pedigree of the five
families (Families A-E) with
paroxysmal kinesigenic
choreoathetosis (PKC). The
closed squares and circles
denote individuals affected
with PKC. Although not
shown here, Families F and G
correspond to Families 1 and

et al. 2000; Caraballo et al. 2001; Weber et al. 2004).
Nevertheless, mutations in any genes within the
PKCCR have remained uncovered.

Here, we describe the results of the mutation
analyses of seven PKC families for a total of 157 genes
located at or around the PKCCR, together with
linkage/haplotype analysis of four newly identified
families.

Materials and methods
Subjects

The subjects studied included seven families (Families
A-G) with PKC. Two of them (Families F and G)
corresponded respectively to Families 1 and 3 in our
previous report (Tomita et al. 1999), and five other
families (Families A-E, Fig. 1) were those which were
newly collected. A total of 21 members, including 16
PKC patients from four of the five families (Families
A-D), underwent a linkage and haplotype analysis. In
addition, one of each affected individual (we further
call them representative patients) chosen from all
seven families was subjected to mutation analysis.
Blood samples were collected from all participants
after obtaining written informed consent, and the study
protocol was approved by the Committee for Ethical
Issues on Human Genome and Gene Analysis at
Nagasaki University.

Genotyping and linkage analysis

Genomic DNA was isolated from the blood lysate of
the 21 participants by phenol-chloroform extraction,
followed by ethanol precipitation. To try to narrow
down the PKCCR, we performed genotyping and
haplotype analysis in the four newly collected PKC
families, using 13 microsatellite markers (Table 1)
located to a 36-cM region at 16p12-q21 to which PKC
has been shown to be linked, as well as using three

3 reported previously (Tomita
et al. 1999)

@ Springer



336

J Hum Genet (2007) 52:334-341

Table 1 Primer sequences of the 12 microsatellite markers used for genotyping and linkage analysis

Markers Forward primer (5°-3") Reverse primer (5-3)

D16S403 CAAGACTAACGCTGATGGCT GACAGTGAGGTGGGAATCAAA
D168417 CTGTCCAACATGCAGCC TGAAGTCAATCCCACTTIGAA
D1683131 CTGCTTCCATCTTGCC CTAGCCCCCAAATGTG
D1683093 CAAGGGCAAAACTCCAT CCAAAAGGTTGATTCTCTG

AC007353-M1
AC092368-M1
AC092721-M3

D16S83136 CTCACCTATTGCCCTCAAGAA
D165416 CATAGGACCCTCAGATGTATA
D165408 TGTAACCTTGTGTGCATCCT
D168514 CAATTCCTTGATGCTACCAT
D16S3143 GCTACTGAGGAAACCTTATCC

GCTTAACTACATTTTATTCAAGGTTG
GTTTACCAGCCATTTTTAATCAACA
GCCCTGTAATATAATTTGAAGTTG

TCTGTGGTAGAGAGGCAAAGA
TGAATAAGTGTGTCTTTCAACAAAATT
GGGTTCAAGTGATICTCCTG
CAGAATCTITATGCCATTATT
CTGCCTATGGCTAAGAGGACA
CACTCTTATCCCAGGAACCC
CTTGTCTAGTGGCTGGAATA
GGCCATTACAGGAAGTGC

Primers of D16S3068 were purchased from the ABI PRISM Linkage Mapping Sets LMS (Applied Biosystems, Foster City, CA)

additional markers (AC007353-M1, AC(092368-M1,
and AC092721-M3) that were designed by us
according to the human genome sequence (http:/
genome.cse.ucsc.edu/). Sample DNA was polymerase
chain reaction (PCR) amplified for each marker locus
with  fluorescence-labeled primers. PCR  was
performed on DNA Thermal Cycler Model 9700
(Applied Biosystems, Foster City, CA) in a 10-pl
reaction mixture containing 1xPCR buffer (Takara
Bio, Otsu, Japan), 200 uM each of dNTP, 0.5 uM
each of primer, 10 ng DNA, and 0.25 units ExTaq
DNA polymerase HS-version (Takara Bio, Otsu,
Japan) under the conditions of denaturation at 94°C
for 2 min, 35 cycles of 94°C for 30 s, 58°C for 30 s,
and 72°C for 1 min, and final extension at 72°C for
7 min. PCR products were run on an auto-sequencer
Model 3100 (Applied Biosystems, Foster City, CA).
Allele sizes were analyzed by GeneScan and Geno-
typer software (Applied Biosystems, Foster City, CA)
to determine the genotypes.

Mutation analysis

We performed PCR-based mutation analysis of the
seven representative patients with typical features of
PKC. Sequences examined for mutations among the
seven patients included those of 1,371 coding exons,
excluding the 3-UTR and 5-UTR in 117 genes,
located at the PKCCR between DI653093 and
D165S416 (Table 1). The analysis in five families
(Families A and C-F) was expanded to an additional
192 exons of 40 other genes, whereas because of
depletion of genomic DNA, an expanded analysis was
not done in the remaining two families. Thus, a total of
1,563 exons in 157 genes were analyzed for mutation
(primer sequences are available on request).

@ Springer

Real-time quantitative PCR

We performed real-time quantitative PCR in six rep-
resentative patients from Families A and C-G. Six
pairs of primers and TaqgMan probes were designed for
exons 1, 6, and 13 of SCNNIG, and for exons 1, 16, and
30 of ITGAL. PCR was carried out in a 10-pl reaction
mixture containing 5 pl of 2xTagMan Universal PCR
Master mix (Applied Biosystems, Foster City, CA),
0.4 uM each of primer, a 0.2-uM probe, and 10 ng
DNA under the conditions of 2 min at 50°C, 10 min at
95°C, 40 cycles of 15 s at 95°C, and 1 min at 60°C, with
a 7900HT Sequence Detection System (Applied
Biosystems, Foster City, CA).

Results

The haplotype analysis showed that all affected indi-
viduals in the four new families share an allele at each
locus examined between DI16S3131 and D16S408
(Fig. 2). One end of the shared region was defined by a
recombination between DI1653131 and DI16S53093 in
individual III-3 in Family A, and the other end by a
recombination between DI16S514 and DI6S408 in
individual III-1 in the same family. These results
defined a minimum PKCCR in the four new families
within an approximately 24-cM segment between
D1653131 and D16S408. Therefore, the present link-
age/haplotype analysis did not contribute to narrow
down the previously defined PKCCR.

Among a total of 1,563 exons of 157 genes analyzed,
we detected 243 base alterations in the seven
representative patients (Fig. 3), 36 of which were base
substitutions in coding regions and have not been re-
ported in the dbSNP database (http://www.ncbi.nlm.-
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Fig. 2 Haplotype analysis of the four new PKC families (Families A-D). The numbers in boxes represent putative disease haplotypes.

The heavy short lines indicate recombination sites

nih.gov/SNP/). Seven of the alterations in six genes were
nonsynonymous substitutions resulting in amino-acid
substitutions (Table 2). Five of such nonsynonymous
substitutions in four genes were observed both in some
patients and among 100 normal control individuals. The
remaining two, i.e., 6186C>A in exon 3 of SCNNIG (the
gene for sodium channel, nonvoltage-gated 1, gamma)
and 45842A>G in exon 29 of ITGA L (the integrin alpha
L precursor gene), observed in Families C and F,
respectively, were not observed among more than 400

Fig. 3 Classification of 243
base alterations in 157
candidate genes. Information
of the newly found single
nucleotide polymorphisms
(SNPs) is shown in Table 2.
None of the novel intronic
SNPs are located at any of the
acceptor or donor splice sites

243

Base alterations —

normal controls. The real-time quantitative PCR anal-
ysis did not detect a duplication or a deletion within the
two genes. Of the 35 intronic base changes we identified
in the seven patients, none were located at the acceptor
or donor splice sites (Fig. 3).

G-banding chromosome analysis at the 400-band
level and C-banding analysis revealed that all five
patients from Families B-D, F, and G had a normal-
sized heterochromatin block on chromosome 16 with-
out an inversion (data not shown).

SNPs reported in

the dbSNP database
89
— Exonic changes Nonsynonymous substitutions
129 7
Novel SNPs Synonymous substitutions
40 29

Substitutions in 5'-3' UTR
4

SNPs reported in

the dbSNP database
79
—— Intronic changes
114
Novel SNPs
35
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Table 2 List of genes for mutation analysis in the PKC patients, and novel SNPs identified, their positions, nucleotide changes, and
amino acid changes

Gene E/I SNP definition AA Gene E/1 SNP definition AA Gene E/1 SNP definition AA
HS3ST2* ASPHD1 El 515insTGG ITGAX*
SCNN1G* E3 6185G>T Y241Y KCTD13* 12 INV2-74A>T ITGAD* 55U U-13G>C*
E3 6186C>A P242T LOC124446 E2 943C>T G33G
SCNNI1B* TAOK2* 17 INV7+38C>T
UBPH* HIRIP3* E8 14188A>G R246R
NDUFABI1* CCDC95 E8 14253A>G Y268C
PRKCBI1* El1  79C>A R27R DOC2A* 19 INV10-43G>A
115 INVI5S+85G>T FAM57B 12 INV2+66G>T El6 19819A>G S644G
CACNG3* ALDOA* 117 INV17+139G>A
TNRC6A* E1 5'U-12079T>A PPPAC* El  5'U-355-347del(CGG)3 119  INV19+71C>T
E21 33511C>T H1551H TBX6* 127 INV27+87G>A
SLC5A11* 11 5'U-12193T>C YPEL3* ARMCS*
12 INV2+6C>G GDPD3 TGFB1I1* E5 753C>T P119S
15 INV3-30G>A MAPK3* SLC5A2*
15 INV3+65T>C CORO1A* Cl6orf58* IS INV5+53G>A
LCMT1* SULT1A3* ERAF* 33U 3U+570T>C?
IL4R* 13 INV3+72T>A CD2BBP2* 11 INV1+493C>T MGC3020*
E11 22448T>C L4331 TBC1D10B* ZNF720*
IL21R* 14 INV4+51C>T MYLPF 15 INV5427G>A ZNF267
GTF3C1* SEPT1* TP53TG3* E3 1232insG
KIAA0556* 116 INV16+4T>C ZNFS553 E2  2434G>A T326T F1.J43855
E18 204044A>G Q1198Q ZNF771 POL3S
GSGIL* XTP3TPA* FLJ46121
XPO6* 19 INV9+31insT SEPHS2* FLJ43980 El 5U-15C>G
115 INVI15+23G>C ITGAL* E1 5U-86C>T SHCBP1* E5 12986C>T N204N
E16 69120T>C N740N E29 45842A>G K1063R VPS35*
SBK-1 ZNE768 ORC6L E6 6328A>G V193V
LOC440350 ZNF747 MLCK*
LOC440348 ZNF764 LOC388272*
CLN3* 112 INVI12+436C>T ZNF688 GPT2*
E15 14138A>G H404R  ZNF785 DNAJA2*
APOB48R* ZNF689 NETO2* 13 INV3-34G>A
1L27* 15 INV5-12C>T PRRI14 ITFG1 *
NUPRI1* FBS1* PHKB* 128 [INV28+37C>T
CCDC101* SRCAP* ABCC12*
SULTIA2* PHKG2* ABCCl11*
SULT1A1* LOC%0835 LONPL*
EIF3S8* E16 20499C>T pP725pP RNF40* SIAH1
ATXN2L* 113  INV13+55G>A BCL7C* N4BP1*
TUFM* CTF1* CBLN1*
SH2B* LOC283932 FLJ44674 El 3'U+905C>G
ATP2A1* FBXL19* C160rf78* El1 45G>A K15K
RABEP2* 13 INV4-56C>T TMEM142C 13 INV3+27A>G
CD19* E4  1379G>T P206P SETD1A* ZNF423 *
SPIN1* E7 6897C>T . S319S HSD3B7* Cl60rf69
17 INV7+278Cdel STX1B2* HEATR3 * [11 INV11-44A>G
33U 3'U+9285C>A? STX4A* 18 INV8+55C>A PAPD5*
LAT E7 1259G>A Al20A I8 INV8+65C>T ADCY7* E22 24951T>C Y875Y
BOLA2 ZNF668 BRD7* 19 INV9-26insT
GDYD1* ZNF646* 4] 5'U-108T>G El16 48481G>A T570T
SPN* E2 2722G>C G907A NKD1*
QPRT* VKORCi* U 3U+3730G>C° SLIC1*
Cl6or(54 BCKDK* CARD15*
KIF22* 112 INVI12+70A>G MYST1* CYLD* E17 43909C>T D805sD
MAZ* PRSS8* E3 2163C>T V46V SALLL*
PRRT2 PRSS36 FTS*
MVP* E10 11504C>T D525D  FUS* CAPNS2*
Cl160rf53 TRIM72 SLC6A2*
CDIPT* PYCARD* GNAO1*
PSK-1* PYDC1* CNGB1* E22 51134C>T N725N
ITGAM* 12 INV2+11T>C

A total of 75 SNPs not reported in the dbSNP database were found in this study
Four SNPs found in 5-UTR or 3’-UTR happened to be included in the sequenced regions

*Analyzed in seven representative patients: E/I=exon or intron; A A=inferred amino acid change from nonsynonymous SNP; U=UTR
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Fig. 4 The PKC-critical cM Markers
region (PKCCR) summarized
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Table 3 List of exons that
have not been sequenced in
the mutation analysis

Gene Exon

COX6A2 Exon 2, Exon 3

MAZ Exon 1, Exon 2,
Exon 3

VPS35 Exon 9, Exon 10,
Exon 11

SULTIAI Exon7

SALLI Exon 2

MGC2474 Exon 2
F1.J43855 Exon 5, Exon 7,
Exon 9

Discussion

The PKCCR was assigned to a segment between
D1653093 and D16S416 in eight Japanese families
(Tomita et al. 1999). It was also mapped between
D1653100 and D165771 in an Afro-Caribbean family
(Bennett etal. 2000), between DI6S3131 and

D1653396 in 11 families of diverse ethnicity (Swoboda
et al. 2000), between D1653145 and GATAI40E(03 in
a Spanish family (Cuenca-Leon et al. 2002), and a 24-
cM segment between D1653131 and D16S408 in the
present study (Fig. 4). Thus, the shortest region of
overlap (SRO) did not become narrower than a 12.4-
cM segment detected by Tomita et al. (1999). Valente
et al. (2000) assigned a form of PKC (a second PKC
locus, EKD?2), in an Indian family, to a segment be-
tween D165416 and D16S503, the region distinct from
those mapped by Tomita et al. (1999) and by Swo-
boda et al. (2000). Furthermore, two other clinical
entities, ICCA and BFIC2, were assigned to a region
encompassing the centromere of chromosome 16 (Lee
et al. 1998; Hattori et al. 2000; Swoboda et al. 2000;
Caraballo et al. 2001; Weber et al. 2004). Since all of
these loci were confined to a relatively small region, it
is likely that all of these paroxysmal movement dis-
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